
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



INVESTIGATIONS INTO BILE ACID EFFECTS ON THE 

GOLGI APPARATUS, CELL V IA B IL ITY  AND 

GLUCOCORTICOID RECEPTOR DISTRIBUTIO N IN

ESOPHAGEAL CELLS

A thesis submitted for the degree of Doctor of Philosophy (PhD)

by

Ruchika Sharma
B. Sc (P h a rm ), M PSI 

at

University of Dublin, Trinity College
2010

Supervisors:
Dr. John Gilmer, PhD

Lecturer,

School of Pharmacy and Pharmaceutical Sciences, 

Trinity College Dublin,

Ireland.

Dr. Aideen Long, PhD

Senior Lecturer,

Departm ent of Clinical Medicine,

Trinity College Dublin,

Ireland.



1 G A P R J O lZ — o  

LIBRARY DUBLIN ^

% 0 3



Declaration

I hereby declare that this thesis has not been previously submitted for a degree at 

this or any other university and that the work described in this thesis is entirely my 

own work. I hereby give my permission to the library of Trinity College Dublin to 

lend or copy this thesis upon request for the purpose of study.

to?

Ruchika Sharma



.I., ■ ^
i '■ V * - \

■ ,r ^*■ '■ • <1 *: ' - v . ^  •''

''%■• - ,Cf ‘ j,''’"'*.- . V  .. •. .. .• ,
J\': ' 'v';' ^  V'''.,^ V ‘‘

■ w:' '

'‘SI
■ F ^ ' .t-t* W 9 :i-
■“ I 1 *. ir ' '‘' I ''-01II1 > ^ - v  ^i-'-' • ■ ' - I ’j -

►• V  .'^- . i , . I.,* k ■,- .-V -ttv

:'r-\

t  .-' ' W _  Li  ̂ . .-.- ,
' ' f c .  -I' ‘ '’. ' ' -  '■' ' ■ '  ',,' '̂ ' ■ ■ '  ■'^'»-.-T^ ■

:jir'-,;/' .c 'f "rVi'i ’i'
. " - I -  I. i » r-:-'-T' ■ ••  : ■' ' ■ ' • ’ V / > ' ’’ ' '' ' • ' "  V >

," ■'  - '  • ■ ■ ' ■ ■ ■ "iL

J V ; v r  - -, ^ '
‘■„;ji"'. ■■ '■■■■■', '■■ .

*'■ 'r ,(

■"■ ■ • ■ • ' r s * ' ; .

■• S.f>._ V ' .-»>•■ . T-- ''ll‘

;jj(. i ' - ' . V ' : : ; ' ,,: ' ' ^ ' ■ ' '•'■r:' ii ■- ■■■K V ■; •
'■'' ^ V  ",  ' ' .  ■>■ '5 ' i. ■‘"  ■ . ■ V ; -  , ' ■'.■■ ' ^, ■ '

s.- ' ■" ,'. ' ,fv’ - ■. .' •; ■■ ', • ■#' i »*■■«,-,



For my parents



- -VV, *»■. '■

-\: ■- . Sf r ̂-V .‘■

f  —  , .u -

J^;.' :
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Summary

Bile acids are a fam ily of steroidal molecules derived from cholesterol and 

biosynthesised in the pericentral hepatocytes in the liver. In recent years there has 

been a renaissance in bile acid based research as it has emerged that bile acids have a 

wide range of biological effects, which extend beyond their traditional role as 

solubilising agents in the gut.

Bile acids have been shown to activate apoptotic, carcinogenic, inflam m atory and anti­

inflam m atory signalling pathways. Using a chemical biology approach this thesis 

sought to investigate some of the biological effects of bile acids in an esophageal 

cancer model.

Previous studies have demonstrated the cytotoxicity of bile acids in hepatic, colonic 

and esophageal cell lines. Bile acid hydrophobicity is believed to be an im portant 

cytotoxicity determ inant but this relationship is not well characterised. Chapter three  

of this thesis describes an investigation into the relationship between bile acid 

hydrophobicity and effects on cell viability.

In this study we synthesised new azido and other hydrophobic bile acid derivatives. 

We assembled a panel of 37 bile acids with a good range of hydrophobicities as 

determ ined by reverse phase thin layer chromatography. Rmw which is extrapolated  

retention in 100%  aqueous phase was used as a measure of hydrophobicity. The MTT 

cell viability assay was used to assess cytotoxicity over 24 h in the H E T-IA  cell line, a 

normal esophageal cell line.

Rmw values inversely correlated with cell viability for the entire panel of compounds 

(r^=0 .6 ) but this became more significant when non-acid compounds were excluded 

(r^=0 .82 , n= 29 ). The association in more homologous subgroups was stronger still 

(r^ > 0 .96 ). None of the polar compounds were cytotoxic at 500 |jM, however, not all 

lipophilic bile acids were cytotoxic. Finally, chenodeoxycholic acid, deoxycholic acid 

and lagodeoxycholic acid were prom inent outliers being more toxic than predicted by 

Rmw The study showed that there is an inverse correlation between Rmw and toxicity 

that has good predictive value in homologous sets and that hydrophobicity is a 

necessary but not sufficient characteristic for bile acid cytocidal activity.

In Chapter four we investigated the potential of ursodeoxycholic acid derivatives as 

modulators of the glucocorticoid receptor. Ursodeoxycholic acid, a tertiary bile acid, is 

clinically used for the treatm ent of hepatic inflam m atory diseases and recent studies 

have shown that its biological effects are mediated via the glucocorticoid receptor.

A series of UDCA derivatives were synthesised and screened for ability to induce 

translocation of the glucocorticoid receptor from the cytoplasm to the nucleus, in a 

high content screening assay using the SKGT-4 cell line, an esophageal cancer cell



line. The most potent derivative was tested for transactivation and transrepression  

potential using reporter based assays. Coactivator recruitm ent ability was assessed 

using a tim e-resolved fluorescence energy transfer assay.

UDCA derivatives induced glucocorticoid receptor translocation in a tim e dependent 

m anner with equal efficacy to that of dexam ethasone 100 nM. Several of the  

derivatives had low micro molar potency for translocation. The most potent derivative  

could suppress TNF-a induced N F-kB transcriptional activity and also induced 

glucocorticoid response elem ent transactivation. Interestingly the derivative was 

unable to displace dexamethasone from the glucocorticoid receptor ligand binding 

domain in a competition binding experim ent but was capable of co-activator 

recruitm ent. Using ursodeoxycholic acid as a lead we produced a series of derivatives 

which dem onstrate a novel mechanism for glucocorticoid receptor activation. These 

derivatives could result in a new class of anti-inflam m atory compounds.

Certain bile acids are also regarded as causative agents in the pathogenesis of colon 

and esophageal cancer. In Chapter five of this work we investigated if bile acid 

induced carcinogenesis in the colon and esophagus could be mediated via the  

secretory pathway. Using the HCT116, colon cancer cell line, we found that the bile 

acid, deoxycholic acid could induce fragm entation of the Golgi apparatus and that this 

resulted in a decrease in the secretory capacity of the cell line. We also found that 

deoxycholic acid induced Golgi fragm entation was inhibited by ursodeoxycholic acid via 

a glucocorticoid receptor pathway.

The Golgi assay was then adapted to an esophageal model using the H E T-IA  cell line. 

A panel of thirteen physiological bile acids were screened for effects on the Golgi 

apparatus. These bile acids were also screened for effects on markers of the ER stress 

response using real-tim e PCR.

We found that only the toxic bile acids deoxycholic acid, lithocholic acid and 

chenodeoxycholic acid induced ER stress response proteins and Golgi fragm entation, 

at sublethal concentrations. Furthermore we found that inhibition of ER stress with the 

inhibitor salubrinal decreased bile acid induced Golgi fragm entation.

This work indicates that bile acids effect the secretory pathway of the H E T-IA  cell line 

which manifests as an ER stress response and Golgi fragm entation. We propose that 

these changes could contribute to bile acid induced carcinogenesis in the esophagus.
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1 CHAPTER ONE 

GENERAL INTRODUCTION



Chapter I

1.1 Bile acids

Bile acids (BAs) are steroidal chemicals derived from cholesterol, biosynthesised by 

the pericentral hepatocytes in the liver (Hofmann, 1999). They are amphiphilic 

molecules which allows them to carry out vital physiological functions, including 

absorption of dietary lipids from the gut through the formation of mixed micelles 

(Roda, Hofmann & Mysels, 1983). It  is only recently that BAs have been identified as 

ligands for the farnesoid X receptor (FXR) (Makishima et al., 1999; Parks et al., 1999), 

a nuclear receptor involved in various aspects of liver and glucose metabolism 

(Claudel, Staels & Kuipers, 2005). Furthermore a number of studies have shown that 

BAs are involved in a variety of disease processes including cholestatic diseases 

(Hofmann, 2002). They are also regarded as causative agents in the progression of 

colon and liver cancer and more recently in esophageal cancer (Bernstein e ta /.,  2005; 

Jenkins et al., 2004). On the other hand, certain BAs are used therapeutically for 

gallstone dissolution (Tint et al., 1982) and treatment of primary biliary cirrhosis 

(PBC) (Poupon, Poupon & Balkau, 1994). Hence BAs can be regarded as regulators of 

diverse cellular functions (Scotti et al., 2007). Much research by scientists from wide 

ranging disciplines has been done to help understand the multiple cellular processes 

regulated by BAs and the mechanisms and consequences of these processes.

1.2 Structure of BAs

Studies on compounds present in bile began in the early nineteenth century but it was 

only Bernal's elucidation of the cyclopentanoperhydrophenanthrene structure of 

cholesterol in 1932 that allowed Rosenheim and King to propose the correct structure 

of BAs (Hofmann, 1985; Maitra & Mukhopadhyay, 2004). All BAs consist of two 

connecting units, a rigid steroid nucleus and a short aliphatic side chain. Figure 1.1. 

The BA nucleus has the tetracyclic cyclopentanoperhydrophenanthrene ring common 

to all steroids containing the six-membered A, B and C rings and a five-membered D 

ring. Numbering begins in ring A at C l and proceeds around A and B to CIO, then into 

ring C beginning with C l l  and around C and D to C17. The angular methyl groups 

attached to C13 and CIO are numbered 18 and 19 respectively. The 17 side chain 

begins with C20 and finishes in sequential order (Williams & Lemke, 2002).
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Figure 1.1 Chemical structure and num bering o f cholic acid. Bile acid numbering 

begins a t C l in ring A and proceeds around A and B into C and D, finistiing in the side 

chain.

Using a planar representation fo r draw ing, the steroid nucleus form s a fla t plane w ith 

two surfaces. Groups pointing below th is steroidal plane are referred to  as a- 

substituents and those above the plane are 3 substituents.

The 5g  notation is used to denote the configuration o f the hydrogen atom  at C5, 

opposite to the C19 p-angular m ethyl group, making the A/B ring junction  trans fused. 

Steroid fam ilies having a 5a-configuration include the 5c-pregnanes 

(adrenocorticoids), 5a-estranes and 5a-androstanes, Figure 1.2.

H H H

5a-Pregnane 5a-Estrane 5a-Androstane

Figure 1 .2  S teroid fam ilies w ith a Sa-configuration. These include the 5a- 

pregnanes exemplified by the adrenocorticoids, the 5a-estrane fam ily and the 5a- 

androstanes.

The A/B ring junction  in BAs o f h igher vertebrates is in the c is-configuration w ith  a 5-|3 

H and 19-p m ethyl group. This configuration gives the molecules a curved o r beaked 

shape (M aitra & Mukhopadhyay, 2004). However in some reptiles and mammals the
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A/B configuration is trans, denoted by a 5-c H. Sucfi BAs are relatively flat and are 

described as allo-BAs in trivial nomenclature (Hofmann & Hagey, 2008).

OH

3 OH

OH

Figure 1 .3  C urved s tru c tu re  o f  BAs. BAs have a curved beaked structure due to the 

cis-fusion at the A/B ring junction.

The side chain structure determines whether the compound is a BA or a bile alcohol. 

There are four different types of bile alcohol (C2 7 , C2 6 , C2 5  and C2 4 ) and two major 

classes of BAs determined by the length of the side chain, the C2 7  and C2 4  BAs. The 

term "cholestanoid" is used to refer to all C2 7  containing bile alcohols and BAs as these 

contain the Cs side chain of cholesterol whereas the term "cholanoid" is used for C2 4  

compounds which only have a C5  side chain. These two groups constitute the end 

products of cholesterol biosynthesis in the majority of vertebrates although certain 

species of frogs have BAs and bile alcohols containing C7 and Cg (Hofmann & Hagey, 

2008) side chains. In the 1960's Haslewood conducted a series of comparative studies 

on BAs and bile alcohols from different species (Anderson & Haslewood, 1964; 

Haslewood, 1964a; Haslewood, 1964b). He proposed that the BA structure could be 

used as an aid to understanding the evolutionary process, noting the changing 

patterns in BA structure along the line of vertebrate evolution (Maitra & 

Mukhopadhyay, 2004). There is clear evidence of evolution of BAs through the stages: 

C2 7  alcohols ^  C2 7  acids - > 6 2 4  acids. Bile alcohols therefore are only a major 

component of the bile pool in lower vertebrates. Allo-BAs are more common in lower 

species as well whereas the more evolved mammals have BAs with a 5p configuration. 

Hence, the bile composition of humans largely consists of C2 4  BAs with a 5p 

configuration, although recent studies have identified C2 7  BAs in human blood and 

cerebrospinal fluid (Ogundare et a!., 2010).
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1.3 BA Biosynthesis in humans

27

25

HO

COOH
24

OH

OH

Figure 1 .4  Conversion o f cholesterol to chenodeoxycholic acid (CDCA). CDCA 

biosynthesis from cholesterol involves multiple enzymatic steps which results in a 

change from a sp2 hybridised system to 5/3 configuration.

BAs directly synthesised from cholesterol in the hepatocyte are referred to as prim ary  

BAs. Cholesterol is a C27 sterol with a double bond at C5 and has an isooctane side 

chain, Figure 1.4. There is a complex series o f hydroxylation, epimerisation and 

reduction steps required on both the nucleus and side chain to convert the flat sterol 

to the curved root BA, CDCA. The first step, believed to be the rate limiting step, is 

the oxidation of cholesterol to 7a-hydroxycholesterol catalysed by the enzyme 7a- 

hydryoxylase (CYP7al) (step i. Figure 1.5). 7a-Hydroxycholesterol is then converted 

to cholest-7a-hydroxy-A"'-3-one through isomerase and reductase enzymes (step ii). 

This 0x0 derivative is a key intermediate as it is the branching point for the 

biosynthesis of the primary BAs CDCA and Cholic acid (CA). For the synthesis of CA, 

hydroxylation now occurs at C12 forming the backbone of the BA (step iii). The enzyme 

involved is sterol-12a-hydroxylase (CYPSbl). The remaining steps are the same for 

the synthesis of CDCA and CA. The activity of the enzyme, CYPSbl determines the 

ratio of CDCA to CA (Vlahcevic et al., 2000). Stereoselective reduction of the double 

bond forms the 5-3 BA skeleton. Hydroxylation at C2 7 , followed by oxidation, affords 

the C27 carboxylic acid. This step is thought to occur in the mitochondrion and is 

mediated by a P-450 hydroxylase. Oxidative cleavage of the side chain from C27 to C24 

by peroxisomal enzymes produces CDCA and CA. Seventeen enzymes are involved in 

the synthesis of the full complement of BAs (Maitra & Mukhopadhyay, 2004). 

Mutations in these enzymes are thought to be responsible for a number of liver 

disorders (Russell, 2003).
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Figure 1 .5  Biosynthesis o f BAs from  cholesterol. The prim ary BAs CDCA and CA 

are synthesised from cholesterol in a complex series o f enzyme catalysed reactions, (I) 

7-hydroxylation (CYP7A1), (ii) oxidation/isomerisation to 3-oxo, (Hi) 12-hydroxylation 

(CYP8B1), (iv) side chain oxidation to C2 7  acid, (v) saturation to form A/B cis-fused 

ring, (vi) reduction o f 3-oxo to 3~0H, (v ii) oxidative cleavage o f side chain to C24 3Cid.

BA biosynthesis is regulated at multiple levels. Cholesterol controls its own conversion 

to BAs at the transcriptional level through activation of the nuclear, Liver X receptor 

(LXR). LXR in turn increases the expression of the enzyme CYP7A1. BAs themselves 

exert a negative feedback regulation of their own synthesis. The FXR has been shown 

to mediate this negative feedback effect again through downstream inhibition of 

biosynthetic enzymes. Hormones such as insulin may also affect BA synthesis. Insulin 

is known to down-regulate CYP7A1, for example (Roda et al., 1994). Average bile acid 

synthesis is 0.3 g/day (Hofmann, 1999).

1.4 Classification of BAs

BAs can be classified into primary, secondary and tertia ry BAs. As already mentioned, 

BAs that are synthesised from cholesterol in the hepatocyte are referred to as primary 

BAs. In humans these are CDCA and CA although traces of the 7-(3 epimer of CA, 

ursocholic acid can also be present in some individuals (Hofmann & Hagey, 2008). The 

primary BAs can then be modified by enzymes of anaerobic bacteria in the caecum. 

These modifications include removal, oxidation or epimerisation of the nuclear 

hydroxyl groups. BAs resulting from such modifications are referred to as secondary 

BAs (Hofmann & Hagey, 2008). In humans the secondary BAs lithocholic acid (LCA) 

and deoxycholic acid (DCA) are formed by bacterial 7-dehydroxylation of CDCA and CA 

respectively. LCA can then be transformed to the tertia ry BAs sulfo-lithocholic acid 

(SLCA) by sulfation at the 3-OH. LCA is also converted to ursodeoxycholic acid 

(UDCA), although a certain amount of UDCA is also formed by 7-epimerisation of 

CDCA, Figure 1.6. These are the predominant BAs in humans but others have been 

found in trace amounts and there are a number of other BAs common in other 

mammals as shown in Table 1.1.
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Figure 1 .6  Classification o f BAs. Bile acids are classified into prim ary (CDCA and 

CA), secondary (DCA and LCA) and tertia ry BAs (UDCA and SLCA).
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Table 1.1 C2 4  BAs o f mammals. There are a number o f d ifferent BAs found in 

mammals. The A/B ring configuration, substituents on the steroid ring and side chain 

along with the species in which they occur are detailed for the listed BAs. Adapted 

from (Hofmann & Hagey, 2008).

AlloCA Trans (5a) 3aOH 7aOH 12aOH None Minor BA in 

newborn rabbit

Ursocholic Cis (5p) 3aOH 7pOH 12aOH None Trace BA in man

LagoDCA Cis (5P) 3aOH 12P0H None Trace BA in rabbit

a-Muricholic Cis (5P) 3aOH 6pOH

7aOH

None Rodents (m inor BA)

Hyocholic Cis (5|3) 3aOH 6aOH

7aOH

None Pigs

Phocecholic Cis (5P) 3aOH 7aOH 23-(R)-

OH

Minor BA in sea 

mammals

IsoLCA Cis (5P) 3P0H Major fecal BA in 

man

IsoDCA Cis (SP) 3P0H 12aOH Major fecal BA in 

man

IsoCDCA Cis (5P) 3P0H 7aOH Major fecal BA in 

man

IsoUDCA Cis (5p) 3P0H 7pOH Major fecal BA in 

man

IsoDCA Cis (5P) 3P0H 7aOH 12aOH Major fecal BA In 

man

1.5 BA conjugation

Free BAs only account for 2% of bile. They are present in the enterohepatic circulation 

but are precipitated at low pH. The reason for this is the ir acidity. pK^ is the negative 

logarithnn of the acid dissociation constant, K^. Therefore the p/Ca is a measure of the 

equilibrium between the ionised and unionised acid. The p/<a of most free natural BAs 

is 5.1 as determined by Roda et al (Roda & Fini, 1984). When the pH reaches the p/Ca 

of an acid, the molecule is 50% ionised. At pHs below this value the species will
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predominantly exist as the unionised form resulting in precipitation due to poor 

solubility.

The majority of the BA pool consists of conjugated BAs. Five types of conjugation of 

C2 4  BAs are currently known. The first is N-acyl amidation with the amino acids glycine 

or taurine at the acid side chain, Figure 1.7.

O

N
H OHOH OH

'OH HO' OH
H

Glycocholic acid Taurochoiic acid

Figure 1 .7  S tru c tu re  o f  glycocholic acid  (G CA) a n d  taurocho iic  acid  (TCA). N-

acyl amidation to the amino acids glycine and taurine is the most common type of BA 

conjugation.

Conjugation to taurine decreases the pK  ̂ of the natural BAs to below 2 (Hofmann & 

Mysels, 1992). This is because the sulfonic acid moiety is strongly electron 

withdrawing and converts weak acids to strong acids which are ionised at the 

intestinal pH (pH 6-7 ) and hence present as the negatively charged BA anion which 

has increased solubility. This negatively charged form of the BA is impermeable to cell 

membranes. The conjugated BA molecule is too large to diffuse through the 

paracellular junctions of the biliary tract and small intestine. This impermeability to 

cell membranes and paracellular junctions is a key factor in promoting the high 

intraluminal concentration of conjugated BAs in the biliary tract and small intestine 

(Jenkins & Hardle, 2008). On the other hand in the acidic stomach they are soluble 

and unionised and hence can enter the gastric epithelium. Taurine conjugated BAs 

represent > 20%  of bile (Jenkins & Hardle, 2008).

Glycine conjugated BAs are the most abundant conjugated BAs representing 70% of 

bile. Conjugation to glycine results in more soluble ionised products which again are 

restricted to the intestinal lumen due to low epithelial permeability. However the 

higher pKg of the glycine conjugates (3 .8  to 4 .8 ) means that they can cross intestinal 

membranes to a certain extent when the pH approaches their p/Cg (Jenkins & Hardle, 

2008).

10



\

The second type of conjugation which BAs undergo is sulfation which can occur at C-3 

or C-24. Other types of conjugation include ester glucuronidation at C-24 and ethereal 

conjugation predominantly at C-3 but also at other nuclear sites.

The fifth form of conjugation is N-acetyl conjugation at C-7 which occurs in BAs such 

as UDCA with a hydroxyl group. BAs may undergo conjugation on both the steroid 

nucleus and side chain (Hofmann & Hagey, 2008). LCA for example is conjugated with 

glycine or taurine and may be sulfated at the C-3 position. This double conjugation 

promotes the excretion of LCA. The percentage composition of the BAs in human bile 

are shown in Table 1.2.

Table 1 .2  Hum an BA composition. Glycine conjugated BAs are the most 

predominant form o f BAs found in human bile, followed by taurine conjugates. Free 

unconjugated BAs only form 2% o f the bile.

Prim ary Cholic acid 
Chenodeoxycholic 

Acid

Glycine
or

Taurine

36- 38 % 
Or 

32 - 34%

Secondary Deoxycholic acid 

Lithocholic acid

Glycine
or

Taurine

26 -28% 

1-2 %
Tertiary Ursodeoxycholic

acid
Glycine

or
Taurine

1-2 %

1.6 Enterohepatic Circulation of BAs

BAs undergo a process of enterohepatic circulation which involves secretion into the 

small intestine and then re-absorption from the distal intestine where they are re­

absorbed via both passive and active transport mechanisms and then returned to the 

liver where they are secreted once more into the bile. Figure 1.8 illustrates the 

transport mechanisms of these BAs through the liver and intestine (Hofmann & Hagey, 

2008).
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Figure 1 .8  Enterohepatic circulation o f BAs. BAs undergo a process of 

enterohepatic circulation where they are secreted into the small intestine from the 

liver, then re-absorbed from the distal intestine and then returned to the liver where 

they can be recycled and secreted again into the bile, taken from (Hofmann & Hagey, 

2008).

The primary BAs, CDCA and CA are secreted in their conjugated form into the 

canalicular spaces between hepatocytes. Bile then flows distally into the bile ducts and 

the m ajority is stored in the gall bladder although some enters the intestine. On 

ingestion of a meal gradual gallbladder emptying occurs in response to the  

gastrointestinal hormone cholecystikinin resulting in BA delivery to the small intestinal 

lumen (Hofmann & Hagey, 2008 ). In man about 85%  of these secreted BAs are  

absorbed by active and passive mechanisms and returned to the liver for re-secretion  

into the canaliculi (Jenkins & Hardle, 2008 ). Only 15%  of the secreted BAs reach the 

distal ileum and colon. As mentioned, the secondary BAs are derived from these BAs 

by deconjugation followed by dehydroxylation to yield LCA, DCA and UDCA. The 

overall result is an increase in the hydrophobicity of the BA pool. Formation of BAs of a 

more hydrophobic nature ensures passive absorption of those BAs not reabsorbed in 

the ileum. In  the normal adult only 1 -3%  of BAs secreted by the liver are present in 

the faeces (Jenkins & Hardle, 2 0 0 8 ). The composition of the BA pool varies when
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conditions of biotransformation are altered, for example by changes in transit time 

through the gastrointestinal tract or changes in the bacterial flora brought about by 

drugs and diet. For example, increased fat and reduced fibre can increase the amount 

of taurine conjugated BAs reaching the colon by almost tenfold resulting in much 

higher concentrations of the secondary BAs through dehydroxylation. DCA and LCA 

can accumulate in the colon as 7-dehydroxylation cannot be reversed. However double 

conjugation of LCA in the liver at the 3 and 24 positions produces a highly water 

soluble ionised derivative which cannot be reabsorbed by the colonic mucosa. Hence it 

is not present in very high quantities in the bile (Martinez-Augustin & Sanchez de 

Medina, 2008).

BA concentrations in the intestinal lumen are in the medium millimolar range. The 

entire mass of circulating BAs is called the BA pool and is about 2-3 g in normal size 

adults. As the pool cycles several times a day as described, BA secretion is 4 to 6 g 

per meal averaging 12 to 18 g/day (Hofmann, 1999; Hofmann & Hagey, 2008).

In plasma, BAs are found mainly bound to the plasma protein albumin, but can also 

bind to high density lipoprotein as determined by Kramer et al (Jenkins & Hardle, 

2008; Kramer et al., 1979). Aldini et a! used equilibrium dialysis experiments to 

determine the percentage of a series of BAs bound to albumin and found that 

increasing hydrophobicity was associated with higher affinity binding constants (Aldini 

e ta /. ,  1982). Binding minimises the free concentrations of BAs in plasma resulting in 

concentrations below 1 |j M (Costarelli e ta /., 2002; E l-M ire ta /., 2001).

1.7 BA Transporters

In order for enterohepatic cycling of BAs to occur, the expression of BA transporters 

on the liver hepatocytes and ileal enterocytes is essential, as passive diffusion only 

accounts for a minimal amount of BA uptake. The terminal ileum has an apical bile salt 

transporter (ASBT) that mediates sodium dependent co-transport of BAs (Hofmann & 

Hagey, 2008). Different BA molecules are transported to different degrees by the 

ASBT as it has greater affinity for the conjugated form of BAs (Martinez-Augustin & 

Sanchez de Medina, 2008). Basolateral transport out of the enterocyte into portal 

blood for transport back to the liver is mainly mediated by a heterodimer of two 

proteins, organic solute transporter (OSTa/OSTp). Efflux may also involve a truncated 

form of the ASBT and the multidrug resistance-associated protein 3 (MRP3) although 

this remains to be defined (Jenkins & Hardle, 2008). Within the enterocyte it is 

unlikely that BAs traverse the enterocyte as free monomers. A binding protein for BAs 

has been identified, called intestinal BA binding protein (IBABP) (Jenkins & Hardle, 

2008). It  is thought that this protein functions along with ASBT to regulate BA levels
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within the enterocyte and therefore its expression is up-regulated by increased flux of 

BAs whereas that of ASBT is down regulated.

As described, BAs are transported to the liver in the portal vein partly bound to 

albumin. Conjugates of CA are 60-80%  bound whereas those of CDCA are more tightly 

bound, >95% (Hofmann & Hagey, 2008). Uptake at the hepatocyte is mediated by the 

Na-taurocholate co transporting polypeptide (NTCP) which shares homology with the 

ASBT. The organic anion transporter fam ily (OATP) may also be involved in the uptake 

process although NTCP is more efficient at transporting trihydroxy BAs (Jenkins & 

Hardle, 2008). Both these transporters bind not only to BAs but also to other steroids 

and thyroid hormone. Transport across the hepatocyte occurs in monomeric form 

although vesicular transport may also occur (Hofmann & Hagey, 2008). The protein 

involved in transport of BAs out from the hepatocyte to the canaliculus is the ATP- 

energised pump, called the bile-salt export pump (BSEP) (Jenkins & Hardle, 2008). 

These transporters mainly transport conjugated BAs although unconjugated forms 

may also be transported by the NTCP and OATP (Hofmann & Hagey, 2008). 

Unconjugated BAs have also been shown to be substrates for a fa tty  acid transport 

protein, FATP5. This has been shown for UDCA and its conjugates (Maeda et a/., 

2006). The high specificity of all these transporters for BAs also accounts for the low 

levels of BAs in peripheral blood.

1.8 BA micellisation and physicochemical properties

BAs are amphiphatic molecules possessing polar and non-polar parts which gives them 

the ability to aggregate in solution to form micelles. The more hydrophobic 

hydrocarbon surface lies on the convex p side of the steroid nucleus whereas the 

concave a side is less hydrophobic due to its smaller total surface area and principally 

due to hydroxyl groups at various positions. Furthermore, the aliphatic side chain and 

conjugated amide function (taurine or glycine) contains a strong ionic polar group, 

which also contributes a strong hydrophilic moiety to the less hydrophobic a side. 

Hence, BAs have two functionally different sides (Armstrong & Carey, 1982). BA 

aggregation in solution is largely driven by the association of the non-polar p 

hydrophobic faces while further aggregation can occur through the hydrogen bonding 

interactions of the a hydroxyls and the carboxylic acid group as shown in Figure 1.9 

(Maitra & Mukhopadhyay, 2004).
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Figure 1 .9  Cartoon representation o f BA m icellisation. BAs are amphiphatic 

molecules possessing a hydrophobic convex p side and a polar concave a side. This 

gives them the ability to aggregate in solution to form micelles. Adapted from (Maitra 

& Mukhopadhyay, 2004).

BAs self associate over a narrow concentration range to form micelles. The 

approximate m idpoint of this concentration range is referred to as the critical micelle 

concentration (CMC) (Hofmann & Hagey, 2008). Below the CMC, BAs exist as 

monomers in the bulk solution and also at the air-water interface. The presence of the 

amphiphiles at the air water interface reduces surface tension, Y/ at the surface layer. 

A point is reached at which both the air-water interface and the bulk solution become 

saturated with monomers. This is the CMC. After this point, increasing concentration 

of BA aggregate to form micelles in the bulk phase (Sinko & Singh, 2006). The
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concentration of BA molecules at the surface layer remains constant in the presence of 

the micelles and so a plot of y vs log concentration becomes horizontal as shown in 

Figure 1.10 (Florence & Attwood, 2006).

Surfactant molecules 
accumulate in surface layer

Micelles form at critical micelle 
. concentration

 >

Logc
Figure 1 .10  Critical M icelle Concentration. The concentration a t which micelles 

firs t form in solution is referred to as the critical micelle concentration, adapted from  

(Florence & Attwood, 2006).

Multiple techniques exist for the measurement of BA CMCs. These include dye 

solubilisation, light scattering or changes in the fluorescence of a probe molecule. I t  is 

best measured however with the maximum bubble pressure method (Hofmann & 

Hagey, 2008; Roda et a!., 1983). Sodium ions lower the CMC and hence CMC 

measurements are often made at 0.15M Na"̂  in order to simulate in vivo conditions 

(Roda e t aL, 1983). Table 1.3 shows the CMC values of the common BAs in water and 

in 0.15M Na" .̂ The CMC values of the dihydroxy BAs tend to be lower than those of the 

trihydroxy derivatives. This is why CA has a higher CMC than DCA and CDCA. The CMC 

inversely correlates with the area of the hydrophobic |3 face of the BA molecule. The 

7(3-OH on UDCA interrupts the hydrophobic area of the p face and so results in a 

higher CMC. Therefore CMC is thought to correlate w ith the hydrophobic-hydrophilic 

balance of the BA molecule.
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Table 1 .3  W ater Solubility and CMCs o f conjugated and unconjugated BAs.

Hofmann et a! determined CMC values o f the sodium salts o f a series o f BAs in water. 

CMC correlates with the area o f the hydrophobic face o f the BA molecule, adapted 

from (Hofmann & Roda, 1984).

CDCA 0.027 9 ( 4 )

GCDCA 3(0.6)

TCDCA 1.8(0.5)

CA 0.273 13(11)

GCA 12(10)

TCA 10(6)

UDCA 0.009 19(7)

GUDCA 12(4)

TUDCA 8(2.2)

DCA 0.028 10(3)

GDCA 6(2)

TDCA 6(2.4)

LCA 0.00005 0.9 (0.5)

Like the CMC, hydrophilicity of the common free and conjugated bile salts decreases in 

the order UDCA > CA > CDCA > DCA > LCA, and taurine-conjugated > glycine- 

conjugated > free species. Natalini et al have correlated CMC values with 

hydrophobicity indices, which were determined chromatographically by extrapolating 

the retention factors back to a virtual pure water-containing mobile phase (Carey, 

1983; Natalini et al., 2007). Ultracentrifugation and quasi-elastic light scattering 

techniques have shown that primary BA micelles consist of 2-10 molecules which then 

go on and form larger secondary aggregates containing anything between 10-100 

molecules. Small was the first person to propose a model for the primary and 

secondary aggregation of BAs (Small, 1971). Micelles consisting of only these BA 

anions are called simple micelles but they do not occur in this form in vivo as simple 

micelles possess the ability to solubilise lipid bilayers and form mixed micelles. The 

primary lipid in mixed micelles is phosphatidylcholine. The mixed micelle is thought to 

be spherical in shape and can have a radius in the nanometre range. The ionised head 

groups of the BAs repel each other making the micelle a polyanion. The mixed micelle
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within the enterocyte and therefore its expression is up-regulated by increased flux of 

BAs whereas that of ASBT is down regulated.

As described, BAs are transported to the liver in the portal vein partly bound to 
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bound, >95%  (Hofmann & Hagey, 2008). Uptake at the hepatocyte is mediated by the 

Na-taurocholate co transporting polypeptide (NTCP) which shares homology with the 

ASBT. The organic anion transporter fam ily (OATP) may also be involved in the uptake 

process although NTCP is more efficient at transporting trihydroxy BAs (Jenkins & 

Hardle, 2008). Both these transporters bind not only to BAs but also to other steroids 

and thyroid hormone. Transport across the hepatocyte occurs in monomeric form 

although vesicular transport may also occur (Hofmann & Hagey, 2008). The protein 

involved in transport of BAs out from the hepatocyte to the canaliculus is the ATP- 

energised pump, called the bile-salt export pump (BSEP) (Jenkins & Hardle, 2008). 

These transporters mainly transport conjugated BAs although unconjugated forms 

may also be transported by the NTCP and OATP (Hofmann & Hagey, 2008). 

Unconjugated BAs have also been shown to be substrates for a fa tty  acid transport 

protein, FATP5. This has been shown for UDCA and its conjugates (Maeda et a!., 

2006). The high specificity of all these transporters for BAs also accounts for the low 

levels of BAs in peripheral blood.
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BAs are amphiphatic molecules possessing polar and non-polar parts which gives them 

the ability to aggregate in solution to form micelles. The more hydrophobic 

hydrocarbon surface lies on the convex p side of the steroid nucleus whereas the 

concave a side is less hydrophobic due to its smaller total surface area and principally 

due to hydroxyl groups at various positions. Furthermore, the aliphatic side chain and 

conjugated amide function (taurine or glycine) contains a strong ionic polar group, 

which also contributes a strong hydrophilic moiety to the less hydrophobic a side. 

Hence, BAs have two functionally different sides (Armstrong & Carey, 1982). BA 

aggregation in solution is largely driven by the association of the non-polar (3 

hydrophobic faces while further aggregation can occur through the hydrogen bonding 

interactions of the a hydroxyls and the carboxylic acid group as shown in Figure 1.9 
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molecules possessing a hydrophobic convex side and a polar concave a side. This 

gives them the ability to aggregate in solution to form micelles. Adapted from (Maitra 

& Mukhopadhyay, 2004).

BAs self associate over a narrow concentration range to form micelles. The 

approximate midpoint of this concentration range is referred to as the critical micelle 

concentration (CMC) (Hofmann & Hagey, 2008). Below the CMC, BAs exist as 

monomers in the bulk solution and also at the air-water interface. The presence of the 

amphiphiles at the air water interface reduces surface tension, y, at the surface layer. 

A point is reached at which both the air-water interface and the bulk solution become 

saturated with monomers. This is the CMC. After this point, increasing concentration 

of BA aggregate to form micelles in the bulk phase (Sinko & Singh, 2006). The
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concentration of BA molecules at the surface layer remains constant in the presence of 

the micelles and so a plot of y vs log concentration becomes horizontal as shown in 

Figure 1.10 (Florence & Attwood, 2006).
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Figure 1 .10  Critical Micelle Concentration. The concentration a t which micelles 

firs t form in solution is referred to as the critical micelle concentration, adapted from  

(Florence & Attwood, 2006).

Multiple techniques exist for the measurement of BA CMCs. These include dye 

solubilisation, light scattering or changes in the fluorescence of a probe molecule. I t  is 

best measured however with the maximum bubble pressure method (Hofmann & 

Hagey, 2008; Roda e t al., 1983). Sodium ions lower the CMC and hence CMC 

measurements are often made at 0.15M Na^ in order to simulate in vivo conditions 

(Roda et al., 1983). Table 1.3 shows the CMC values of the common BAs in water and 

in 0.15M Na^. The CMC values of the dihydroxy BAs tend to be lower than those of the 

trihydroxy derivatives. This is why CA has a higher CMC than DCA and CDCA. The CMC 

inversely correlates with the area of the hydrophobic p face of the BA molecule. The 

7p-0H on UDCA interrupts the hydrophobic area of the p face and so results in a 

higher CMC. Therefore CMC is thought to correlate with the hydrophobic-hydrophilic 

balance of the BA molecule.
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Table 1 .3  W ater Solubility and CMCs o f conjugated and unconjugated BAs.

Hofmann et a! determined CMC values o f the sodium salts o f a series o f BAs in water. 

CMC correlates with the area o f the hydrophobic face o f the BA molecule, adapted 

from (Hofmann & Roda, 1984).

CDCA 0.027 9 ( 4 )

GCDCA 3(0.6)

TCDCA 1.8(0.5)

CA 0.273 13(11)

GCA 12(10)

TCA 10(6)

UDCA 0.009 19(7)
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TUDCA 8(2.2)

DCA 0.028 10(3)

GDCA 6(2)
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LCA 0.00005 0.9 (0.5)

Like the CMC, hydrophilicity of the common free and conjugated bile salts decreases in 

the order UDCA > CA > CDCA > DCA > LCA, and taurine-conjugated > glycine- 

conjugated > free species. Natalini et al have correlated CMC values with 

hydrophobicity indices, which were determined chromatographically by extrapolating 

the retention factors back to a virtual pure water-containing mobile phase (Carey, 

1983; Natalini et al., 2007). Ultracentrifugation and quasi-elastic light scattering 

techniques have shown that primary BA micelles consist of 2-10 molecules which then 

go on and form larger secondary aggregates containing anything between 10-100 

molecules. Small was the first person to propose a model for the primary and 

secondary aggregation of BAs (Small, 1971). Micelles consisting of only these BA 

anions are called simple micelles but they do not occur in this form in vivo as simple 

micelles possess the ability to solubilise lipid bilayers and form mixed micelles. The 

primary lipid in mixed micelles is phosphatidylcholine. The mixed micelle is thought to 

be spherical in shape and can have a radius in the nanometre range. The ionised head 

groups of the BAs repel each other making the micelle a polyanion. The mixed micelle
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can then solubilise lipids, lecithin, cholesterol and fat soluble vitamins (Maitra & 

Mukhopadhyay, 2004; Ueno, 1997; Wiedmann & Kamel, 2002).

cholestemi

Figure 1.11 Proposed m olecular arrangem ent o f b ile -sa lt-lecith in  cholesterol 

m ixed micelles, a) Longitudinal view and b) Cross-sectional view o f m ixed micelles, 

taken from (Maitra & Mukhopadhyay, 2004).
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1.9 Physiological Functions of BAs

The main physiological role of BAs is in solubilisation of dietary lipids in the intestine. 

These digestive functions of BA are summarised in Table 1.4.

Table 1 .4  The digestive functions o f BAs. Adapted from (Hofmann, 1999).

Process Site Mechanism
Cholesterol elimination Hepatocyte

Biliary tract 
Intestine

Conversion to BAs
Stimulation of biliary cholesterol secretion 
Solubilisation of cholesterol in mixed micelles 
Fecal excretion of cholesterol and BAs

Stimulation of bile flow Hepatocyte

Cholangiocyte

Canalicular secretion of osmotically active 
molecules
Potentiation of secretin-stimulated bicarbonate 
Secretion

Stimulation of PC *  
Secretion

Hepatocyte 

Biliary tract

Detachment of PC from canalicular membrane 

Solubilisation of PC in mixed micelles

Feedback inhibition Hepatocyte Repression of cholesterol 7a-hydroxylase and 
HMG-CoA reductase

Enhancement of 
lipid absorption

Small intestine Formation of mixed micelles

Cleaning of absorptive 
surface

Small intestine Surface activity of BA anions

Stimulation of intestinal 
motility

Large intestine Neural arc

*PC indicates phosphatidylcholine.

In addition to the above digestive functions, recent findings have suggested the 

participation of BAs in many other body functions. At the intestinal level BAs are 

known to modulate pancreatic enzyme secretion and cholecystikinin (CCK) release 

(Koop et al., 1996; Monte et al., 2009). Interestingly they have been shown to have 

anti-m icrobial properties that prevent the over-growth of bacterial flora in the 

intestine (Begley, Gahan & Hill, 2005). Furthermore discovery of BAs as ligands of the 

FXR and the G-protein coupled receptor, TGR5 and subsequent work characterising 

the activ ity o f these receptors has unearthed a number of endocrine functions of BAs. 

For example, BAs regulate the ir own synthesis through the FXR and have also been 

found to have roles in the control of general energy-related metabolism, and in 

hepatic glucose handling (Ma e ta /., 2006; Monte e ta !., 2009).

19



1.10 BAs as agonists

The mechanism of action through which the diverse range of BAs mediate their 

biological effects remains unknown. However, two signalling pathways are known to 

be directly activated by BAs. These are the TGR5 pathway and activation of the 

members of the nuclear hormone receptor super family, which includes the FXR.

TGR5 is a member of the rhodopsin-like superfamily of GPCRs and was identified as an 

LCA-activated receptor (Kawamata eta ! . ,  2003). Primary and secondary BAs activate 

the receptor at nanomolar concentrations (Table 1). LCA and taurolithocholic acid 

(TLCA) activate the receptor with an EC50 of 600 and 300 nM, respectively, and should 

be considered physiological ligands for TGR5 (Kawamata et a/., 2003). Furthermore 

Pelliciari et a! have performed comprehensive SAR studies and have identified novel 

synthetic TGR5 ligands. Some of these natural and synthetic TGR5 agonists are shown 

in Table 1.5 (Pellicciari eta!. ,  2007; Sato etaL ,  2008).

Table 1 .5  N a tu ra l and synthetic TGR5 agonists. TGR5 is a potential therapeutic 

target for treatm ent o f metabolic disorders, adapted from (Fiorucci et a!., 2009).

Natural Synthetic
TLCA 6-ECDCA
LCA 23-(S)-methyl CA
DCA
CA

UDCA
CDCA

There is much current interest in TGR5 as a therapeutic target as TGR5 ligands 

decrease blood glucose levels and increase energy expenditure by promoting 

intracellular thyroid hormone activation in thermogenically competent tissues (Fiorucci 

et a!., 2009). Hence these BAs may be useful in treatment of metabolic disorders.

The FXR is another protein known to be activated by BAs. Indeed most BA 

homeostasis is thought to occur through the FXR as it is known to regulate the 

expression of enzymes involved in BA synthesis (Lu et al., 2000) as well as expression 

of BA transporters such as the IBABP (Sinai et a!., 2000).
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Table 1 .6  N atu ra l and synthetic FXR agonists. These FXR agonist are interesting  

lead molecules in developing therapies for glucose and lipid metabolic disorders, 

adapted from (Fiorucci e t a!., 2009).

Natural Synthetic
DCA 6-ECDCA
LCA 23-(S)-methyl CA

CDCA Fexeramine
GW4064

MeCA
MeDCA

WAY-362450

FXR is also known to alter the transcription of several genes involved in fatty acid and 

triglyceride synthesis and lipoprotein metabolism. Administration of FXR agonists 

[GW4064, 6a-ethyl-chenodeoxycholic acid (6-ECDCA) and WAY- 362450] to rats and 

mice reduces plasma triglyceride and cholesterol levels (Kast e ta /., 2001; Lefebvre et 

al., 2009) again making BAs and their derivatives interesting lead molecules in the 

search for treatments for lipid and glucose metabolic disorders.

COOH

'OHHO

N

6-ECDCA
Fexeramine

HO2C,

GW4064

Figure 1 .12  Structures o f synthetic FXR and TGRS agonists. 6-ECDCA is a 

potent TGR5 and FXR agonist, Fexeramine and GW4064 are potent FXR agonists.
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UDCA does not bind to the FXR but interestingly inhibits its activation by other BAs 

(Makishima et a!., 1999). Another member of the nuclear receptor family shown to be 

activated by the BA UDCA is the glucocorticoid receptor (GR). Ligand dependent 

activation of the GR alters the transcriptional activity of several genes, which regulate 

vital bodily functions, including metabolism, bone turnover and homeostasis of the 

immune system. The mechanism of action of UDCA remains unknown although many 

of its effects are thought to occur via activation of the GR. The functions of the GR and 

its activation by UDCA will be covered in more detail in Chapter 4.

1.11 BAs and disease pathology

Despite being essential physiological regulators, it is now well recognised that BAs 

play a central role in the pathology of hepatic, biliary and intestinal diseases 

(Hofmann, 1999). In vitro hydrophobic bile salts have been shown to be cytotoxic 

against a variety of different cell types including hepatocytes (Spivey, Bronk & Gores, 

1993), erythrocytes (Heuman et al., 1991), mast cells (Quist et a!., 1991) and gastric 

and intestinal cells (Ota et a!., 1991). Leading on from this, it is now generally 

accepted that secondary hydrophobic BAs are cytotoxic when their concentrations 

increase to abnormally high levels either intracellularly or extracellularly (Hofmann, 

1999). As a result they have been thought to significantly contribute to the 

development of a number of hepatobiliary cholestatic disorders. In cholestasis bile 

cannot flow from the liver to the small intestine. It  may be caused by an impairment 

of bile secretion, an obstruction of bile flow or a combination of the two. It  is a 

symptom of many diseases including acute hepatitis, primary biliary cirrhosis (PBC) 

and primary sclerosing cholangitis (PSC) (Beers, 2004). The common consequence of 

all forms of cholestasis is retention of BAs and other potentially toxic compounds in 

the hepatocytes. This can lead to high concentrations of cytotoxic BAs which can 

induce cellular membrane damage but also can induce apoptosis or necrosis of 

hepatocytes. Continuous insult eventually results in a chronic cholestatic liver disease. 

In certain cholestatic disorders there is also leakage of BAs into the peribiliary space 

causing portal inflammation and fibrosis (Hofmann, 1999; Hofmann, 2002; 

Paumgartner, 2006).

1.12 BAs and Cancer

In experimental and epidemiological studies BAs have been identified as causative 

agents in the development of colon cancer and liver cancer (Thompson, 1996). BAs 

were first proposed to be carcinogens in 1939 and 1940 by Cook and Kennaway
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(Cook, Kennaway & Kennaway, 1940). More recent evidence supports tliis view. At 

least 15 reports, from 1980 through 2003, indicate that BAs cause DNA damage. 

Patients with colorectal adenomas and carcinomas exhibit high blood and fecal levels 

of secondary BAs (Bayerdorffer et  a!., 1994). These cancers are associated with diets 

rich in fat which is a powerful stimulant of BA secretion. Thus many investigators have 

studied the effects of BAs, particularly secondary BAs (DCA and LCA) on intestinal 

epithelial cell proliferation, apoptosis and mutagenesis in vitro, as well as on cancer 

promotion in vivo. Reports, from 1994 through 2002 , indicate that BAs, at the 

increased concentrations which would be found in high fatty western diets, can induce 

apoptosis. Those cells within the exposed population which display resistance to 

apoptosis m ay survive and selectively proliferate (Bernstein eta ! . ,  2005 ).

A num ber of mechanisms have been proposed to explain the induction of 

carcinogenesis by BAs. DCA has been shown to activate a number of mitogenic and 

apoptotic signaling pathways. The cascades activated include the epidermal growth 

factor receptor and the Raf/M ek/Erk pathway (Bernstein et al., 2005; Im  & Martinez, 

2 0 0 4 ), the activator protein -1 (AP-1) transcription factor (Hirano et al., 1996; Im  & 

Martinez, 2 0 0 4 ), and the protein kinase C (PKC) fam ily (Shah e ta ! . ,  2005) all of which 

are known to be deregulated during colon tumourigenesis. Activation of the AP-1 

proto-oncogene has been shown to occur by co-operate activation of PKCs and 

extracellular signal-regulated kinases (ERKs) in HCT-116 human colorectal cancer cells 

(Qiao et  al.,  2000 ). The AP-1 complex activated by BAs consists of JunD, Fra-1 and c- 

Fos (Looby et  al., 2 009 ). These transcription factors are also involved in invasion 

pathways (Ozanne et  al.,  2000 ). An im portant target gene of BA signaling is the gene 

that encodes cyclooxygenase 2 (CO X-2) (Zhang et  al., 1998). T reatm ent of rats with 

DCA via an intracolonic instillation procedure resulted in increased colonic 

accumulation of prostaglandin E and thromboxane B2. COX-2 enzym e activity is 

responsible for the conversion of arachidonic acid to prostaglandins (PGs) (DeRubertis, 

Craven & Saito, 1984).

COX-2 may contribute to carcinogenesis in several ways. COX-2 activity can lead to an 

inhibition of apoptosis, as indicated by the induction of resistance to butyrate-induced  

apoptosis in rat intestinal epithelial cells after successful transfection with COX-2 

(Tsujii & DuBois, 1995). COX-2 expression can also stim ulate colorectal cancer cells to 

secrete proangiogenic prostaglandins (PGs) (Tsujii et  ai., 1998) and stimulates 

expression of MMP-2 and invasion into matrigel of Caco-2 human colorectal cancer 

cells (Tsujii, Kawano & DuBois, 1997). Pathways potentially involved in BA induced 

carcinogenesis are shown in Figure 1.13.
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Figure 1 .13  Poten tia l signaling pathw ays o f BAs in pre-cancerous and  

cancerous colonic cells. API is activated via a PKC and ERK pathway. AP-1 can 

then increase expression o f COX-2. Activation o f the phosphatidylinositol 3-kinase 

(PI3K) pathway can up regulate proteins such as, Rac kinase (RacK), Rho kinase 

(RhoK) and the myosin heavy and ligh t chains (MHC and MLC) which are involved in 

m otility  and invasion. Ras and caveolins are upstream regulators o f PI3K and the 

Raf/Mek/Erk pathway which regulate cell proliferation, growth and migration. Adapted 

from (Debruyne et al., 2001).
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1.13 BAs and Esophageal Cancer

Barrett's esophagus is a metaplastic condition in which columnar epithelium containing 

goblets cells, replaces the squamous epithelium normally found in the esophagus. I t  is 

a prevalent complication of chronic gastro-esophageal reflux disease (GERD) and is 

the single most important risk factor for the developm ent of esophageal 

adenocarcinoma, increasing the risk by at least 30 fold (Fitzgerald, Lascar & 

Triadafilopoulos, 2001 ). Adenocarcinoma of the distal esophagus and gastro­

esophageal junction has increased in incidence over the last several decades at a rate 

exceeding that of any other cancer (Cam eron, 1997).

• ic a r r x  Cell division of

Goblet calls

G lands— ^

C JHU

Normal Lining Barrett's Esophagus with low-grade dysplasia wlh f»gh-gfa<Je dysplasia Invasive caronoma

Figure  1 .1 4  Progression o f  esoph agea l adenocarcinom a. Chronic exposure to 

reflux containing bile and acid can result in Barrett's esophagus in which the 

squamous epithelium is replaced by a columnar epithelium. Barrett's esophagus 

greatly increases the risk o f full blown invasive carcinoma. Taken from 

http://pathology2.jhu. edu/beweb/Definition. cfm.

Currently the only strategies available to diminish adenocarcinoma rates are 

surveillance endoscopy, endoscopic therm al or photodynamic ablation or tissue 

resection. Therefore approaches are required that remove or prevent stimuli 

considered prime candidates in the developm ent of esophageal adenocarcinoma 

(Jankowski & Anderson, 2004).

Both gastric acid and BAs have been reported as potential insults involved in the 

pathogenesis of Barrett's esophagus and the developm ent of esophageal 

adenocarcinoma (Jankowski & Anderson, 2004 ). I t  is thought that chronic exposure to
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reflux containing acid and bile salts in conditions such as GERD may be crucial in the 

pathogenesis of the disease (Attwood et al., 1992; Gillen et a!., 1988). Barrett's 

metaplasia patients have increased bile exposure and increased proportions of 

secondary BAs in their refluxate (Nehra et a!., 1998). Furthermore, Barrett's patients 

with early adenocarcinoma have higher exposure to BAs than uncomplicated Barrett's 

patients (Stein et al., 1998). Unconjugated BAs in particular have been suggested as 

an important factor in the progression of the neoplastic sequence in Barrett's cancers 

(Jankowski et a!., 1993). Opinions are still conflicting regarding the relative roles of 

BAs and stomach acid (Triadafilopoulos, 2001). However the fact that patients 

undergoing acid suppression therapy can progress to adenocarcinoma suggests that 

factors other than acid are important in Barrett's carcinogenesis. Furthermore 

compensatory proliferation has been postulated to occur in vivo as a result of BA 

induced apoptosis (Lapre et a!., 1992), which indicates that BAs may be initiators as 

well as promoters of cancer progression.

BAs have been found to initiate a number of cell signalling cascades in esophageal 

cancer cell lines in a manner analogous to colon cancer. Jenkins et a! have shown that 

exposure of an esophageal cancer cell line to DCA at neutral pH activates the 

transcription factor nuclear factor kappa light chain enhancer of activated B cells (NF- 

kB), a candidate cancer promoting gene (Jenkins et al., 2004). Other molecules 

involved include COX-2, c-myc and the mitogen-activated protein kinase (MARK) 

pathway.

COX-2 upregulation has been reported in esophageal adenocarcinoma (Deasy et al., 

2007; Kaur et a!., 2000). PGs have also been found to be overexpressed in 

esophageal tumours as a consequence of enhanced COX-2 expression (Buttar et al., 

2002). Moreover, COX-2 expression levels have been found to be elevated in Barrett's 

esophagus (Lagorce et al., 2003) and have been reported to increase with the 

progression from metaplasia to dysplasia to adenocarcinoma (Morris et al., 2001). 

Following on from this a phase I I I  trial is currently being conducted by Raj Jankowski, 

the Aspect Trial, which is a randomised study, looking at the effect of aspirin and 

esomeprazole chemoprevention in Barrett's metaplasia. Interim analysis of this trial is 

due in 2011 (Das, Chilton & Jankowski, 2009).

1.14 UDCA

The tertiary BA UDCA has properties distinct from those of the other BAs. While the 

secondary BAs are recognised as toxic and carcinogenic agents, UDCA has been shown 

to have numerous beneficial effects in the treatment of liver diseases in particular. The 

use of UDCA in the treatment of liver maladies originates in ancient Chinese folk
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medicine. For centuries the Chinese used a drug called "yutan", a dried powder 

derived from the bile of adult bears to cure hepatobiliary disorders (Lazaridis, 2001). 

In 1927 Shoda was the first person to describe the chemical form of UDCA from the 

bile of the Chinese black bear (Shoda, 1927). He named this BA urso-deoxycholic acid 

because of its discovery in the bile of the bear ( "ursus" meaning bear in Latin) and his 

belief that it was an isomer of DCA which was confirmed later by Iwasaki in 1936 

(Iwasaki, 1936).

1.14.1 Clinical Usage and Efficacy of UDCA

Following oral administration UDCA absorption in the gut varies from 30-60%  

(Lazaridis, 2001). The degree of UDCA enrichment in bile following chronic ingestion 

correlates with its daily-administered dose. UDCA given at 8-10 mg/kg per day causes 

an expected enrichment of approximately 40%  in biliary Bas (Hofmann, 1994). A 

UDCA dose above 10-12 mg/kg per day does not further increase its proportion in bile 

due to its epimerization to CDCA (Hofmann, 1994; Rubin e ta /., 1994). In humans, the 

half-life of UDCA is 3.5 to 5.8 days (Ward et a!., 1984). UDCA is currently licensed and 

used for treatment of a variety of hepatic disorders.

1.14.1.1 Cholestatic Hepatic Diseases

UDCA is used for treatment of PBC and PSC which are autoimmune diseases affecting 

the liver and biliary ducts. A number of studies have been conducted showing the 

positive outcome of UDCA therapy. A multicenter controlled trial of patients with PBC 

by Poupon et a! demonstrated that UDCA therapy for two years leads to reduction of 

clinically overt disease, improvement of liver blood tests but mean histologic score of 

liver biopsies in the UDCA treated group compared to placebo (Poupon et a!., 1991). 

Subsequent studies have shown that UDCA delays the progression rate of PBC 

resulting in a decreased need for liver transplantation (Poupon et a!., 1994). Lindor et 

a! reported a 2.6-fold decrease in mortality or need for liver transplantation in the 

UDCA treatment group compared to patients receiving placebo (Lindor et a!., 1996). 

UDCA has been used in combination with either colchicine or prednisone and 

compared to UDCA alone. These studies did not show an additional favorable outcome 

compared to UDCA monotherapy (Leuschner et al., 1996; Poupon e ta /., 1996).

1.14.1.2 Gallstone dissolution

Due to its chemical and structural resemblance to CDCA, a BA studied extensively for 

dissolving gallstones, it was proposed that UDCA might also be suitable for this role. 

In a pivotal study, Makino et al reported gallstone dissolution with UDCA (Makino et
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a!., 1975). Since then UDCA has been used in the treatment of certain types of 

gallbladder stones as an alternative to cholecystectomy (Tint et a/., 1982). The 

proposed mechanism of action involves saturation of bile by UDCA leading to gallstone 

dissolution by solubilizing cholesterol from the stone surface (Rubin et al., 1994). 

Given that UDCA has a much higher CMC, and is a poorer surfactant than other BAs it 

is remarkable that it is a better agent for dissolution.

1 .14 .1 .3  O ther Diseases

UDCA trials have been conducted showing varying degrees of success in treatment for 

a number of diseases. These include treatment for other forms of cholestasis such as 

drug induced cholestasis, total parenteral nutrition induced cholestasis, benign 

recurrent intrahepatic cholestasis and intrahepatic cholestasis of pregnancy (Lazaridis, 

2001). Paediatric patients with conditions such as cystic fibrosis and progressive 

familial intrahepatic cholestasis also responded favourably to trials using UDCA 

treatment (Lazaridis, 2001). Following evidence that UDCA can activate the GR 

(Weitzel et al., 2005), it has been proposed to have immunomodulatory properties 

and therefore UDCA was suggested in the treatment of liver allograft rejection, 

specifically of acute cellular rejection. This hypothesis was supported by promising 

data from uncontrolled studies (Lazaridis, 2001). Following this, four randomized 

placebo controlled trial tested UDCA as a prophylactic agent in reducing the incidence 

of cellular rejection following liver transplantation. In three of these studies UDCA 

failed to prevent rejection (Fleckenstein, Paredes & Thuluvath, 1998; Keiding et a!., 

1997; Pageaux eta !. ,  1995).

However in one study, addition of UDCA in the immunosuppression regimen resulted 

in fewer episodes of acute cellular rejection, shorter hospital stay and better 90-day  

and 1-year survival (Barnes et a!., 1997). Hence the use of UDCA in acute cellular 

rejection remains to be established.

1.14.2 UDCA as a chemopreventative agent

UDCA has been shown to act as a chemopreventative agent. In an azoxymethane 

colon cancer model dietary supplementation with 0 .2%  UDCA inhibited CA induced 

tumour incidence by more than 50%  (Earnest et a/., 1994). A similar study by 

Ikegami suggested that the effect may be mediated via attenuation of phospholipase 

A2 (Ikegami et a/., 1998). UDCA treatment has been shown to decrease the risk of 

developing colorectal cancer in patients with PSC and ulcerative colitis (Pardi et at., 

2003; Tung et al., 2001). In another study by Serfaty et al UDCA treatm ent did not 

significantly decrease prevalence of colon adenoma formation in patients with PBC but
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it did significantly reduce the probability of recurrence following removal of the 

adenoma (Serfaty et a!., 2003). A phase I I I  trial with 1285 patients produced similar 

findings as UDCA treatment was associated with a non-statistically significant 

reduction in total colorectal adenoma recurrence but with a statistically significant 

39%  reduction in recurrence of adenomas with high-grade dysplasia (Alberts et al., 

2005).

1.14.3 Mechanisms of UDCA action

Despite its extensive clinical usage, the exact mechanism of UDCA action remains 

elusive. It  does not exhibit the properties of a modern day pharmacological agent. It 

does not display a typical dose response relationship and a protein target for the drug 

remains unknown. There are many proposed mechanisms of action by which UDCA is 

thought to elicit its pharmacological effects. These are outlined below:

1 .14 .3 .1  Expansion of Hydrophilic BA Pool

The intracellular accumulation of hydrophobic BAs leads to an array of cell damaging 

events ranging from physical damage, increasing cell-membrane fluidity and 

permeability, to apoptosis and necrosis (Poupon & Poupon, 1995) . It  has been 

proposed that one of the main therapeutic mechanisms of UDCA in cholestatic liver 

diseases is due to enrichment of the BA pool by UDCA leading to displacement of the 

endogenous hepatotoxic bile by the more hydrophilic BA. This displacement effect may 

occur either at the level of the ileum or at the hepatocyte membrane or within the cell 

in the organelles (Stiehl, Benz & Sauer, 1999). The fact that UDCA is orally 

administered indicates that competition occurs for absorption of endogenous BAs at 

the level of terminal ileum (Stiehl et al., 1999). However, in the bile fistula rat model, 

intravenous infusion of conjugated UDCA decreased the hepatotoxicity induced by 

toxic BAs. It  therefore seems likely that UDCA exerts its protective action at the level 

of the liver (Heuman, 1993; Poupon & Poupon, 1995). The importance of this 

'displacement' of hepatotoxic BAs as a mechanism in preventing liver damage 

remains unclear. Beuers et al showed an improvement in the liver blood tests of 

patients with cholestatic liver diseases following one month therapy with UDCA without 

a change in the pool size and serum levels of the main hydrophobic BAs (Beuers et al., 

1992). Similarly in another study of patients with PSC, treated with UDCA for three 

months, there was no change observed before and after therapy in the pool size of 

BAs and in the serum concentration of CDCA (Rudolph et al., 1993). Taking these 

studies into account it seems unlikely that UDCA's effects arise solely from 

displacement of the hydrophobic toxic BAs.
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1.14.3.2 Choleresis

UDCA is l<nown to induce the secretion of BAs and other organic compounds in 

isolated hepatocytes, and in models such as the isolated perfused rat liver and bile 

fistula rat model (Trauner & Graziadei, 1999). A similar and comparable effect is seen 

with the hydrophobic BAs but UDCA lacks the toxicity of these and this makes it a 

useful drug in the treatment of cholestatic conditions where bile flow may be impaired. 

A study by Jazrawi et a! demonstrated that in patients with PBC and PSC, UDCA 

therapy improved the net and absolute hepatic excretory rates and transit time of a 

BA analog (^^Se labelled homocholic acid taurine) (Jazrawi e ta /., 1994).

In cholestatic hepatocytes, vesicular exocytosis is impaired. TUDCA induces vesicular 

exocytosis at the canalicular domain of hepatocytes. Exposure of isolated rat 

hepatocytes to TUDCA at concentration ranges of 5-50 jjmol/l causes an increase of 

cytosolic free Câ "̂  by mobilizing intracellular stores and increasing the influx of 

extracellular Câ "̂  (Beuers, Nathanson & Boyer, 1993). There is a hypothesis that 

induction of the Ca^"^-dependent hepatocyte exocytosis is mediated by activation and 

translocation of PKCc from the cytosol to the plasma membrane (Beuers et a!., 1996). 

Therefore, the mechanism of TUDCA-induced choleresis and subsequent 

cytoprotection in cholestasis may be related to the fact that it can promote apical 

exocytosis and thus create an increase in canalicular transport. This improvement in 

canalicular transport helps restore bile flow, promoting the excretion of toxic 

hydrophobic bile salts from the hepatocyte. In another study it was proposed that 

activation of the MARK pathway leads to the increase in canalicular transport (Schliess 

et at., 1997). However despite these studies it is clear that UDCA bears protective 

effects on the liver which cannot be solely explained by choleresis or expansion of the 

BA pool.

1.14.3.3 Potential UDCA targets?

In addition to the aforementioned there are a number of carcinogenic signaling 

cascades induced by other BAs which UDCA has been shown to inhibit. In work done 

by Shah et a! in HCT116 colon cancer cells, DCA has been found to stimulate 

translocation of PKC (31-, e- and 6 from the cell cytosol to the plasma membrane 

(Shah et a/., 2005). UDCA however was found to inhibit DCA induced translocation of 

all these isoenzymes (Shah e ta /., 2005). Furthermore UDCA has been found to inhibit 

DCA induced activation of AP-1 and NF-kB transcription in a colon cancer cell line 

(Shah et a/., 2006b) and its taurine conjugate has been shown to reduce toxic BA 

induced apoptosis through modulation of AP-1 in liver cells (PusI et at., 2008). In a 

recent study it has been shown that dietary UDCA can block the development of 

tumours with activated Ras and suppress COX-2 up regulation in azoxymethane
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induced tumours (Khare et al., 2008). It  has been proposed that a possible 

mechanism for induction of BA induced apoptosis is through activation of Bax and 

induction of the MMPT (Imberti eta l . ,  1993; Schaffner et a/., 1971).

In a recent study it has been shown that UDCA modulates transcriptional activity of 

the pro-apoptotic regulator p53, thereby preventing its ability to induce Bax 

expression, mitochondrial translocation, cytochrome c release, and apoptosis in 

primary rat hepatocytes. More importantly, UDCA inhibition of p53-induced apoptosis 

was associated with decreased p53 DIMA binding activity. Subcellular localization of 

p53 was also altered by UDCA. Both events appear to be related to an increased 

association between p53 and its direct repressor, Mdm-2 (Amaral e ta /., 2007).

1.14.3.4 Im mune Modulation

The immunomodulatory properties of UDCA will be discussed in Chapter 4.

1.15 Thesis Aims and Objectives

Traditionally BAs have been known for their function as solubilising agents in the 

dissolution of dietary lipid in the gut. In recent years there has been a renewed 

interest in BAs due to their emergence as regulators of diverse cellular functions and 

particularly due to the role they play in disease aetiology and pathogenesis of 

gastrointestinal cancers.

The discovery of BAs as ligands for the FXR and TGR5 receptor has initiated a number 

of drug discovery programmes using the BA structure as a lead for treatment of 

metabolic and liver disorders. Our interest in BAs stemmed from the use of UDCA for 

the treatment of inflammatory liver disorders. The biological effects of UDCA stand in 

contrast to the other BAs which are regarded as cytotoxic agents. UDCA is 

cytoprotective and has demonstrated immunomodulatory properties. Several of these 

properties resemble those of glucocorticoids (GCs) and indeed UDCA has been shown 

to activate the GR (Weitzel e ta /., 2005). Taking UDCAs clinical usage and long history 

of minimal side effects into account we hypothesised that UDCA would make an 

excellent lead for the development of a novel GR modulator. UDCAs mechanism of 

action has not been fully elucidated and we felt that UDCA derivatives might also 

prove useful as tools in understanding the mechanism of UDCAs effects.

We were also interested in the chemopreventative effects of UDCA in colon cancer and 

in the potential of translating this to esophageal cancer. We decided to investigate the 

effect of BAs on the secretory pathway and the potential role of this in esophageal 

cancer pathogenesis. The work focuses on changes in the morphology of the Golgi
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apparatus and investigates the potential of UDCA and our UDCA derivatives to inhibit 

these effects.

The BA structure has also been used as a lead for the development of novel cytotoxic 

agents. These programmes take advantage of the known toxicity of the BAs, DCA, 

CDCA and LCA. These BAs are considered to be cytotoxic due to the ir relative 

hydrophobicity compared to the other BAs. During the course of our studies on UDCA 

we discovered that manipulation of the BA side chain produced hydrophobic agents 

which were not cytotoxic. Although there is a general consensus in the literature that 

BA hydrophobicity is a determinant of toxicity there are few studies which correlate 

these properties.

Hence the aims of this thesis were;

1) To investigate the relationship between BA hydrophobicity and cytotoxicity.

2) To synthesise a series of UDCA derivatives and investigate the ir ability to 

modulate the GR.

3) To investigate the effect of BAs on the secretory pathway and the implications 

of this in esophageal cancer pathogenesis.
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2 CHAPTER TWO 

MATERIALS AND METHODS
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Chapter I I

Lists of reagents and antibodies along w ith th e ir  sources are  provided in tab u la r form  

in Appendix 1. C onstituents of buffers used are  also listed.

2.1 BAs

BAs or BA d eriva tives  w ere  synthesised according to procedures described in the  

Experim ental section, C h ap ter 7. C om m ercia l BAs w ere  obtained from  sources listed in 

Appendix 1. Ursocholic acid and hyocholic acid w ere  a g ift from  Prof B. Natalin i 

(U n ivers ity  o f Perug ia). BAs to be tested in biological assays w ere  m ain ta ined  as 200  

mM stock solutions in d im ethy l sulfoxide (D M S O ). The com pounds w ere  d ilu ted  to the  

required concentrations w ith  m ed ium . No change in pH was observed on addition of 

BAs to  the  m edium .

2.2 High Performance Liquid Chromatograpiiy (HPLC)

HPLC of BAs was carried out on a W aters  Breeze System  1 5 2 5 . The chrom atography  

was conducted on a V arian  pursuit C -1 8  reverse-phase  colum n (1 5 0  m m  x 4 .6  m m ; 3 

pm particle s ize) and a W aters  2 4 1 4  re fractive  index detecto r. The BAs w ere  dissolved  

in m ethanol (1  m g /m l) and injected into the  HPLC colum n. The injection vo lum e was  

50  |jl. The e lu en t consisted o f m ethanol: 15 mM am m o n iu m  ace ta te  a t pH 7 .4 . 

C hrom atography was perform ed a t th ree  d iffe ren t m obile phase s trengths in the  range  

7 0 -8 0 %  m ethanol. Flow rate  was m ain ta ined  a t 0 .9  m l/m in . The chrom atographic  

index /c„ was d eterm in ed  by linear extrapo la tion  from : log k ' =  -Sep +  log k^ ,

2.3 Reverse Phase Thin Layer Chromatography (RP-TLC)

TLC w as perform ed on precoated C IS  reverse-phase  high perform ance TLC (2 0 x 1 0 , 

F 2 5 4 ) plates (M erck , D arm stad t, G e rm a n y ). Plates w ere  developed in a closed 

ch am b er a t room  te m p e ra tu re  across a deve lo pm en t distance o f 15 cm . M ethanol: 15  

mM am m o n iu m  aceta te  was used as the  m obile phase adjusted  to required  pH w ith  

acetic  acid. C hro m ato g rap h y was perform ed a t four d iffe ren t m obile phase strengths  

in th e  range 5 0 -8 0 %  m ethanol. A fte r deve lo pm en t, the  plates w ere  dried in a ir, 

stained w ith a vanillin  solution and dried w ith a heat gun to  v isualize the  spots.
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2.4 Calculation of Physicochemical Descriptors

(JDCA was extrac ted  from  the X -ra y  crystal s tructure  bound to AKR1C2 (PDB en try  

I I H I )  and visualized in m olecu lar operating  env iro n m en t (MOE 2 0 0 7 .0 9 , Chem ical 

C om puting Group, M ontreal, C an ad a). Energy m in im a for the  o th er tes t BAs w ere  

gen erated  from  this by m odification in MOE using sequentia l SD (1 0 0  steps) and TN  

(1 0 0 0  steps or to  an RMS g rad ien t of < 0 .0 1  k ca l/ (m o l^ A )) using the  PM3 a lg orith m . 

Stochastic searches w ere  perform ed for the  con jugates using PM3 o ver 1 00 0  steps. 

Physicochem ical descrip tor p aram eters  including hydrophobic surface area  (ASA H) and  

polar surface area (ASAP) w ere  calculated based on the  m inim ised steroid m olecules  

following a stochastic conform ational search procedure using the  database  functions of 

MOE.

2.5 Cell culture techniques

Five cell lines w ere  used for the  exp erim en ta l work carried out in this thesis.

1. H E T -IA  a norm al esophageal cell line.

2. S K G T-4, an esophageal adenocarcinom a cell line.

3. Q h -te rt, a benign B arrett's  epithelia l cell line.

4 . H E K -293 , a hum an em bryonic  kidney cell line.

5. H C T -1 16 , a colon cancer cell line.

2.5.1 Culture of HET-IA

H E T -IA  is an adh eren t epithelia l cell line derived in 1 98 6  from  hum an esophageal 

autopsy tissue of a 25  y ea r old m an. The cell line was purchased from  Am erican Type  

C ulture Collection (ATCC, Rockville, M D ). Cells w ere  cultured in bronchial epithelia l cell 

basal m edium  (Lonza Group Ltd, S w itzerlan d ) supplem ented  w ith  triiodothyron ine, 

insulin, tran s ferrin , retinoic acid, hydrocortisone, hum an recom binant epiderm al 

grow th facto r, ep inephrine  and bovine p itu itary  extrac t. C ultures w ere  m ain ta ined  at 

37  °C  in a hum idified a tm osphere  containing 5 %  CO2 and routinely  m ain ta ined  in T -7 5  

cm^ cell culture flasks (N unclon, Roskilde, D en m ark ) in a vo lum e of 10 ml m edium . 

Cells w ere  passaged tw ice a w eek ( 1 /3  d ilu tion ). Cells w ere  washed w ith  Hanks  

balanced salt solution (H B S S) and rem oved from  plastic surface using trypsin (1  m l, 

0 .0 5 %  w /v )  (G ibco, In v itro g en  Ltd., Paisley, UK) to form  a cell suspension. The trypsin  

w as neutralised w ith soya bean trypsin  inhib itor (1  m l, 0 .0 5 %  w /v )  (S ig m a-a ld rich , St. 

Louis, MO, USA). A cell pellet was obtained by centrifug ing a t 1 2 0 0  rpm  fo r 3 m in . The  

pellet was resuspended in culture m edia and divided into cell culture flasks for
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maintenance of cell stock or enumerated in the conventional way using a 

haemacytometer prior to use in an experiment.

2.5 .2  Culture of SKGT-4

The SKGT4 cell line, an adherent cell line derived from a well-differentiated 

adenocarcinoma arising in Barrett’s epithelium of the distal esophagus was generously 

provided by Dr. David Schrump (Bethesda, MA) (Altorki et a!., 1993). Cells were 

maintained in RPMI 1640 medium supplemented with 10% heat-inactivated fetal 

bovine serum (FBS) and 4 mM L-Glutamine (GIBCO, Invitrogen Ltd., Paisley, UK) at 

37 °C in a humidified atmosphere containing 5% CO2 and routinely maintained in T-75  

cm^ cell culture flasks (Nunclon, Roskiide, Denmark) in a volume of 10 mi medium. 

Cells were passaged three times a week (1 /3  or 1/6 dilution). Cells were washed with 

PBS and removed from plastic surface using trypsin (2 ml, 0 .05%  w /v) to form a cell 

suspension which was diluted by adding double the volume of cell culture medium. A 

cell pellet was obtained by centrifuging at 1200 rpm for 3 min. The pellet was 

resuspended in culture media and divided into cell culture flasks for maintenance of 

cell stock or enumerated in the conventional way using a haemacytometer prior to use 

in an experiment.

2.5 .3  Culture of HEK-293

HEK-293 cells, an adherent human embryonic kidney cell line, were grown in 

Dulbecco's Modified Eagle's medium (DMEM, GIBCO, Invitrogen Ltd., Paisley, UK), 

supplemented with 10% heat-inactivated FBS. Cultures were maintained at 37 °C in a 

humidified atmosphere containing 5% CO2  and routinely maintained in T-75 cm^ cell 

culture flasks (Nunclon, Roskiide, Denmark) in a volume of 10 ml medium. Cells were 

passaged three times a week (1 /6  dilution). Cells were washed with PBS and removed 

from the plastic surface using trypsin (2  ml, 0 .05%  w /v) to form a cell suspension 

which was diluted by adding double the volume of cell culture medium. A cell pellet 

was obtained by centrifuging at 1200 rpm for 3 min. The pellet was resuspended in 

culture media and divided into cell culture flasks for maintenance of cell stock or 

enumerated in the conventional way using a haemacytometer prior to use in an 

experiment.

36



2 .5 .4  Culture of Q h-tert

The benign B arrett's  epithelia l cell line, Q h -te rt was obtained from  Am erican Type  

C ulture Collection (ATCC, Rockville, M D-check source). Cells w ere  cultured in bronchial 

epithelia l cell basal m edium  (BEBM) (Lonza Group Ltd, S w itzerlan d ) supplem ented  

w ith  triiod o th yro n in e, insulin, tran s ferrin , retinoic acid, hydrocortisone, hum an  

reco m b in an t ep iderm al grow th  factor, ep inephrine  and bovine p itu itary  extrac t and  

5 %  h ea t-in ac tiva ted  FBS. C ultures w ere  m ain ta ined  a t 37 °C  in a hum idified  

a tm osphere  containing 5 %  CO2 and routinely  m ain ta ined  in T -7 5  cm ^cell culture flasks  

(N unclon, Roskilde, D en m ark ) in a volum e of 10 ml m edium . Cells w ere  passaged  

th ree  tim es  a w eek  (1 /3  or 1 /6  d ilu tion ). Cells w ere  washed w ith  HBSS (S ig m a -  

Aldrich, S t. Louis, MO, USA) and rem oved from  plastic surface using trypsin (1  m l, 

0 .0 5 %  w /v )  to  form  a cell suspension. The trypsin was neutralised w ith  soya bean  

trypsin inh ib itor (1  m l, 0 .0 5 %  w /v ) . A cell pellet was obtained by centrifuging a t 1200  

rpm  fo r 3 m in . The pellet was resuspended in culture m edia and divided into cell 

culture flasks for m ain tenance of cell stock or enu m era ted  in the  conventional w ay  

using a h aem acy to m ete r prior to  use in an exp erim en t.

2.5 .5  Cryopreservation and revival of cell lines

Freshly m ade m edium  consisting of 5 %  DMSO in FCS was used in all cases as 

cryop ro tec tan t. Cells in a T -7 5  culture flask (Nunclon, Roskilde, D en m ark ) w ere  

rem oved from  plastic surface using trypsin (1  m l, 0 .0 5 %  w /v )  and a cell pellet was  

obtained as described in Section 2 .5 .1 . A fte r rem oval o f sup ern atan t and resuspension  

of cells, ice cold cryopro tectan t was slowly added to  the  pellet which was then  

transferred  into sterile  cryovials (Nunclon, Roskilde, D en m ark ) and placed in a -8 0 °C  

free zer for 24  h and then transferred  to the  vapour phase of a liquid nitrogen tan k  for 

longer te rm  storage.

For revival o f cell lines cryovials w ere rem oved from  the  liquid nitrogen tank  and  

thaw ed a t 37  °C  in a w a te r bath . Upon thaw ing  the  cell solution was slow ly added to 

w arm ed m ed ium . The cell suspension was centrifuged a t 1 2 0 0  rpm  for 3 min to form  a 

pellet and rem ove DMSO. The cell pellet was resuspended in w arm  m edium  and  

transferred  to  a T -2 5  cm^ (Nunclon, Roskilde, D en m ark ) flask for cell culture  

m ain tenance.
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2.6 Cell v iability  and Apoptosis Assays

2.6.1 MTT Assay

Cell viability was measured using the 3-[4 ,5-d im ethylth iazol-2-yl]-2 ,5- 

diphenyltetrazolium bromide (MTT) assay. Cells were plated into 96 well plates at a 

concentration of 8 xlO'^ cells/ml (in a 100 |jl volume). After 24 h the cells were treated 

w ith various BAs at indicated concentrations for the appropriate tim e in supplement 

free medium. Control wells were treated with BEBM without supplements or with 

phorbol myristate acetate (PMA) 1 pg/m l as a positive control for cell death. Vehicle 

control wells were treated with DMSO 1%. After 22 h cells were incubated with 20 pL 

of MTT solution for a further 2 h. The medium was aspirated from the wells and DMSO 

(100 pL) added to each well to lyse the cells. The plates were shaken for 10 min to 

dissolve the formazan crystals and then read on a VERSAmax Microplate Reader 

(Molecular Devices, Sunnyvale, CA, USA) at a wavelength of 570 nm. Cell survival 

rates were determined by calculating:

ctm
(V-B)

where T (treated) is the absorbance of BA treated cells, B (blank) is the absorbance of 

medium plus MTT, and V (vehicle) is the absorbance of vehicle control treated cells.

2.6.2 Caspase-Glo 3 /7  Assay

The Caspase-Glo® 3/7 Assay (Promega Corporation, Madison, USA) is a luminescent 

assay that measures activation of caspase 3/7 during apoptosis. The assay provides a 

proluminescent caspase-3/7 DEVD-aminoluciferin substrate and a proprietary 

thermostable luciferase. Addition of Caspase-glo® 3/7 reagent results in cell lysis 

followed by caspase-mediated cleavage of the substrate. This liberates free 

aminoluciferin, which is consumed by the luciferase creating a luminescent signal 

which is proportional to caspase 3/7 activity. Cells were plated into 96 well plates at a 

concentration of 8 x 10"* cells/ml (in a 100 pi volume). After 24 h cells were treated 

with various concentrations of BAs for the indicated time. After the appropriate time 

point the cells were allowed to equilibrate to room temperature. 100 pL of Caspase- 

glo® 3/7 reagent was added to each well and the luminescence measured using the 

Wallac 1420 Victor^ luminometer (Perkin Elmer, Waltham, Massachusetts, USA).

38



2 .7  High C ontent Screening and Analysis

High content screening (HCS), sometimes to referred to as high content analysis 

(HCA), is the use of automated microscopy and image analysis in drug discovery and 

cell biology (Zock, 2009). The method allows for rapid image acquisition and 

subsequent objective analysis o f a variety o f cellular phenotypes and morphologies. 

Traditionally HCS has its foundation in drug discovery where it provides novel 

secondary assay formats, selectivity screens, and cytotoxicity profiling using the m ulti­

parameter and individual cell attributes o f the approach (Zock, 2009). However in 

recent years the technique has gained widespread acceptance in other areas including 

cell signalling, oncology, in vitro  toxicology and RNAi screening. Furthermore it is 

becoming increasingly common to replace d ifficu lt assays with HCS as it offers 

advantages such as increased sensitivity over existing methods, increased throughput 

and safety and in certain instances decreased cost (Baniecki, Wirth & Clardy, 2007).

Cells plated in 96 
well format

Cells confluent- 
Treat as required

Cells fixed, 
stained using 
appropriate 
antibody or 
prepared for 

live cell imaging

Images analysed for
changes in cellular ^   ̂ Images acquired
phenotypes using using HCS technology
analysis software 

packages

Figure 2.1 General protocol fo r HCS experim ents. HCS allows for rapid image 

acquisition and subsequent objective analysis o f acquired images.

2 .7.1 In  Cell Analyser

There are currently a variety of HCS instruments available on the market. These 

include the Cellomics Arrayscan, ImagexPress MICRO (Molecular Devices, Union City,
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USA) and Scanalyzer (Scanalyzer LemnaTec, Aachen Gernnany). The instrum ent used 

during this thesis was the In Cell Analyser 1000.

Figure 2 .2  GE In  cell Analyser 1000. The GE In  Cell Analyser 1000 is a high 

content microscope capable o f rapid image acquisition in a 96 well format.

The GE IN Cell Analyser 1000 is a microscope based screening platform capable of 

large scale objective analysis of fluorescently labelled cells using automated image 

acquisition, data management and m ulti-parametric analysis. The compact bench-top 

Instrument comprises an automated Nikon^”  microscope, high-resolution CCD camera, 

xenon lamp-based illumination, filte r wheel based wavelength control, and laser based 

auto focus. The In Cell 1000 has been used for image acquisition in a number of 

experiments in this project. Analysis of acquired images was performed with the 

Investigator software package (GE Healthcare, Piscataway, NJ, USA) using a variety of 

different protocols as outlined below.

2.8 Membrane Permeability Assays

In order to determine the effect of BAs on membrane integrity a series of experiments 

were carried out using a combination of HCS and fluorometry based assays.

2.8.1 Propidium Iodide Staining

H et-IA  cells were plated into 96 well plates at a concentration of 8 x 1 O'* cells/ml (in 

100 |jl volume). After 24 h the cells were treated with Triton X-lOO (0.1%  v/v ) and
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with various concentrations of BAs as indicated for varying time points. After the 

appropriate tim e point propidium iodide (PI) (5 pg/m l) and Hoechst 33342 (5 pg/m l) 

were added to each well and the cells were visualized live on the GE IN Cell Analyser 

1000. Six fields of view per well were acquired using a 20 x objective in duplicate wells 

for n = 3 experiments.

2.8.1.1 Quantification of P I Uptake using High Content Analysis

PI uptake, a measure of cell permeability was determined using the Investigator 

software package (GE Healthcare, Piscataway, NJ, USA). The analysis was based on 

the intensity of PI within the nucleus. The dual object area analysis algorithm was 

optimised for detection of nuclei within a cell. Untreated cells with intact membranes 

were used as a negative control and Triton X-100 treated cells as a positive control for 

membrane perturbation. An intensity threshold was set to determine the percentage 

of cells in each well which were PI positive and had perturbed membranes.

2 .8 .2  Cell Tracker Staining

Cell tracker staining was also used to determine disruption of cell membrane integrity. 

HET-IA cells were plated into 96 well plates at a concentration of 8 x 10“’ cells/ml (in a 

100 pi volume). After 24 h the cells were treated with 5-chloromethylfluorescein 

diacetate (Cell Tracker Green CMFDA, Molecular Probes, Invitrogen Life Sciences, 25 

|jM) for 30 min. Cell tracker reagents are chloromethyl derivatives that freely diffuse 

through the membranes of live cells. Once inside the cell, they react with intracellular 

components to produce cell impermeant dye-thioether adducts that are both 

fluorescent and viable for at least 24 h after loading. Figure 2.3.

S — Glutathione

G)utathione-SH>
HO

HO'

5-chloromethylfluorescein diacetate

Figure 2 .3  In trac e llu la r reactions o f the CellTracker Green CMFDA reagent.

Reaction with glutathione may occur p rio r to the hydrolysis reaction bu t the product is 

non fluorescent until the esters are cleaved.
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After washing with warmed HBSS to remove excess cell tracker these cells were then 

treated with Triton X-100 (0.1% v/v) and various concentrations of BAs for different 

time points as indicated. Hoechst 33342 (5 pg/m l) was added to the cells to visualise 

the nucleus. After the appropriate time point cells were imaged live on the GE IN Cell 

Analyser 1000. Six fields of view per well were acquired using a 20x objective in 

duplicate wells for n=3 experiments.

2.8.2.1 Quantification of Cell tracker Intensity using HCS

Cell Tracker intensity was measured using the Investigator software package based on 

the intensity of Cell Tracker within the nucleus as detected by the dual object area 

analysis algorithm. The dual object area analysis algorithm was optimised to detect 

intensity of cell tracker fluorescence within a cell using untreated cells with intact 

membranes as negative control and Triton X-100 treated cells as positive control for 

membrane perturbation and consequent cell tracker leakage. The fluorescence 

intensity of the BA treated cells was determined and expressed as cell intensity 

normalised to untreated control.

2.8.2.2 Quantification of Cell tracker Intensity in cellular supernatants

The Wallac 1420 Victor^ fluorometer (Perkin Elmer, Waltham, Massachusetts, USA) 

was used to measure the fluorescence intensity in the supernatants of cell tracker 

treated cells after exposure to BAs at indicated concentrations and time.

2.9 GR translocation assay

SKGT-4 cells were plated into 96 well plates at a concentration of 6 x 10 '̂ cells/m l (in 

a 100 pL volume). After 48 h cells were treated with BA derivatives in supplement free 

medium at the required concentration for the indicated time points. Control wells were 

left untreated or treated with 1% DMSO as a vehicle control or dexamethasone 100 

nM as positive control. After the appropriate treatm ent time cells were fixed with 4% 

paraformaldehyde/PBS (15 min) then permeabilised with 0.1% (v /v ) Triton X-IOO/PBS 

(5 min) followed by blocking with 3% BSA/PBS (30 m in-overnight). Cells were 

incubated with purified monoclonal mouse anti-glucocorticoid receptor (GR) antibody 

(0.5 |jg /m l, 50 pi, 1 h) (BD Biosciences, San Jose, California, USA) then incubated 

with AlexaFluor-488-conjugated secondary antibody (80 pg/m l ,50pl, 30 min) 

(Invitrogen, Carlsbad, CA, USA) protected from light. Finally the nuclei were stained 

with Hoechst 33342 (10 pg/m l, 50 pi, 5 min) (Invitrogen, Carlsbad, CA, USA) and 

additionally in some experiments actin filaments were stained with 0.1 mM phalloidin- 

TRITC (Sigma-Aldrich, St. Louis, MO, USA) for 40 min at room temperature. Images
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were acquired using the GE In Cell Analyser 1000. Four fields of view per well were 

acquired using a lOx objective for n = 3 experiments.

2.9.1 Quantification of GR translocation using HCA

Nuclear to cytoplasmic ratio of GR distribution within the cells stained was measured 

using the Investigator software package (GE Healthcare, Piscataway, NJ, USA). The 

analysis was based on the ratio of the intensities of GR within the nucleus and 

cytoplasm. The multiparametric analysis algorithm was optimised to detect GR within 

the nucleus and the cytoplasm using vehicle only treated cells as negative control and 

dexamethasone treated cells as positive control. Hoechst staining enabled 

identification of the nucleus. The nuclear to cytoplasmic ratios were determined by 

calculating

(Nuclear Intensity of GR-Backaround Intensity*)

(Cytoplasmic Intensity of GR-Background Intensity).

2 .1 0  Golgi Assay

HET-IA cells were plated into 96 well plates at a concentration of 8 x 10̂ ' cells/ml 

(100 |j L volume). After 48 h cells were treated with BA derivatives in supplement free 

medium at the required concentration for the indicated time points. In cases where 

cells were treated with agents prior to addition of BAs, cells were treated with the 

appropriate compound for 18 h prior to this. Control wells were left untreated or 

treated with brefeldin A (1 pg/ml) as positive control. Brefeldin A is a fungal 

metabolite which blocks transport of proteins from the endoplasmic reticulum to the 

Golgi complex and is known to induce fragmentation of the Golgi apparatus (Fujiwara 

etaL,  1988).

After the appropriate treatment time cells were fixed with 4%  paraformaldehyde/PBS 

(15 min) then permeabilised with 0 .1%  Triton X-IOO/PBS (5 min) followed by blocking 

with 3%  BSA/PBS (30 min-overnight). Cells were incubated with purified polyclonal 

rabbit anti-GM130 antibody (0 .4  |jg/m l, 50|jI, 1 h), washed then incubated with 

AlexaFluor-488-conjugated secondary antibody (80 pg/ml, 50|jl, 30 min) (Invitrogen, 

Carlsbad, CA, USA) protected from light. Anti-GM130 recognises the rat, mouse and 

human forms of the GM130 protein. GM130 is a peripheral cytoplasmic protein that is 

tightly bound to the Golgi membrane, predominantly localised to the cis-Golgi network 

(CGN) and is used as a CGN marker (Nakamura e ta /., 1995).
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Finally the nuclei were stained with Hoechst 33258 (10 |jg/m l, 50|jl, 5 min). Images 

were acquired using the GE In Cell Analyser 1000. Six fields of view per well were 

acquired using a 20 x objective for n = 3 experiments.

2.10.1 Quantification of Golgi fragmentation using High Content 
Analysis

Golgi fragmentation was measured using the Investigator software package, (GE 

Healthcare, Piscataway, NJ, USA) using an algorithm specific for detection of objects 

within the cell called the multi-target analysis algorithm. This was optimised to detect 

objects (Golgi fragments) within a cell using untreated cells with intact Golgi as 

negative control and brefeldin A treated cells as positive control for Golgi 

fragmentation. A significant decrease in the mean area of the objects (Golgi 

fragments) relative to control was representative of Golgi fragmentation. In certain 

experiments the "object mean area" was used to classify cells as having intact or 

fragmented Golgi with an object mean area > 0.5 |jm defining cells with intact Golgi 

and object mean area <0 .5  pm defining cells with fragmented Golgi.

2.11 Reporter Gene Assays

Reporter gene assays are used to study the regulation of a gene of interest. The 

pattern of gene expression can be determined by replacing the coding portion of the 

gene of interest under study with a reporter gene. This involves cloning the regulatory 

elements of the gene of interest upstream of the reporter gene (Alberts et a/., 2008). 

The most commonly used reporter genes are green fluorescent protein (GFP), 

chloramphenicol acetyltransferase (CAT) and luciferase. The most commonly used 

luciferase reporter genes are firefly luciferase (F.luc) and renilla luciferase (R.luc) 

although gaussia luciferase (G.luc) is also increasingly being used as it has been 

shown to produce a greater luminescent signal than F.luc and R.luc (Badr et al., 

2007).

The regulatory element of the gene of interest linked to the reporter gene is 

introduced into the cell as a plasmid DNA construct. mRNA is transcribed from active 

promoters once the plasmid is in the nucleus and depends on the experimental control 

of the promoter, Figure 2.4. The amount of the expressed reporter gene can then be 

measured as a function of the reporter activity, typically in luminescence based 

assays. Such experiments involve co-transfection of a DNA construct producing a 

constitutively active protein. Measuring the activity of this protein controls for 

transfection efficiency and cytotoxicity.
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The amount of F.luc is dependent on 
experimental control of the
regulatory elements

Clone regulatory 
elements upstream of 
Firefly luciferase 
(F.luc) gene .

Measure F. luc 
activity

□□
F.luc mRNA leasureR. luc 

ptivlty

It.luc mRNA
Transfect construd 
into cells

R.luc is under the c o n fm  o f a 
constitutively acti>«fronioter

Co-transfect internal 
vector e,g Renilla 
luciferase (R.luc)

F igure  2 .4  Theory o f  re p o rte r  g en e  assay. Regulatory elements of the gene of 

interest are cloned upstream of a firefly luciferase (F.luc) reporter gene. Activation of 

the promoter results in production of F.luc mRNA which can be measured in a 

luminescence assay. F.luc activity is normalised to an internal vector control, such as 

Renilla luciferase (R.luc) which is under the control of a constitutively active promoter 

(Alberts et al., 2008).

2 .11.1 Preparation of reporter plasmids

A num ber of reporter assays were used during the course of this thesis. These include 

NF-kB and glucocorticoid responsive elem ent (GRE) reporter assays.

2.11.1.1 Bacterial Transformation

The appropriate DNA construct (50  ng) ( kB-CONA-Luc vector or pCMV-Gluc) was 

added to com petent E. coli cells (40  pi) and left on ice for 30 min. The competent cells 

were heat shocked at 42 oc for 1 min and then returned to ice for 2 min to avoid 

excessive dam age to the bacterial cells. Antibiotic free Luria Bertani (LB) broth (1 ml) 

was added to the competent cells and incubated in a shaking incubator at 37 °C for 1 

h. After 1 h, 100 pi of the culture was spread onto an LB agar plate with ampicillin (60  

p g /m l). The plate was incubated at 37 °C  overnight to allow bacteria to grow to form  

single colonies.
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2 .11 .1 .2  Plasmid Am plification and Purification

A single colony was taken from a streaked selective plate and used to inoculate a 

starter culture of LB broth with ampicillin (5 ml). This was incubated at 37 °C for 8 h 

and then transferred into a conical flask with LB broth (100 ml) to be incubated 

overnight. The bacterial cells were harvested by centrifugation at 6000 x g for 15 min 

at 4 °C. The plasmid was purified using a Qiagen midi prep plasmid purification kit 

(Qiagen Inc., Valencia, CA, USA) using the protocols described below:

1. The bacterial pellet was lysed by dissolving in buffer PI (4 ml) followed by

buffer P2 (4 ml) after which the lysate was vigorously shaken (Appendix 1).

2. Chilled buffer P3 (4 ml) was added to the lysate and vigorously mixed. This 

lysate contains genomic DNA, proteins and cell debris (Appendix 1).

3. The lysate was transferred to a QIAfilter cartridge and following a 10 min 

incubation period was filtered through a Qiagen-tip (column) which binds to 

only DNA.

4. The QIAgen tip was washed multiple times with buffer QC (2 x 10 ml) followed 

by elution of the DNA with buffer QF (5 ml).

5. The DNA was then precipitated by addition of isopropanol (3.5 ml) to this

mixture followed by centrifugation at 15000 x g for 30 min at 4 oc to form a

DNA pellet.

6. The pellet was washed with 70%  ethanol (2 ml) and centrifuged once more at 

15,000 X g for 10 min.

7. After air-drying the pellet was resuspended in sterile water (40 pi).

8. The DNA obtained was quantified using a NanoDrop spectrophotometer 

(Nanodrop Technologies, Wilmington, USA).

2.12 Measurement of NF-kB activity

HEK-293 cells were transiently co-transfected with an inducible NF-kB responsive 

construct, which contains three kappa B elements upstream of a minimal conalbumin 

promoter linked to the firefly luciferase gene (Arenzana-Seisdedos et al., 1993) and a 

constitutively expressing p-galactosidase construct (Clontech, Saint-Germain-en-Laye, 

France) as an internal control for transfection efficiency (ratio of 4 :1 ). A reverse 

transfection procedure was carried out using lipofectamine as a transfection reagent at 

a ratio of 3:2 (lipofectamine:DNA). DNA and lipofectamine were diluted in OptiMem 

and this mixture was added to 48-well plates to give 500 ng DNA per well. HEK-293 

cells at a density of 7 x 10^ cells/ml (in a 200 pi volume) were added to this mixture.
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After 24 h the cells were treated with TNF-a 10 ng/|jl alone or with TNF-o 10 ng/pl and 

varying concentrations of the indicated compounds for 16 h.

After the appropriate tim e the cells were lysed with I x  Promega lysis buffer (50  pi). 

The lysates were then assayed for F.luc activity (Promega Corporation, Madison, USA) 

by addition of 100 pi F.luc substrate to 20 pi cell lysate. Luminescense was measured 

using Wallac 1420 Victor^ lum inom eter (Perkin Elmer, W altham , Massachusetts, USA).

2.12.1 Measurement of |3-galactosidase activity

The lysates were then assayed for (3-galactosidase activity using o-nitrophenyl-p-D - 

galactopyranoside (ONPG) as a substrate using methods described by Sambrook e ta / ,  

"Molecular Cloning: A Laboratory Manual" (Sambrook & Russel, 2001 ). Briefly cell 

lysate (30  pi) was added to a m ixture of a magnesium buffer (3  pi) and an ONPG 

solution in O .IM  sodium phosphate buffer (267  pi). This m ixture was incubated at 37 

oc until the appearance of a faint yellow colour. Sodium carbonate (5 0 0  pi, IM )  was 

added to this m ixture to quench the reaction and the optical density of the solutions 

was measured at a wavelength of 420  nm in a VERSAmax Microplate Reader (Molecular 

Devices, Sunnyvale, CA, USA).

F.luc values were normalised to (3-galactosidase activity to control for transfection 

efficiency.

2.13  M easurem ent of GRE activity

SKGT-4 cells were transiently transfected with a m ixture of an inducible GRE linked to 

an F.luc reporter and a constitutively expressing Renilla construct (Pcmv-R.luc) 

(4 0 :1 ) . (SABiosciences Corporation, Executive W ay, Frederick, USA). A reverse 

transfection procedure was optimised using fugene HD as a transfection reagent at a 

ratio of 4 :1  (fugene HD: DIMA). DNA and fugene HD were diluted in OptiMem and this 

m ixture was added to 96 well plates to give 100 ng DNA per well. SKGT-4 cells at a 

density of 7 x lO"* cells/ml (in a 100 pi volum e) were added to this mixture. After 24 h 

the cells were treated with varying concentrations of indicated compound for the  

indicated time.

After this tim e the cells were lysed using I x  Promega passive lysis buffer 50 pi 

(Promega Corporation, Madison, USA) and incubated at room tem perature for 15 min. 

The lysates were then assayed for F.luc and R.luc activity (Promega Dual-Luciferase®  

Reporter Assay System ) using a Wallac 1420 Victor^ lum inom eter (Perkin Elmer, 

W altham , Massachusetts, USA). This involved addition of 100 pi F.luc substrate to 20 

pi of cell lysate. The luminescence was measured and then 100 pi of stop and glow®
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reagent was added to quench this reaction and measure the luminescence produced 

from reduction of a Renilla substrate by R.luc.

F.luc values were normalised to R.luc to control for transfection efficiency.

2.14 Measurement of secretory activity using Gaussia luciferase 
reporter assay

The HET-IA, QHs and HCT-116 cell lines were used for this experiment. Cells were 

transiently transfected with a mixture of a constitutively expressing Gaussia luciferase 

(G.luc) construct (pCMV-Gluc) (New England Biolabs, Ipswich, MA, USA) and a 

constitutively expressing firefly luciferase construct (SABiosciences Corporation, 

Executive Way, Frederick, USA)(1:1). G.luc is processed through the secretory 

pathway and secreted into the cell medium. Hence effects in the secretory pathway 

can be measured by assaying G.luc activity in the cell supernatant. A reverse 

transfection procedure was optimised using fugene HD as a transfection reagent at a 

ratio of 4:1 (fugene HD: DNA). DNA and fugene HD were diluted in OptiMem and this 

mixture was added to 96-well plates to give 200 ng DNA per well. HET-IA cells or QH 

cells at a density of 1 x 10^ cells/ml (100 pi) or HCT116 cells at a density of 8 x lO"* 

cells/ml were added to this mixture. After 24 h the cells were treated with varying 

concentrations of indicated compounds for the indicated time.

After this time the supernatants were removed and the cells were lysed using passive 

lysis buffer 50 pi (Promega Corporation, Madison, USA) and incubated at room 

temperature for 15 min. The supernatants were assayed for G.luc activity using a

G.luc assay kit (New England Biolabs, Ipswich, MA, USA) using the Wallac 1420 Victor^ 

luminometer (Perkin Elmer, Waltham, Massachusetts, USA). This involved addition of 

50 pi G.luc substrate to 20 pi of cell lysate and measurement of luminescence. The 

lysates were separately assayed for F.luc activity (Promega Corporation, Madison, 

USA) as previously described. The lysates were also assayed for protein content using 

a Pierce BCA protein assay kit (Pierce Biotechnology, Meridian Rd, Rockford, USA). 

G.luc activity was normalised to F.luc and protein content to act as internal controls.

2.14.1 BCA protein Assay

The BCA protein assay is a detergent compatible formulation based on bidnchonic acid 

(BCA) for the colorimetric detection of total protein. The method combines the 

reduction of Cû "̂  to Cû "̂  by protein in an alkaline medium (the biuret reaction) with 

the highly sensitive and selective colorimetric detection of the Cu^  ̂ cation using a 

unique reagent containing bidnchonic acid. 50 parts of BCA reagent A were added to 1
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part BCA reagent B. 200 (j I of this solution was added to 10 pi of protein lysate in a 96  

well plate. The solutions were incubated at 37 °C for 30 min followed by cooling to 

room tem perature and then read in a VERSAmax Microplate Reader (Molecular Devices, 

Sunnyvale, CA, USA) at 570 nm.

2.15 Ad-A-Gene GR assay

Adenoviruses are a family of DNA viruses that are used as a vehicle for the delivery of 

genes into cultured cells. They are an alternative to the use of lipid based 

transfections. We used a replication defective recom binant adenoviral preparation  

containing a GR gene encoding a protein fused to an enhanced green fluorescent 

protein (EGFP) (GE Healthcare, Piscataway, NJ, USA). The SKGT-4 cells were 

cultured, harvested and re-seeded in 96-well plates at a density 1x10^ cells/ml (in a 

100 |jl volum e) in RPMI medium containing 10%  fetal bovine serum and the GR vector 

at a multiplicity of infection of 50 (ratio of infectious agent to cell num ber). These cells 

were left for 48  h and then treated with dexam ethasone (5 0  nM) or UDCA (300  pM) 

for 2 h. The cells were then fixed in formaldehyde 2%  for 10 min. Cells were stained 

with Hoechst solution for 5 min to visualise the nuclei and then screened and analysed 

using the GE In  Cell Analyser following protocols described in section 2 .9 .1 .

2.16 Radioligand Binding Assay

This assay was carried out by MDS pharma in order to determ ine if UDCA and 

derivatives could bind to the GC binding site. Human HeLa S3 cells enriched with 

glucocorticoid receptors are used in HEPES/RPMI-1640 buffer pH 7 .2 . Cells (3  x 10^) 

are incubated with 3 nM [^HJDexamethasone for 120 min at 25 °C. Non-specific 

binding is estim ated in the presence of 10 pM dexam ethasone. Cells are filtered and 

washed, the filters are then counted to determ ine [^HJDexamethasone specifically 

bound. UDCA derivatives were screened at 10 pM and UDCA at 10 pM and 50 pM.

2.17 Time-resolved Fluorescence Resonance Energy Transfer 
Assay (TR-FRET)

TR-FRET was used in order to determ ine if UDCA and its derivatives were able to 

induce a conformational change in the GR-ligand binding domain resulting in 

recruitm ent of co-activators. TR-FRET is based on the principle that when a suitable 

pair of fluorophores is brought within close proximity of one another, excitation of the 

first fluorophore can result in energy transfer to the second fluorophore which can be
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detected by an increase in the fluorescence emission of the acceptor molecule and 

decrease in the fluorescence emission of the donor molecule. We used a 

Lanthascreen™ TR-FRET Glucocorticoid Receptor (GR) Co-activator Assay kit 

(Invitrogen, Carlsbad, CA, USA) which provides a GR-ligand binding domain tagged 

with a g lutathione-S-transferase (GST), a terbium -labelled anti-G ST antibody (Tb-anti- 

GST Ab) and a fluorescein labelled steroid co-activator-1-4  peptide (F I-S R C -1-4). 

Binding of agonist to the nuclear receptor causes a conformational change in the LBD 

of the GR which results in recruitm ent of the co-activator peptide. When the terbium  

label on the anti-GST antibody is excited at 340 nm, energy is transferred to the 

fluorescein label on the co-activator peptide. This energy transfer is detected by an 

increase in the fluorescence emission of the acceptor molecule (fluorescein, 520 nm) 

and a decrease in the emission of the donor molecule (terb ium , 495  nm ).

T lM n t i^ S T  Ab

Figure 2 .5  Principle o f the GR co-activator peptide recru itm ent assay.

Interaction of agonist with the nuclear receptor induced a conformational change in 

the GR-LBD resulting in co-activator recruitment. Excitation of the terbium label on the 

anti-GST antibody transfers energy to the fluorescein label on the co-activator peptide 

and detected as emission a t 520 nm.

The GR-LBD was added to the indicated concentration of test compound, for exam ple  

UDCA or 1%  DMSO as a negative control in TR-FRET coregulator buffer (proprietary  

form ulation) in a 384-w ell black assay plates (Therm ofisher Scientific, W altham , USA) 

followed by addition of a m ixture of the fluorescein labelled co-activator peptide and 

the terbium  labelled anti-GST antibody. The plates were incubated at room 

tem perature for 3 h and then measured for TR-FRET activity using the LanthaScreen™  

optic fjner module on the BMG pherastar (BMG Labtech GmBH, Offenburg, Germ any). 

The TR-FRET ratio was calculated by dividing the emission signal at 520 nm by the 

emission signal at 495  nm.
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Component
Test compound 2x 

4 nM GR-LBD 

1.2 pM FI-SRC-1 

Tb-anti-GST Ab

Volume per well
10 pi 

5 pi 

5 pi 

5 pi

Final Concentration
Ix

1 nM

300 nM

5 nM

2.18 Quantitative Real-time polymerase chain reaction (PCR)

Real-time PCR quantifies gene expression by measuring mRNA levels in cells. The 

method involves extraction of mRNA from cells and purification and enzymatic 

degradation of DNA. Reverse transcription converts mRNA to cDNA. A series of heating 

and cooling cycles allows for the amplification of that DNA strand by polymerase chain 

reaction (Alberts e ta /., 2008).

2.18.1 RNA Extraction and Reverse Transcription

For these experiments HET-IA cells were seeded at 2 x 10^ cells/T-25 cm^ flask. 48 h 

after cells were treated with BAs as indicated. Total cellular RNA was isolated using a 

Nucleospin® RNA I I  Kit (Macherey-Nagel GmBH & Co. KG, Duren, Germany) according 

to the manufacturer's instructions. Briefly,

1. Cells were lysed by addition of RA 1 buffer (350 pi) and (3-mercaptoethanol

(3.5 pi).

2. The lysate was applied to the Nucleospin® Filter unit and centrifuged for 1 min

at 11,000 X g.

3. The filter unit was discarded and ethanol 70 % (350 pi) was added to the

lysate.

4. The lysate was loaded onto a Nucleospin® RNA I I  column and centrifuged at

l l ,0 0 0 x g  for 30 s.

5. Membrane desalting buffer (350 pi) was added to the membrane and the 

column spun once more at l l ,0 0 0 x g  for 1 min.

6. DNase reaction mixture (95 pi) was added to the column and the column

incubated at room temperature for 15 min.

7. The column was washed with Buffer RA2 (200 pi, centrifuge l l ,0 0 0 x g  for 30 s)

and buffer RA3 (600 pi, centrifuge l l ,0 0 0 x g  for 30 s). The eluent was 

discarded in both cases.

8. Finally RNase-free water (40 pi) was added to the column and the column was 

centrifuged at l l ,0 0 0 x g  for 1 min to elute highly pure RNA. This RNA solution
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was reapplied to the column and centrifuged once more to ensure m axim um  

yield of RNA.

9. RNA was quantified using a NanoDrop Spectrophotom eter (NanoDrop  

Technologies).

2.19 Reverse transcription of RNA to cDNA

Total RNA was transcribed to cDNA by following the first step of the Verso™ SYBR® 

Green 2-step quantitative real time-PCR Rox kit (Therm ofisher Scientific, W altham , 

USA). RNA (500  ng) was added to PCR grade water to form a total volum e of 11 pi. 

The RNA was incubated at 70 °C for 5 min to remove secondary structure and then 

im m ediately placed on ice for 2 min. After this the following components were added 

to the reaction m ixture shown below to give a final volume of 20 pi.

Component Volume per well

RNA 500 ng Variable (depends on sample conc.)

cDNA synthesis buffer 4 pi

dNTP mix (nucleotides) 2 pi

Random hexam ers 1 pi

Reverse transcriptase

ESnhancer (to elim inate DNA) 1 pi

Verso Enzyme Mix (Reverse transcriptase) 1 pi

PCR grade W ater Variable

Total Volume 20 pi

The following cycling programme was used:

cDNA synthesis 42  oc 1 h

Inactivation 95 °C 2 min

These cDNA samples could now be stored at -2 0  °C or be used in PCR reactions.

2.20 Quantitative real time PCR

Quantitative real tim e PCR was performed to quantify the expression of mRNA for 

XBP-1, Bip, CHOP and ATF3 (Primers for all the genes are listed in the appendix). The 

PCR reactions were prepared in 384 well clear reaction plates (Applied Biosystems, 

Foster City, CA). The PCR reaction was carried out using the Taqm an Master Mix kit

52



(Applied Biosystems, Foster City, CA) and a mix of primers and fluorescently labelled 

Taqman MGB probes for the target gene and the housekeeping gene giyceraldehyde- 

3-phosphate dehydrogenase (GAPDH) which was used as endogenous control. cDNA 

(4 .5  pi) was added to the 384-w ell plate followed by the addition of the RT-PCR mix 

(0 .5  pi primer and 5 pi of Taqm an Master m ix). The reaction was performed in an ABI 

Prism 7900H T real tim e therm ocycler (Applied Biosystems, Foster City, CA) using the 

following cycling program;

First step 50 oc 3 min

Second step 95 °C 10 min

Third step 95 OC 15 sec

Fourth step 60 OC 1 min

Step 3 and 4 were repeated for 40 cycles. Fold inductions were calculated using the 

com parative Cj  method of Livak et  al (Livak & Schmittgen, 2001) as described in the 

ABI Prism manual using GAPDH as the internal control.

2.21 ECso curves

EC50 values were estimated from concentration-effect curves generated using non­

linear regression models in GraphPad Prism 5 (La Jolla, CA, USA).

2.22 Statistical analysis

Statistical comparison between groups was carried out using one sample t-tests or one 

way ANOVA with Dunnett's or Tukey post-hoc correction to exam ine differences 

between groups. In all cases data are graphically represented as the mean ±  standard 

error of the mean (SEM ). All data were analysed using GraphPad Prism 5 (La Jolla, CA, 

USA).
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3 CHAPTER THREE

RESULTS

Bile acid toxicity SAR: Correlations between cell 

viability and chromatographic lipophilicity in a 

panel o f new and known bile acids
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Chapter I I I

3.1 Introduction

BAs are known to regulate nnultiple cellular functions but perhaps the area of BA 

biology which has attracted most attention by investigators is their effects on cell 

viability and cytotoxicity. Central to the developm ent of cholestatic liver disease and 

intestinal carcinogenesis is the peculiar effect BAs have on cell proliferation, both 

negative and positive. Retention of high concentrations of cytotoxic BAs in the liver is 

known to induce apoptosis or necrosis in hepatocytes eventually leading to cholestatic 

liver disease. Similarly the tum our promoting properties of BAs are thought to arise 

due to their ability to disturb the fine balance between cell proliferation, differentiation  

and apoptosis (Milovic e t a!., 2 002 ). Continual exposure of cells to cytotoxic BAs is 

eventually thought to lead to a resistance to apoptosis (Yui, Kanamoto & Saeki, 2009) 

allowing for selective growth of apoptosis resistant cell populations. Furthermore in 

recent years the cytotoxicity of BAs has inspired many medicinal chemistry 

programmes focussed on harnessing this property pharmacologically to design 

selective cytocidal agents (Choi e t at., 2001; Choi et at., 2003; El Kihel e t a l., 2008; 

Kim et a l., 2006; Liu e t al., 2008). For exam ple the following LCA and CDCA 

piperazinylcarboxamides illustrated below (1,2 ) were shown to have low micro molar 

LD5 0  values in multiple myeloma and colon cancer cell lines (El Kihel et a l., 2 008 ) (1, 
LDso= 8 .5  |jM ).

HO
H

N N

HO 'OH

2

Figure 3 .1 . Structures o f BA amides. LCA (1 ) and CDCA (2 ) 

piperazinylcarboxamides, synthesised by (El Kihel e t a l., 2008 ).

Hence an understanding of the mechanisms of BA induced cytotoxicity and the 

structural basis for such effects is im portant in elucidating the basis for BA induced 

carcinogenesis and for the rational design of compounds to counteract it.
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3.1.1 BA induced apoptosis-Intrinsic and Extrinsic pathway

Apoptosis or programmed cell death is defined as an active physiologic process of 

cellular self-destruction, with specific morphologic and biochemical changes in the 

nucleus and cytoplasm (Steller, 1995). Apoptosis, in contrast to cellular necrosis, is a 

controlled form of cell death that allows for maintenance of cellular ATP content. 

Apoptosis involves activation of caspase enzymes, a family of cysteine proteases that 

act as common death effector molecules in various forms of cell death (Fulda & 

Debatin, 2006).

Much of the work investigating BA induced apoptosis has been conducted in 

hepatocytes (Benz e ta /., 2000; lizaka et a!., 2007; Oglodek et al., 2009; Perez & Briz, 

2009; Sola et al., 2006; Tsuchiya et al., 2006) although intensive investigation has 

also been done in colonic (Powell et al., 2001; Qiao et al., 2002; Qiao, Stratagouleas & 

Martinez, 2001a) and esophageal cell lines (Jenkins et al., 2007; Kaur et al., 2000; 

Zhang et al., 2005). These studies identify a number of pathways and molecules as 

mediators of BA induced apoptosis.

Apoptosis signalling pathways can be initiated through two principal pathways. These 

are referred to as the extrinsic and intrinsic pathway of apoptosis. In the extrinsic 

pathway of apoptosis stimulation of death receptors results in receptor aggregation 

and recruitment of the initiator caspase 8 which can initiate apoptosis by direct 

cleavage and activation of downstream effector caspases (Fulda & Debatin, 2006; 

Harmand et al., 2005), Figure 3.2. The death receptors are members of the tumor 

necrosis factor (TNF) receptor gene superfamily that consists of more than 20 

proteins. The best characterised death receptors include CD95 (APO-l/Fas), TNF 

receptor 1 (TNFRl) and TNF-related apoptosis-inducing ligand receptor 1 (TRAIL-Rl) 

and TRAIL-R2 (Fulda & Debatin, 2006).

The intrinsic pathway or mitochondrial pathway of apoptosis is initiated by stress 

signals that converge on the mitochondria leading to mitochondrial membrane 

permeabilisation (MMP) and release of apoptogenic proteins resulting in disruption of 

the mitochondrial membrane potential. This disruption culminates in activation of 

caspases and cell death (Amaral eta l . ,  2009c; Fulda & Debatin, 2006).

Both the extrinsic and intrinsic pathway of apoptosis have been shown to be activated 

by BAs, Figure 3.2 (Perez & Briz, 2009).
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FAS
Receptor

Cytochrome C

Calcium
releas^sk

Figure 3.2. BAs induce apoptosis through the intrinsic and extrinsic pathway.
The extrinsic pathway involves activation o f the CD95 death receptor and the intrinsic  

pathway involves induction o f intracellular stresses principally arising in the 

mitochondria. BAs can also increase production o f reactive oxygen species (ROS) and 

induce apoptosis through ER stress. These pathways are explained in section 3.1.1, 

image adapted from (Fulda & Debatin, 2006; Perez & Briz, 2009).

3 .1 .1 .1  In trins ic  pathw ay of apoptosis

Most cell death in vertebrates proceeds via the intrinsic or mitochondrial pathway of 

apoptosis. This pathway is ligand independent but is induced by intracellular stresses 

principally arising in the mitochondria (Harmand et al., 2005) and resulting in MMP. 

MMP can occur as a result of the opening of the mitochondrial permeability transition 

(MPT) pore or through the formation of specific channels in the outer mitochondrial
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m em brane. This is promoted by the pro-apoptotic members of the Bcl-2 family of 

proteins (Am aral et  a!., 2009c).

The Bcl-2 fam ily of proteins consists of both pro- and anti-apoptotic proteins. In 

normal conditions the anti-apoptotic proteins, including Bcl-2 and Bcl-xL, are localised 

in the outer mitochondrial m em brane whereas the pro-apoptotic members are in the  

cytosol (Am aral et at., 2009c). Pro-apoptotic members include Bid and Bax. Induction 

of apoptosis results in a conformational change in the pro-apoptotic proteins leading to 

their oligomerisation and translocation to the mitochondrial mem brane where they can 

induce formation of specific pores in the outer m em brane (Kroem er, Galluzzi & 

Brenner, 2 007 ).

Pore form ation in the mitochondria allows for the release of cytochrome c. Cytochrome 

c is normally found in the inner mitochondria where it functions as an electron shuttle  

In the respiratory chain (Kroem er e t a!., 2 007 ). Once released into the cytosol, it 

oligomerises with apoptosis protease activating factor 1 (APAF-1). This complex leads 

to cleavage and activation of caspase 9 which can then cleave the downstream  

effector caspases 3, 6 and 7 (Fulda & Debatin, 2006 ).

3.1.1.2 Extrinsic pathway of apoptosis

BA associated hepatocyte and colonic apoptosis has also been shown to occur through 

ligand-independent phosphorylation of the death receptors including Fas and TRAIL-R2 

(Faubion et  a!., 1999; Higuchi & Gores, 2003; Katona et  at., 2009; Perez & Briz, 

2009).

BAs are not known to be Fas agonists but they promote trafficking of the protein to 

the cell m em brane (Higuchi & Gores, 2003; Katona et  al., 2 009 ). This results in Fas 

oligomerisation due to increased density on the cell surface (Sodeman et  al., 2000 ) 

but also sensitises the cell to Fas-agonist induced cell death (Qiao et  al., 2001b).

A mechanism by which BAs increase Fas density on the cell surface is by sequestering 

the death receptor within intracellular pools, especially vesicles associated with the  

Golgi complex and the trans Golgi network (Bennett et al., 1998; Graf et  al., 2002 ). 

On stim ulation, these Fas-containing vesicles can be shuttled to the plasma 

m em brane, presumably by a microtubule transport pathway, to initiate cell death  

signals. During BA-induced hepatocyte apoptosis, a Golgi-associated and microtubule- 

dependent pathway has been implicated in the trafficking of Fas to the cell surface 

(Sodeman et  al., 2 000 ). Both PKC and JNK kinase have been implicated in this vesicle 

trafficking (G raf e t a l . ,  2002 ).

BA generated reactive oxygen species (ROS) have also been implicated in Fas- 

translocation to the m em brane (Perez & Briz, 2 009 ). ROS is a general term  used to 

describe radical and non-radical reactive oxygen derivatives such as superoxide and
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nitric oxide. Oxidative stress occurs when the generation of ROS is excessive and the 

body can no longer adequately neutralise and eliminate them. ROS can activate c-Jun- 

N-terminal kinases (JNKs) and PKC which can then further activate the epidermal 

growth factor receptor (EGFR). EGFR then induces phosphorylation of Fas via JNK 

resulting in its translocation to the membrane (Reinehr et ah, 2005). The mitochondria 

have been proposed as the major source of oxidative stress induced by BAs (Perez & 

Briz, 2009; Sokol et al., 2005). Hepatic mitochondria have been shown to undergo 

lipid peroxidation, an indicator of ROS, during cholestasis and toxicity in rats (Sokol et 

al., 2005; Sokol, Devereaux & Khandwala, 1991). The mechanism involved includes 

impairment of respiration and electron transport in the mitochondria (Rolo et al.,

2000). Interestingly the antioxidant a-tocopherol (Vitamin E) is able to reduce both 

hydrophobic BA induced ROS generation and injury to hepatocytes in vitro (Sokol et 

al., 1993) and in vivo (Sokol et al., 1998). It has recently been shown that BAs may 

induce ROS production in esophageal cells via a TGR5 dependent pathway (Hong et 

al., 2010).

Activation of Fas or any of the other death receptors causes the recruitment and 

oligomerisation of the adapter molecule FADD (Fas-associating death domain- 

containing protein) within the death-inducing signalling complex (DISC). DISC can 

then bind to and activate the initiator caspase 8 (Kroemer et al., 2007).

In type 1 cells sufficient quantities of caspase 8 are activated to directly cleave and 

activate effector caspases (caspase 3, 6, 7). However in type 2 cells, such as 

hepatocytes, a mitochondrial amplification loop is required for full activation of the 

effector caspases (Scaffidi et al., 1998). This involves cleavage of inactive Bid in the 

cytosol by caspase 8 and MMP resulting in apoptosis as described in Section 3.1.1.1  

(Katona et al., 2009; Yin & Ding, 2003).

3.1.1.3 ER stress pathway of apoptosis

BAs can also induce apoptosis via an endoplasmic reticulum (ER) stress pathway. 

Tsuchiya et al have shown that ER stress induced by the BA, GCDCA resulted in Câ "̂  

release from the ER which led to activation of caspase 12 as shown in Figure 3.2. The 

key protein in ER stress mediated apoptosis is CHOP. CHOP alters the balance 

between pro-survival and pro-apoptotic Bcl-2 family members thus promoting 

apoptosis through the mitochondrial pathway (Healy et al., 2009; McCullough et al.,

2001). CHOP deficiency has been shown to attenuate cell death in hepatocytes 

(Tamaki et al., 2008). The ER stress pathway and its activation by BAs will be 

discussed in detail in Chapter 5.
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3.1.2 Effect of BAs on biological membranes

Despite there being substantial evidence in a variety of cell lines for BAs triggering 

apoptotic processes, a specific binding target responsible for BA induced cell death 

remains elusive. There is however evidence that BAs can induce cell death through 

direct damage to the cell membrane and cell organelle membranes (Perez & Briz, 

2009). High concentrations of BAs result in necrosis or cell lysis through a detergency 

effect in which the membrane is completely ruptured (Hofmann, 1999). Even at low 

concentration, BAs aggregate with lipids in the outer membrane monolayer, the 

binding strength depending on the particular BA and lipid involved. As the 

concentration of BA increases, binding to the membrane continues to increase until a 

critical threshold concentration is reached. Following this, the BA-membrane 

interaction results in the formation of transient membrane holes leading to the 

disruption of plasma membrane integrity and subsequently cell lysis (Schubert & 

Schmidt, 1988). The concentration at which this occurs is related to the critical micelle 

concentration (CMC) of the BA (Hofmann, 1999). Hence as CDCA and DCA have a 

lower CMC than CA they are more cytotoxic at a given concentration (Hofmann, 

1999). As BAs associate with phosphatidylcholine and other fatty acids in the intestinal 

lumen to form mixed micelles they do not cause damage in the biliary tract of healthy 

people.

However even before membrane integrity is compromised BAs have been shown to 

modify membrane fluidity and composition (Asamoto et al., 2001; Garidel et a/., 

2007; Vlahcevic et a/., 1990). For example bile salts increased membrane 

phospholipids and fluidity as well as increasing the expression of multidrug-resistance 

proteins (Mrp2, Mrp3) and the ASBT bile transporter (Asamoto et al., 2001). BAs can 

also increase transfer of cholesterol from the membrane to high density lipoprotein 

vesicles (Vlahcevic et al., 1990). Furthermore Akare et al have shown that these 

alterations in the lipid composition of the membrane occur without directly affecting 

the barrier function of the membrane (Akare & Martinez, 2005). Some of these 

effects resemble those observed with non-BA hydrophobic solutes such as cholesterol 

myristate and detergents n-octylglycoside and Triton-X, at sub-lytic concentrations 

(Strupp et a!., 2000). Strupp et al showed that these detergents can induce typical 

signs of apoptosis such as DNA fragmentation and cleavage of the DNA repair enzyme 

poly (ADP-ribose) polymerase (PARP) across human and other vertebrate cell lines in 

a concentration dependent manner. The apoptosis was found to be caspase dependent 

as treatment with peptide inhibitors blocked it. They suggest that detergents can 

mediate apoptosis by initiating nonspecific alterations at the cell membrane level.
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3.1.3 Biological effects of BAs: hydrophilic Vs hydrophobic BAs?

Evidence from BA studies on the membrane and the lack of a receptor for BA induced 

apoptosis, indicate that even at sublytic concentrations BA induced apoptosis may be 

mediated by non-specific effects on the cell membrane.

An influential early observation about the SAR of BA toxicity was that DCA causes 

more membrane damage than CA and its conjugates (Vyvoda, Coleman & Holdsworth, 

1977).

Numerous studies have since shown that DCA, CDCA and LCA are markedly more 

cytotoxic than other BAs and their own glyco and tauro-conjugates (Perez & Briz, 

2009). In partitioning experiments these BAs are lipophilic relative to other less toxic 

physiological BAs suggesting that lipophilicity and toxicity are associated or even 

correlated. Hydrophobic BAs are expected to accumulate to a greater extent within the 

cell membrane where they can associate with the lipid bilayers and interact non- 

specifically with membrane components to alter their physical properties (Attili et a/., 

1986; Billington et a!., 1980; Katona et a/., 2009). This has led to the general 

consensus that the physicochemical effects of BAs, principally their hydrophobicity are 

ultimately determinants of cytotoxicity (Akare & Martinez, 2005; Martinez et al., 1998; 

Powell eta!.,  2001; Yui et al., 2009; Yui e ta !. ,  2005).

This view has been substantiated by the fact that the relatively hydrophilic BA UDCA is 

used in the treatment of liver diseases and is regularly referred to as "non-toxic". 

Indeed unlike LCA, CDCA and DCA which are the prototypical hydrophobic toxic BAs 

the hydrophilic UDCA has been shown to have cytoprotective properties. In numerous 

studies UDCA has been shown to inhibit DCA and CDCA induced apoptosis (Amaral et 

al., 2009c; PusI et al., 2008; Rodrigues CMP, 1998; Silva, Rodrigues & Brites, 2001; 

Sola et al., 2004). Numerous mechanisms have been proposed for this cytoprotective 

effect, including, down regulation of the proteins Bax and caspase-3 (Ji et al., 2009) 

and modulation of mitochondrial MPT (Rodrigues CMP, 1998). Other mechanisms 

include up regulation of basolateral export pump (Paolini et al., 2002) and modulation 

of the EGFR/Raf-l/ERK signalling pathway (Im  & Martinez, 2004). The taurine 

conjugate of UDCA, TUDCA inhibits apoptosis associated with ER stress by modulating 

intracellular calcium levels and inhibiting calpain and caspase-12 activation (Amaral et 

al., 2009c). UDCA also interacts with nuclear steroid receptors which leads to nuclear 

translocation of the UDCA/NSR complex. Once in the nucleus, UDCA can modulate the 

E 2F-l/p53/B ax pathway. Transcriptional activation of p53 induces Bax expression, 

mitochondrial translocation, cytochrome c release, and apoptosis in primary rat 

hepatocytes (Amaral et al., 2009a). UDCA inhibition of p53-induced apoptosis is 

associated with decreased p53 DNA binding activity (Amaral et al., 2007) although 

UDCA does not bind to the p53 DNA-binding domain (Amaral et al., 2009b).
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Figure 3 .3  UDCA inhib its BA induced apoptosis. Multiple mechanisms have been 

proposed for UDCAs inhib itory effects on apoptosis, taken from (Amaral e t al., 2009c).

I t  has also been proposed that the cytoprotective effects of UDCA are due to its 

displacement of hydrophobic toxic BAs. Indeed one of the main therapeutic 

mechanisms of UDCA in cholestatic liver diseases is due to enrichment of the BA pool 

by UDCA leading to displacement of the endogenous hepatotoxic BA (Stiehl et al., 

1999).

Despite the generally held view that hydrophobicity and toxicity are correlated, few 

studies have been done specifically investigating the relationship between 

hydrophobicity and BA toxicity or other BA biological effects. Rao et al demonstrated 

that activation of PKC o and 6 in vitro in constituted micelles correlated with 

chromatographic measures of hydrophobicity for DCA, UDCA, CA and CDCA and the ir 

taurine conjugates (Rao et al., 1997) (r^ of 0.6 and 0.8 for PKC a and 5 respectively). 

More recently Martinez et al reported a correlation between induction of apoptosis and 

BA hydrophobicity in a colon cancer cell line (Powell et al., 2001). In this study the 

researchers determined the effects of 16 BAs on the ability to induce apoptosis and



inhibit ceil proliferation in the HCT116 cell line. Hydrophobicity was determ ined by 

HPLC retention tim e, Figure 3.4.

Bile acid HPLC

DCA 31.68
CDCA 24 48
NorDCA 19.44
HomoUDCA 14.54
LagoDCA 12.88
HyoDCA 12.12
UDCA 10.52
IsoUDCA 9.7
CtHilic acid 15.26
IsoCDCA 14.76
NorCDCA 14.76
Murocholic acid 8.32
/? Murictx)lic acid 7.65
ri> Muricholic acid 7.18
NorUDCA 6.27
Ursocholic acid 5.01

HPLC retention time (tnin)

100

80

o
Q .

&n
s?

Figure 3 .4  Relationship betw een BA hydrophobicity and toxicity. This study by 

Martinez et al characterised the hydrophobicity of a panel of 16 BAs as determined by 

HPLC retention time and correlated this with induction of apoptosis in a HCT116 colon 

cancer ceil line, image taken from (Powell et al., 2001).

Although they find that the most hydrophobic BAs DCA and CDCA induce the greatest 

apoptosis and inhibit cell proliferation to the greatest degree as measured by 

thym idine uptake, these findings are not contiguous with the rest of the BA series as 

shown in Figure 3 .4 . The study did not establish a direct correlation for the  

relationship between toxicity and apoptosis or inhibition of proliferation and hence the  

observations remain qualitative.
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Furthermore there is evidence that the picture is more complex than a simple direct 

relationship between hydrophobicity and toxicity (Araki Y, 2001; Patel T, 1994). For 

example, using a hepatocyte ceil line, Carubi et al compared the toxicity of 

taurohyodeoxycholic acid and TDCA which have similar hydrophobicity characteristics 

and found varying degrees of cytotoxicity (Carubbi et al., 2002). Hence although LCA, 

DCA and CDCA occupy both the toxic and hydrophobic end of the spectrum of 

common BAs, their toxicity may not be attributable to their hydrophobicity alone. 

Recent work by Katona et al has involved the synthesis and biological characterisation 

of enantiomeric DCA, CDCA and LCA (Katona e ta !.,  2009).

A) B)

COOH
COOH

HO HO

LCA Ri = H R2 =H (3 ) ent-LCA Ri=H R2 =H (6 )

DCA Ri = H R2=0H (4 ) ent-DCA Rj = H R2=0H (7 )

CDCA Ri = OH R2 =H (5 ) ent-CDCA Ri = OH R2 =H (8 )

Figure 3 .5  N atu ra l and enantiom eric BAs. A) The natural BAs LCA (3 ), DCA (4 ) 

and CDCA (5). B) enantiomeric BAs, ent-LCA (6 ), ent-DCA (7 ) and ent-CDCA (8 ) 

synthesised by Katona et a! (Katona et al., 2009).

The natural BAs LCA, CDCA, and DCA were reported to initiate more apoptosis than 

their enantiomers ent- LCA, ent-CDCA, and ent-DCA in HT-29 and HCT-115 (Katona et 

al., 2009). Hydrophobic interactions are identical in enantiomeric pairs unless the 

environment is itself chiral. Hence the enantiospecificity of apoptosis indicates that 

hydrophobicity alone is not the sole determinant of cell death.
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3.2 Aims and Objectives

There is a dearth of quantitative information on BA toxicity in the literature to allow 

comparative analysis and to enable assessment of the role of BAs in the disease 

etiology. In particular BA structure activity relationship (SAR) studies regarding 

toxicity have not been studied. Furtherm ore having done prelim inary studies 

investigating the effects of our synthetic BA derivatives on GR activity and Golgi 

morphology we realised that an increase in hydrophobic character did not always lead 

to increased toxicity. Hence we decided to initiate an investigation examining the 

effects of our panel of compounds on esophageal cell viability with a view to 

determining the physicochemical and structural requirements for BA toxicity in the 

H E T-IA  cell line.

The specific aims of this study were as follows:

1) To construct a panel of naturally occurring and synthetic BAs which displayed a 

spectrum of physicochemical characteristics.

2) To evaluate the relative polarity of these BAs using reverse-phase HPLC, 

revere-phase TLC and to determ ine physico-chemical descriptor parameters  

using in silico computational methods.

3) To evaluate the effect of this panel of BAs on the cell viability of the H ET-IA , 

esophageal cell line. This cell line represents "normal" esophageal epithelial 

cells and thus is a good model to investigate how BAs may initiate intracellular 

signalling resulting in toxicity, which could in turn lead to activation of 

carcinogenic cascades.

4 ) To characterise the relationship between cytotoxicity and BA polarity and

to investigate if BA toxicity is related to functional group type and arrangem ent 

in synthetic and natural BAs.
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3.3 Results

3.3.1 BA toxicity panel

A panel of 37 BAs were studied, the structures of which are shown in Figure 3.6 below. 

The panel principally consisted of UDCA and DCA derivatives as these are the 

prototypical cytoprotective and cytotoxic BAs respectively. Twenty-five of these BAs 

were assembled from commercially available products and gifts donated by Prof. 

Natalini and Mr Ferenc Majer as outlined in Table 3.1. This was augmented with 11 

compounds synthesised as outlined below. The structures of these compounds are 

shown in Figure 3.6. LagoDCA and 3-deoxy UDCA were particularly important 

compounds in the panel. LagoDCA has a 3o-OH and 12|3-OH and hence has the same 

position of hydroxyls as DCA but was expected to have similar physicochemical 

behaviour to UDCA which also has one alpha and one beta hydroxyl (3c-0H and 7|3- 

OH). On the other hand 3-deoxy UDCA is a 7(3-OH BA and hence would have similar 

lipophilicity to the monohydroxy BA LCA (3a-0H).

67



Table 3.1 BAs screened in toxicity studies. Thirty seven compounds were 

assembled fo r these studies.

LCA (3) commercial UDCABoNs(21) Gift NCA (36) scheme 3.5

DCA (4) commercial UDCA3PN3(22) Gift NCA3-acetate

(37)

scheme 3.5

CDCA (5) commercial BdeoxyUDCA (23) Gift 3,7,12-ketone

(38)

commercial

TCDCA (9) commercial Nor UDCA (24) scheme

3.7A

3,7-diketone

(39)

scheme 3.6

GCDCA

(10)

commercial BisnorUDCA (25) scheme

3.7B

3oOH,73N3

(40)

scheme 3.3

C A (11) commercial UDCA24CN(26) scheme

3.8

UCA (41) Gift

TCA (12) commercial BisnorUDCACN

(27)

scheme

3.78

HCA(42) Gift

GCA (13) commercial UDCA-240H (28) scheme

3.4

UDCA (14) commercial UDCA-24N3 (29) scheme

3.4

TUDCA

(15)

commercial MeDCA (30) Gift

GUDCA

(16)

commercial DCA-24NH2 (31) Gift

TDCA (17) commercial DCASoNs (32) Gift

GDCA (18) commercial DCA33N3(33) Gift

MeUDCA

(19)

scheme 3.1 LagoDCA (34) Gift

UDCA-

24NH2

(20)

Gift 12KetoLCA (35) Gift
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A)

'OH
H

5 (CDCA) X= CH2 CH2 COOH
9 (TCDCA) X=CH2CH2C0NH(CH2)2S03H
10 (GCDCA) X=CH2CH2C0NHCH2C00H

OH

'OH
H

11 (CA) X= CH2 CH2 COOH
12 (TCA) X=CH2CH2C0NH(CH2)2S03H
13 (GCA) X=CH2CH2C0NHCH2C00H

UDCA panel

OHY
H

14 (UDCA) X=(CH2)2C00H, Y=aOH
15 (TUDCA) X=(CH2)2C0 NH(CH2)2S0 3 H, Y=aOH
16 (GUDCA) X=(CH2)2C0NHCH,C00H, Y=aOH
19 X=(CH2)2COOMe, Y=aOH
20  X =C H 2C H 2C O N H 2,Y =aO H

21 X=(CH2)2C00H, Y=aN3
22 X = (C H 2 )2 C 0 0 H , Y =PN 3

23 X=(CH2)2C00H, Y=H
24 X=CH2C00H, Y=aOH
25 X=COOH, Y=aOH
26 X=(CH2)2CN, Y=aOH
27 X= CN, Y=aOH
28 X=(CH2)3 0 H, Y=aOH
29 X=(CH2)3Nj, Y=aOH
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B)

DCA panel
OH

4 (DCA) X=(CH2)2C00H, Y=aOH
17 (TDCA) X=(CH2)2C0 NH(CH2)2S03 H. Y=aOH
18 (GDCA) X=(CH2)2C0NHCH2C00H, Y=aOH
30 X=(CH2)2COOMe. Y=aOH
31 X=(CH2)2C0NH2. Y=aOH
32 X=(CH2)2C00H. Y=aN,
33 X=(CH2)2C00H, Y=pN3

(CH2)2C00H

34 lagoDCA

Ketones

35 X=0, Y=aOH
36 Y=aOH, Z=0
37 Y=aOAc, Z=0
38 X=0,Y=0, Z=C
39 Y=0, Z=0

Y

OH '''''.^(CH2)2C00H

'OH
H

HO'
H

41 UCA

OH
OH

42 HCA

Figure 3.6 Structures o f BAs studied for investigating the relationship 

between cytotoxicity and hydrophobicity. A) CDCA, CA and UDCA derivatives B) 

DCA panel, l<etones and other compounds assembled for the study.
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3 .3 .2  C h em ica l S yn th es is  

3.3 .2 .1  Preparation of BA esters

Esters of BAs were originally prepared to study the effect of esterification on the ability 

of BAs to induce GR translocation. This is described in Chapter 4. We decided to 

include the DCA and UDCA methyl esters (19 , 30) in our panel for toxicity screening 

as well as they were compounds with a more hydrophobic character than the parent 

BAs. They were also useful compounds for protection of the carboxylic acid moiety. 

Dry methanol and acetyl chloride were used to generate anhydrous HCI in situ  to 

generate 24-methyl UDCA (19 ), 24-methyl CDCA (44) and 24-methyl DCA (30) 

through acid catalysed esterification.

OH 0 —

OHOH HOHO

UDCA (14)

Scheme 3.1. Synthesis o f BA m ethyl esters showing UDCA as a representative 

example.

The benzyl esters of CDCA (52) and UDCA (42) were also prepared. This was 

achieved through base catalysed esterification using benzyl bromide and CSCO3 . The 

mechanism involves nucleophilic attack by the BA anion on benzyl bromide.

‘OH
BnBr

CsCO

OHDHHO

UDCA (14)

Scheme 3.2. Synthesis o f BA benzyl esters showing UDCA as a representative 

example.
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3.3.2.2 Preparation of UDCA azides

A panel of azido BAs were included in our hydrophobicity studies due to the 

hydrophobic nature of the azide moiety. The 7|3-azide UDCA (40) and 24-azido UDCA 

(29) derivatives were prepared to add to the panel of azide derivatives donated as 

gifts with modifications at the 3-OH position of DCA and UDCA. The 7|3-azide was 

generated by an SN2 substitution reaction of the a-mesylate of CDCA (46). Carboxylic 

acid protection of CDCA was achieved through methyl esterification (44). Acetic 

anhydride with pyridine as an acylation catalyst was used for selective acetylation of 

the 3c-0H (45). SN2 substitution reactions can only proceed in the presence of a 

good leaving group. Aryl and alkyl sulfonic acids or their derivatives are commonly 

used for conversion of alcohols to good leaving groups through formation of sulfonates 

which are weak bases. Hence we used methanesulfonyl chloride to generate the 7-a 

mesylate (46). This could then be treated with NalSla in DMSO followed by deprotection 

in aqueous base to generate the 7p-azido analogue of UDCA (40) as shown, Scheme 

3.3.

OH 0—0 —

OH OHOHHO
CDCA (5)

0— 0—

CH

0 - S —
HO

(i) Acetyl chloride, methanol, RT, 16 h; (ii) Acetic anhydride, pyridine, DCM, 0 °C-RT, 16 h; (iii) 

MsCI, dry pyridine, 0 °C-RT, 16 h; (iv) NaNa, DMSO, RT, 7d (v) 2M NaOH/MeOH (pH ~14), RT, 

16 h.

Scheme 3.3. Synthesis of 7^-azido UDCA (40)
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The 24-azido UDCA (29) analogue was prepared in three steps. Nucleophilic acyl 

substitution with UAIH4 reduced UDCA to its alcohol (28 ). Regioselective mesylation of 

this primary alcohol in cold solvent followed by chromatographic isolation yielded pure 

24-mesylate (48) and 3a, 24 dimesyloxy UDCA. Finally azide substitution with NaNsin 

DMF afforded 24-azido UDCA.

O

OH
OH

OHHO OHHO

UDCA (14) 28

OMs

OHHO OHHO

48 29

( I)  LiAIH4 , d ry  THF, re flu x , 3 h; ( i i)  MsCI, N E tj, DCM , 0 °C , 2 0  m in; (ill) NaNa, DM F, 60  °C , 2 d. 

Scheme 3.4. Synthesis o f 24-azido UDCA (29).

3 .3 .2 .3  Synthesis of oxo-derivatives

We constructed a panel of keto derivatives for this study as introduction of keto (0 x0 ) 

groups at the 3, 7 and 12 positions of BAs has the effect of depressing hydrophobicity. 

This is because conversion of a tetrahedral sp3 carbon to a fla t sp2 carbon promotes 

water access to both faces of the steroid (Posa & Kuhajda, 2010) The 7-ketone 

(nutriacholic acid) (36) was obtained from benzyl CDCA monoacetate (49) through a 

pyridinium chlorochromate (PCC) oxidation reaction as shown in scheme 3.5. 

Hydrolysis in strong aqueous base afforded 36. However hydrolysis, in mild basic 

conditions allowed for selective removal of the acetoxy group and generated 51 and 

similarly hydrogen reduction allowed for removal of the benzyl group only to produce 

3-acetate NCA (3 7 ). The 3-acetate NCA was also included in our panel as it provides a 

highly lipophilic acid.
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OBn
OBn

OH

OH OH

HOHO

37 36 51

(i) PCC, DCM, RT, 16 h; (ii) 2M NaHCOa/MeOH (pH ~10), RT, 12 h; (iii) 2M NaOH/MeOH 

(pH ~ 14), RT, 16 h; (iv) Pd/C, Hj, EtOAc, RT, 8 h.

Scheme 3.5. Synthesis of UDCA oxo derivatives from protected CDCA (49).

Oxidation of the CDCA benzyl ester (5 2 ) produced the 3,7-diketo acid (3 9 ) as shown 

in Scheme 3.6. The benzyl CDCA ester (5 2 ) was oxidised with PCC to produce the 

protected diketone (5 3 ). Hydrogen reduction removed the benzyl protection to 

generate the diketo acid (3 9 ).
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OBn OBn OH

OHHO

52 53 39

(i) PCC, DCM, RT, 16 h; (ii) Pd/C, Hz, EtOAc, RT, 8 h.

Scheme 3.6. Synthesis o f the 3, 7 diketone (39 ) from benzyl protected CDCA (52 ).

3.3 .2 .4  Side chain degradation of UDCA

Side chain degradation of UDCA to norUDCA (24) and bisnorUDCA (25) was carried 

out to determine the effects of these compounds on GR transiocation to the nucleus, 

as described in Chapter 4. These derivatives were also included in the panel of 

compounds to be screened for cytotoxicity. The acid derivatives were prepared via a 

degradation reaction involving a second order Beckmann rearrangement. This reaction 

also produced the nornitrile and bisnornitrile (55, 27) derivatives of UDCA. We 

decided to include the la tter along with the 24-nitrile (26) of UDCA, to increase the 

range of hydrophobicities in our panel of compounds.

The 3 and 7-OH groups of UDCA were formyl protected (54). 54 was then treated 

with trifluoroacetic acid, trifluoroacetic anhydride and sodium nitrite followed by 

deprotection in sodium methoxide to yield the nornitrile (55). Nucleophilic addition of 

hydroxide ion to the nornitrile was achieved through harsh aqueous base conditions 

involving reflux for 96 h to hydrolyse the cyano group to an acid, scheme 3.7A. These 

steps were then repeated on the noracid (24) to produce the bisnornitrile (27) and 

bisnoracid (25) derivatives of UDCA, scheme 3.7B.
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A)

‘OH
OH

OH

UDCA(14)

OH

OH
H OH

H

B)

OH OH

1,11,111

OH OH OH
HH

24

(i) Formic acid/perchloric acid, 50 °C , 3 h; (ii) TFA, TFAA, NaN02, 0 -5  °C  1 h, 40  °C  2 h; (iii) 

N a/M eO H, reflux, 2 h; (iv ) 10%  KOH ethanol-w ater 1 :1 , reflux, 96 h.

Scheme 3.7 Side chain degradation of UDCA. Side chain degradation o f UDCA 

generated A) the nornitrile (55) and norUDCA (24). B) Repeating these steps on 

norUDCA produced 27 and 25.

3.3.2.4.1 Mechanism of side chain degradation

The mechanism involved in the degradation reaction was proposed by Schteingart and 

Hofmann and the reaction provides a good alternative to the conventional Barbier 

Wieland degradation for carbon side chains. Formation of a mixed anhydride with 

trifluoroacetic anhydride at cold temperatures activates the a-carbon of the BA and
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allows for nitrosation with trifluoroacetyi n itrite  to form a nitroso anhydride. The 

nitrosation step is thought to only occur at moderately high temperatures which is why 

the temperature is increased to 40 °C. This group then tautomerises to an oxime 

group which can be acylated by a trifluoroacetate. This acyl intermediate now 

undergoes a Beckmann rearrangement in which an oxime is converted to a nitrile. 

Firstly the trifluoroacetate group is eliminated from the oxime, and subsequent shift of 

an electron pair forms the carbon-nitrogen trip le bond. Carbon dioxide is liberated 

resulting in a decrease in chain length by one carbon. Trifluoroacetic anhydride is 

reformed by attack of trifluoroacetate as shown (Schteingart & Hofmann, 1988).

R

Q 0
R

O Hz

y j  ( j

OH

+
o

R.

H

N = 0

N 

<■1

O '
F "

F
Trifluoracetyl nitrite

O

fg Beckmann Rearrangment
R +  CO, +

“Y " ’

Figure 3 .7  Second order Beckmann re-arrangem ent mechanism.

3 .3 .2 .5  Preparation of 24 -n itrile  UDCA

The UDCA nitrile was prepared by formyl protection of the 3 and 7 alcohol groups with 

form ic acid and perchloric acid (54). Amidation with ammonium bicarbonate produced 

56 which was then dehydrated using trifluoroacetic anhydride and pyridine as a base 

to form the formyl nitrile. Deprotection of the formyl nitrile with sodium methoxide 

produced the 24-UDCA nitrile as shown in scheme 3.8.
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NHOH

1,11 in, IV

O^^'"

H

'OH 'OHHO'HO

HU D C A (14 )

(i) Formic acid/perchloric acid, 50 °C , 3 In; (ii) NH4 CO3 , pyridine, B0 C2 O, DCM, RT, 24 h; (ill) 

Trifluoroacetic anhydride, pyridine, dry THF, RT, 10 h; (iv ) N a/M eO H, reflux, 2 h.

Scheme 3.8. Synthesis o f 24-n itrile  UDCA (26 ).
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3.3.3 Determination of the relative hydrophobicity of BAs 

3 .3 .3 .1  Methods for measuring hydrophobicity

Having constructed a panel of hydrophobic and hydrophilic BA derivatives we next 

turned our attention to the determination of the relative polarity of these derivatives. 

Hydrophobicity can be defined as the association of non-polar groups or molecules in 

an aqueous environment which arises from the tendency of water to exclude non-polar 

molecules (lUPAC gold book). It  is generally described by its partition coefficient (P) 

which refers to the distribution of compound between two immiscible phases, 

generally octanol and water, Equation 3.1:

P = F B A I n r ta n n l 

[ B A ]  water

However when a substance can exist in both an ionised and unionised state then the 

term distribution coefficient (D) is used. This is the ratio between the total 

concentration of both the protonated and ionised species in octanol and water phases 

(A. Roda, 1990).

D= [BA] + rA-1nrtannl (EQ. 3.2)

[BA] + [A-] water

Partition coefficients are expressed in their logarithmic form and therefore substances 

that display preference for the non-polar or octanol phase are considered lipophilic or 

hydrophobic (log P>0) while they are described as hydrophilic when log P<0.

It is generally assumed that the amount of ionised species that partitions into the 

octanol phase is minimal however it has been shown by Roda et al that a substantial 

amount of ionised BAs distribute into the non-polar phase (A. Roda, 1990). The BA 

structure accounts for this phenomenon as a strong hydrophobic steroid backbone is 

the principal determinant of the lipophilic character of BAs with the ionisation of the C- 

24 carboxy group playing a minor role (A. Roda, 1990).

The classical and most direct measurement of log P is the shake-flask experiment in 

which the concentration of a substance that distributes into the octanol and water 

phases is determined. Before the chemical substance is added to the solvent system it 

is necessary to equilibrate and shake the two phases together so as to achieve mutual 

saturation of the two phases. The quantity of substance in each phase can then be 

measured by a photometric method, gas chromatography or HPLC. The Nernst 

Partition Law applies only at constant temperature, pressure and pH for dilute 

solutions. It strictly applies to a pure substance dispersed between two pure solvents. 

If  several different solutes occur in one or both phases at the same time, this may
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affect the results. Hence it is essential to ensure purity of the test substance. Although 

the shal<e-flask method provides an accurate measurement of log P it is both tedious 

and time consuming. Pre-equilibration of phases requires at least 24 h. Incubation 

times of the test sample with the pre-saturated octanol and water vary but in the case 

of BAs up to two weeks have been used (A. Roda, 1990). Furthermore difficulties are 

encountered due to impurities in the test substance and the requirement of a large 

amount of test material.

Partition chromatographic techniques including reverse-phase HPLC (RPHPLC) and 

reverse-phase TLC (RPTLC) allow for rapid measurement of various indices that 

provide information on the lipophilic behaviour of chemicals (Cazes, 2005). 

Chromatographic experiments provide a lot of practical advantages over the direct 

determination of a physicochemical property (Natalini et al., 2007). The methods are 

compound sparing and are less sensitive to impurities as these can be separated out 

during the experiments. Furthermore there is no need to determine the absolute 

concentration and the methods allow for automation (Natalini e ta /., 2007).

3.3.3.2 Calculating hydrophobicity from Chromatographic Methods

In theory chromatographic methods provide similar information as traditional log P 

measurements (Heuman, 1989). The thermodynamic equilibrium partition coefficient 

K of a BA calculated from the polar mobile phase of a reversed-phase liquid 

chromatographic system is defined in Equation 3.3, where [BA]st and [BA]mo refer to 

the equilibrium concentration of BA in the stationary and mobile phases respectively 

(Armstrong & Carey, 1982).

K= [M is t (Eq. 3 .3)

[BA]mo

Octadecyl-silanized (ODS) silica gel in which the silanol groups are etherified with alkyl 

groups containing 8 (Cs) or 18 (Cis) carbon atoms usually provide the non-polar 

stationary phase. The polar mobile phase consists of water or buffer with an organic 

modifier such as methanol in the case of highly retained solutes (Cazes, 2005).

The basic measure of retention in isocratic HPLC is the capacity factor, k', which is 

defined in Equation 3.4 where t is the length of time it takes for the BA to elute and to 

is the time required to elute a non-retained solute:

k'= iXbaitol or l o g / f ' = [log {tbaJo)] (Eq. 3 .4 )

to to

The less polar a BA is the stronger its interaction with the stationary phase and hence 

the greater its retention time. Log k ' values are directly related to octanol-water log P
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via Colander-type equations, Equation 3.5, where the coefficients a' and b' are 

determined through regression analysis.

log P= a' log k ' + b' (Eq. 3.5)

However instead of isocratic capacity factors which are derived for a selected mobile 

phase composition, the use of a capacity factor extrapolated to pure water as mobile 

phase, is considered to be a more representative lipophilicity index. This is expressed 

as log kw. Extrapolated capacity factors are in the same order as octanol-water log P 

values. Linear extrapolation gives log kw from Equation 3.6, where cp is the fraction of 

organic modifier present in the mobile phase and S is the slope of the line.

Log k '-  -S'cp + log kw (Eq.3.6)

A

B

fraction of organic modifier

Figure 3 .8  Log k '  Vs Fraction o f Organic Modifier. Inversion o f lipophilicity can 

occur a t high organic modifier concentrations.

Figure 3.8 demonstrates that the slopes in Equation 3.6 of lines A and B may vary and 

so at high concentrations of organic modifier it is possible to get an inversion of 

lipophilicity. This is why a proper expression of lipophilicity is found only at 100% 

aqueous phase composition. Good correlation between chromatographic data and log 

P can be obtained in many cases with the coefficients, a' and b' being close to 1 and 0 

respectively (Bechalany, 1991).

log P= a'log k „+  b ' (Eq. 3.7)
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3 .3 .3 .3  Results of RPHPLC

We initially decided to use RPHPLC to determine relative polarity of our panel of BAs. 

HPLC has widely been used for estimation of lipophilicity (Armstrong & Carey, 1982; 

Heuman, 1989; Roda et al., 1990) although Roda at al were only able to show a 

moderate correlation between log P and k' (r^=0.64) (Roda et al., 1990). /c„ was not 

assessed in this study. Good correlations between log P and k' were achieved between 

the highly hydrophilic or highly hydrophobic BAs such as UCA and DCA. However, they 

found that the correlation failed when comparing CA and UDCA and their conjugates, 

with the HPLC data giving longer retention times for CA, TCA and GCA despite an 

extra hydroxyl group. The authors suggest that the reason for this is that the partition 

equilibrium in HPLC is mainly driven by an apolar interaction between the 3 face of the 

BA molecule and the stationary phase. As CA has a greater amount of accessible 3 

face than UDCA it has a longer retention time (Roda et al., 1990). More recently 

Natalini et al investigated a correlation between RPHPLC values and CMC which can 

be considered as a measure of the hydrophobic self-aggregation of the bile salt. In 

this study they obtained similar r̂  values of 0.68 when correlating CMC and /c„ of all 

BAs (Natalini et al., 2007) however the correlation was found to be greater, when only 

the unconjugated BAs or conjugated BAs were considered, 0.94 and 0.88 respectively. 

We felt that the saving in experimental time and reagent justified the use of RPHPLC 

over shake-flask methods or similar experiment. However we encountered a series of 

problems during the course of our HPLC experiments. These principally arose due to 

the UV transparency of the majority of BAs assembled in this panel. Use of a refractive 

index (RI) detector solved this problem to an extent. However RI detectors are 

extremely sensitive to changes in ambient temperature, pressure changes and flow 

rate, values were determined for the following 15 BAs, Table 3.2, as they provided 

as good range of hydrophobicity.
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Table 3.2 BA k„ values obtained with RPHPLC

LCA (3 ) 45.63

DCA (4 ) 21.77

CDCA(5 ) 19.09

CA (1 1 ) 8.55

TCDCA (9 ) 7.66

LagoDCA (3 4 ) 7.45

12-keto LCA (3 5 ) 7.12

NCA (3 6 ) 6.25

HCA (4 2 ) 6.23

UDCA(1 4 ) 5.30

TDCA (1 7 ) 4.92

3,7-diketone (3 9 ) 4.18

norUDCA (2 4 ) 2.73

GUDCA (1 6 ) 2.27

UCA (4 1 ) 2.06

The relative polarity of the BAs in this panel was in accordance with literature values. 

However we found very poor correlations with in silico descriptor parameters for 

hydrophobic surface area (HSA) and polar surface area (PSA) (r^= 0.023, 0.2 and 0.43 

for HSA, PSA and ratio of HSA to PSA). Although the in silico parameters are an 

expression of absolute hydrophobicity and polarity they are less sensitive to the 

influence of conformation on BA hydrophobicity than a chromatographic parameter. 

Nevertheless such a poor correlation was unexpected particularly as good correlations 

between log P and tota l HSA have been previously demonstrated (A. Roda, 1990).

3 .3 .3 .4  Use of RPTLC for hydrophobicity determ ination

Taking the problems we encountered with HPLC into account we turned our attention 

to the use of reverse-phase TLC as an alternative to HPLC. RPTLC has been used 

widely for lipophilicity determination including for BAs (Posa & Kuhajda, 2010; Sarbu, 

Kuhajda & Kevresan, 2001; Sarbu et al., 2008). I t  has multiple advantages including 

higher throughput relative to HPLC and it perm its simple post-chromatographic 

derivitisation, which overcomes the UV transparency issue in HPLC, Figure 3.9. 

Furthermore it has been shown to correlate well with log P values of BAs (Sarbu et al., 

2001).
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Figure 3 .9  Representative exam ple o f reverse phase TLC p la te  o f BAs. BA test 

solutions were applied in DMSO. The plates were then dried a t 40 °C for 1 h. Plates 

were developed in a closed chamber a t room temperature across a development 

distance o f 15 cm. A fte r development, the plates were dried under ambient conditions 

and stained with a vanillin solution to visualize spots.

The RPTLC approach was developed using commercially available BAs UDCA, CDCA, 

CA and DCA along with their glycine and taurine conjugates (4, 5, 9- 18). The 

approach was optimised with respect to pH and solvent composition before application 

to the wider panel of compounds.

Rfis the retention factor or retardation factor. Rfis determined by dividing the distance 

travelled for each compound by the development distance. The less polar a solute is 

the stronger its interaction with the stationary phase and so the lower its Rf. Rm which 

is analogous to HPLC capacity factor was determined using Equation 3.8:

= Log (1/Rf -  1) (Eq. 3.8)

Over four concentration levels in the organic modifier concentration range (^) 50-80% 

the relationship with Rm was linear for this set of 12 as shown in Figure 3.10 with r  ̂

>0.9 in all cases.
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DCA r^=0.92 

CDCA r^=0.92

UDCA r^=0.96

CA r^=0.97

0.6-1

0.4-

s
CC

0.2-

0.0

Percentage Methanol

TDCA r^=0.98 

TCDCAr^=0.98

TLDCA r^=0.93 

TCA (^=0.94

0.8n

0.6-

i  0.4-

0.2-

0.0
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Percentage Methanol

GDCA r^=0.99

GCDCA r^=0.99

GUDCA r= 0 .97  

GCA r^=0.99

0 .8-1

0 .6 -

0.4 -

0.2 -

0.0 TT

40 50 60 70
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80 90

Figure 3 .10  Relationship o f Rm w ith organic m odifier concentration a t pH 7.4.

The relationship o f Rm with percentage methanol was found to be linear a t pH 7.4. 

Similar graphs were obtained a t pH 5.4 and 8.4.

The Rmw, or extrapolated retention, analogous to log is the retention in 100 % 

aqueous phase and was estimated using Equation 3.9:

Rm = -S(p + Rmw (Eq. 3.9)

Therefore the slope and intercept of the lines in Figure 3.10 was -S  and Rmw 

respectively. The slope S is thought to express information regarding the solute and 

solvent interactions. I t  can be thought of as a measure of the degree of 

responsiveness to changes in mobile phase composition. I f  there are no considerable 

differences in hydrogen-bonding capacity within a series of compounds, a good
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relationship between the slope and the intercept should be found. The relationship of S 

with /?Mw was found to be linear for the development set of compounds (4, 5, 9- 18).

0.06-1

0.04-
Q>a.
o

CO

0.02-

0.00
0 1 2 3 4 5

^Mw

Figure 3.11 Relationship o f Rmw with Slope.

The relationship between retention and pH was assessed in the pH range 5.4- 8.4 for 

this group. For the set of 12 development compounds (4, 5, 9-18) the Rmw values 

were estimated at pH 5.4, 7.4, 8.4, Table 3.3.
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Table 3 .3  Rmw values for the developm ent set a t  pH 5 .4 , 7.4, 8.4.

DCA (4 ) 4.12 4.02 4.21
CDCA(5 ) 4.1 4.2 4.2

UDCA(1 4 ) 3.32 3.35 3.31
CA (1 1 ) 3.43 3.25 3.3

GDCA (1 8 ) 3.16 2.93 3.1
GCDCA (1 0 ) 3.08 2.93 3.1
GUDCA (1 6 ) 2.26 2.12 2.23

GCA(1 3 ) 2.4 2.24 2.43
TDCA(1 7 ) 2.72 2.53 2.66
TCDCA(9 ) 2.8 2.6 2.74

TUDCA (1 5 ) 2 1.72 1.89
TCA (1 2 ) 2.13 1.91 2.1

As expected in nnost cases the Rmw values were higher at pH 5.4 than at the latter two 

pH values, which were sinnilar. This is because the lower pH generates a greater 

percentage of unionised BA species which is relatively non-polar and has a greater 

interaction with the stationary phase and hence a lower Rf value. Surprisingly, we 

found that the /^Mwfor the taurine conjugates also consistently followed this trend. The 

unconjugated BAs have a pKg of 5.1 and the glyco conjugates have a pKa of 4 and so 

the above theory applies to them. However the pK  ̂ of the taurine conjugates is <1 

and therefore this shift to lower Rf is unexpected as the BA would still be 

predominantly ionised.

It was decided to assess the retention for all compounds at pH 7.4 since this was the 

pH at which toxicity was to be determined in the cell-based assay and variations due 

to shifts in pK  ̂ in methanol mixtures had been shown to be marginal. The rank order 

at pH 7.4 for the development set of compounds was: CDCA(5)~DCA(4)>>UDCA (14)  

>CA (11) >GDCA (18) >GCDCA (10) >TCDCA (9) >TDCA (17) >GCA (13) >GUDCA 

(16) >TCA (12) >TUDCA (15). This is roughly as expected and in accordance with 

numerous studies on the relative chromatographic retention of these BAs and their 

conjugates (A. Roda, 1990 ; Armstrong & Carey, 1982 ; Sarbu e t a!., 2001 ). Retention 

in RP chromatographic systems is a function of the number of hydroxyl groups, their 

topological arrangement and extent of ionisation, bearing in mind the differences 

between glyco and tauro conjugates. Relative retention of the BAs is also influenced 

by organic modifier and stationary phase identity. The relative retention of 

unconjugated CA to UDCA was found to be pH dependent in our system but at pH 7.4 

CA ( 3 .25 ) was slightly more polar than UDCA ( 3 .35 ) which accords with its greater 

hydrophilicity in other measures such as Log D and water solubility. On the other hand
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the UDCA conjugates GUDCA ( 16 ) and TUDCA ( 15 ) were more polar than the 

corresponding CA conjugates as has been reported previously (A. Roda, 1990). We 

next investigated the relationship between Rw^and in silico physicochemical descriptor 

parameters for this set. We found tha t there was a significant negative correlation 

between A?mw and estimated PSA (r^=0.82), little  correlation with HSA (r^=0.20) and a 

moderate positive correlation with the ratio of HSA to PSA (r^=0.65).
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Figure 3 .12  Correlation o f PSA, HSA and ratio o f HSA to PSA with Rm„.

Rmw together with HSA and PSA data for the whole set at pH 7.4 is presented in Table 

3.4. I t  is important to bear in mind that associations with these global properties are 

fraught with problems of molecular size and substitution pattern. For example tauro-
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and glyco-conjugates have increased HSA and PSA relative to the unconjugated 

compounds and hence the HSA:PSA ratio does not reflect the decreased R ^ w -  

Linear regression of Rm Vs percentage methanol gave r  ̂ of > 0 .9  for every BA 

screened. The panel as a whole exhibited satisfactory dispersion and range in 

iipophilicity as reflected in (1 .7 1 7  -  5 .4 6 6 ), Table 3.4.

Table 3 .4  BA Rmw, HSA, PSA and PSA/HSA, CMC arranged in o rder o f

decreasing Rh„.

37 NCA3-acetate 5.63 480 172 0.358

40  30H,73Nt 5.46 440 203 0.461

33 DCA33N, 5.45 452 193 0.426

22 UDCA33Nt 5.45 446 194 0.434

21 UDCA30N, 5.41 445 205 0.460

32 DCA3aN, 5.40 441 196 0.444

23 3deoxyUDCA 5.30 475 145 0.305

29 UDCA-24N, 5.29 476 181 0.380
2.8(0.6)

3 LCA 5.27 479 130 0.271 0.9(0.5)

28 UDCA-240H 5.03 480 140 0.291

26 UDCA24CN 4,93 449 162.3 0.361

19 MeUDCA 4.77 514 146 0.284

30 MeDCA 4.69 512 137 0.267

20 UDCA-24NH? 4.54 447 185 0.413

36 NCA 4.46 452 155 0.342 25(18)

42  HCA 4.40 428 188 0.439 14(6)

5 CDCA 4.19 458 157 0.342 9(4)

4 DCA 4.02 454 156 0.343 10(3)

31 DCA-24NH2 3.89 451 176 0.390

34  LaqoDCA 3.89 457 158 0.345 18(10)

35 12-KetoLCA 3.66 457 157 0.343 26(16)

19 BisnorUDCA 3.62 416 147 0.353

25BisnorUDCACN 3.62 413 155 0.375
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CMC (Roda et 
a!., 1983 ) (m M )

Compound_______ Rmw HSA (A^) PSA (A^) PSA/HSA (0 .1 5  M Na^)

24 Nor UDCA 3.39 427 158 0.370 17

14 UDCA 3.35 452 164 0.362 19(7)

39 3,7-diketone 3.26 447 152 0.340
84(70)

11 CA 3.25 433 183 0.422 13(11)

41 UCA 3.01 429 186 0.433 60(39)

10 GCDCA 2.92 450 230 0.511 3(0.6)

18 GDCA 2.92 455 222 0.487 6(2)

9 TCDCA 2.59 521 233 0.447 1.8(0.5)

17 TDCA 2.52 517 229 0.442 6(2.4)

13 GCA 2.24 430 237 0.551 12(10)

16 GUDCA 2.12 452 234 0.517 12(4)

38 3,7,12-ketone 1.92 425 175 0.411 >250

12TCA 1.90 493 254 0.515 10(6)

15 TUDCA 1.71 520 231 0.444 8(2.2)

The six azido-analogs (2 1 , 22 , 29 , 31 , 32 , and 4 0 ) were h ighly lipophilic as well. 

Indeed the azides w ith ionisable side chains were more h ighly retained than some of 

the non-azido neutral compounds such as the  UDCA alcohol (2 8 ) and UDCA n itrile  

(2 6 ). 3-deoxy UDCA (2 3 ) showed s im ila r re tention behaviour to LCA (3 ).

On the whole the neutral compounds such as the esters and amides yielded Rmw values 

above the median. Specifically these were the UDCA alcohol (2 8 ), UDCA n itrile  (2 6 ), 

m ethyl esters (1 9 , 3 0 ) and amides (2 0 , 3 1 ) o f UDCA and DCA respectively. A lthough 

the DCA amide had h igher retention than the median it  could not be explained why 

the Rmw was low er than th a t fo r the UDCA neutral derivatives and even DCA (4 ) itself. 

In troduction  o f keto (oxo) groups at the 3, 7 and 12 positions has the effect of 

depressing hydrophobic ity by prom oting w ater access to  both faces o f the steroid 

(Posa & Kuhajda, 2010). Hence the 3, 7-d iketone (3 9 ) was hydrophilic  re lative to 

UDCA (1 4 ) and particu la rly  CDCA (5 ). In the same vein the 3,7,12 trike tone  (3 8 ) had 

an Rmw o f 1.9 compared to 3.2 fo r CA (1 1 ). 12-keto LCA (3 5 ) was also more 

hydrophilic  than DCA; however there was an anom aly w ith NCA or 7-keto LCA (3 6 )  

which showed a surpris ing ly high Rmw which we could not explain. This m igh t explain
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the high hydrophobicity of 3-acetoxy NCA (37) (the most hydrophobic compound). 

This compound has a hydrophobic acetate ester and a keto group in the 7 position. 

LagoDCA (34) showed hydrophobicity intermediate between that of UDCA ( 14) and 

DCA (4) in our system. Hence the positioning of hydroxyl groups as well as their 

orientation may influence the retention of a BA. Furthermore chain shortening did not 

have the expected effect on retention either. Reduction in the number of carbons was 

expected to decrease the hydrophobicity of the compounds. This is evident when 

comparing the bisnornitrile (27) and 24-nitrile (26) of UDCA, with the la tter having 

higher Rmw. Decreasing the chain length of UDCA by one to norUDCA (24) did not 

significantly affect retention, however the bisnorUDCA (25) had a higher Rmw to UDCA 

and norUDCA. In fact the retention was the same as the bisnornitrile (27). 

Interestingly this higher hydrophobicity is reflected in the ratio of HSA to PSA. This 

indicates that chain shortening changes the shape of the molecule such that its 

hydrophobic character is augmented. This is possibly because the closer proxim ity of 

the hydroxyl to the concave hydrocarbon skeleton decreases its access and interaction 

with the aqueous phase.

UCA (41), the conjugates and the triketone (38) were the most polar derivatives in 

the set.
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3.3.4 BA effects on Cell Viability

3.3 .4 .1  Natural BAs decrease viability of H E T-IA  cells

Our next aim was to determine the effect of BAs on the cell viability of the normal 

esophageal cell line, HET-IA. As a first step, the objective was to study the effect of 

eight natural BAs on the viability of HET-IA cells over a 24 h period. These were UDCA 

(14), CA (11 ), DCA (4 ), CDCA (5 ), GUDCA (16 ), LCA (3 ), TDCA (17) and TCDCA (9). 

We decided to use a very wide concentration range (4  (jM to 10 mM), which permitted 

a genuine comparison of BA toxicity. The MTT assay (Section 2.6 .1) which is based on 

the activity of the mitochondrial dehydrogenase enzymes in cells was chosen for 

measurement of cell viability. This has been widely used for cytotoxicity studies in 

numerous cell lines (Ahmadian eta l . ,  2009; Fraga eta! . ,  2008; Han, Lin & Ru, 2009).
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Figure 3 .1 3  Cell v iability  o f H E T-IA  cells in response to natura l BAs. HET-IA 

cells were treated with varying concentrations (4 pM, 8 ijM, 16 jjM, 32 pM, 64 pM,125 

IjM, 250 ijM, 500 fjM, 750 fjM, 1.25 mM, 2.5 mM, 5 mM, 10 mM ) of A) UDCA (14 ), B) 

CA (11), C) GUDCA (16 ), D) DCA (4), E) CDCA (5), or F) LCA (3). BAs were applied 

for 24 h. Cell viability was assessed in each case by the metabolism of the formazan 

salt, 3-(4 ,5  dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) and is 

expressed relative to untreated control. Values represent the mean ±  SEM of three 

experiments performed in triplicate.

T here  was a c lear concentration dependent e ffect on cell v iab ility  fo r all BAs studied. 

The data  w ere  analysed using m onophasic signnoidal curves in th e  case of UDCA, CA, 

DCA and LCA and biphasic sigm oids for CDCA and GUDCA, Figure 3 .1 3  A -F  ( r^ > 0 .8 2 -  

0 .9 5 ) . ECso values w ere  deternriined fo r each of the  inflection points.

In  the  case of LCA, DCA and CDCA there  was s ignificant decrease in v iab ility  a t 

concentrations of 125 |jM . In  the  o th er cases th e  onset of cell death  occurred a t h igher 

concentration (> 2 5 0  |iM ). LCA was th e  m ost potent cytotoxic  BA (EC50 of 1 8 .2 3  |jM ). 

DCA was ten  fold less po ten t than  LCA (EC50 of 2 5 7  j j M ) .  CDCA displayed biphasic  

behaviour w ith an initial decrease in v iab ility  to around 5 0 %  o f control w ith an EC5 0  of 

4 7  pM. T here  was a fu rth e r decrease a t h igher concentration  (3 7 0  pM ) to  zero  

v iab ility . The curve for GUDCA showed a sm all sharp drop in v iab ility  a t low  

concentration (4 6  pM ) followed by a p lateau and a la te r m ore significant decrease w ith  

an EC5 0  of 8 2 6  |j.M. This was preceded by an increase in v iab ility  a t around 7 00  |iM 

com pared w ith control and low er concentrations. UDCA and CA w ere  toxic  a t h igher 

concentration (1 0 6 0  and 9 6 8  |iM respectively) w ith no statistically  significant 

difference betw een th e  tw o BAs (C l (udca) = 7 9 2 -1 4 1 5  ^M, C l (ca) = 8 0 7 -1 1 0 1  |xM). CA
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and GUDCA w ere equally  toxic as there  was no statistically  significant d ifference  

betw een  th e  EC50 values.

O verall in this panel, the  rank o rd er e ffect on cell v iab ility  was roughly as expected  

tak ing  account of known tendencies tow ards cytotoxicity . The observed pattern  

h ow ever is m ore consistent w ith BA m ediated  a ltera tions  in cell signalling than  a 

detergency  m ode, w here  cellu lar effects would be expected to follow a m ore abrupt 

course a t critical concentrations. This was observed when H E T -IA  cells w ere trea ted  

w ith  increasing concentrations of TDCA ( 1 7 )  and TCDCA (9 ) .
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Figure 3 .14  Cell v iability  o f H E T-IA  cells in response to taurine conjugated  

BAs. HET-IA cells were treated with varying concentrations (4 jjM, 8 fjM, 16 fjM, 32 

ĵM, 64 ijM, 125 ijM, 250 ijM and 500 jjM, 750 ijM, 1.25 mM, 2.5 mM, 5 mM, 10 mM) 

o f A) TCDCA and B) TDCA as described in Figure 3.13.

There was no effect on cell proliferation at low concentrations with slight increases 

occurring at 125-750 |jM (TDCA) and 250-500 pM (TCDCA), Figure 3.14, which is 

consistent with previous studies (Yamaguchi et a!., 2004; Zhang e t at., 2005). 

However unlike the other BAs tested which could be fitted to sigmoids, there was an 

all or nothing effect with a nnarkedly sharp decline occurring in cell v iability at higher 

concentration (~1 mM). The taurine conjugated BAs are fully ionized at pH 7.4 and 

are unable to cross the cell membrane in the absence of BA transporters. As there are 

no known transporters in the HET-IA cell line the conjugates accumulate 

extracellularly until a critical concentration is reached which results in cell lysis as 

described by Hofmann (Hofmann, 1999). In hepatocytes (Chieco et a!., 1997) and 

biliary epithelial cells (Lamireau et a!., 2003) which would be expected to have BA 

transporters the taurine conjugates have been reported to induce apoptosis. This 

difference in behaviour of the taurine conjugates in different cell lines is indicative that 

at relatively low concentrations BAs require interaction with an intracellular protein to 

induce cell death. The increased proliferation observed at low concentrations may be 

due to interaction with a cell surface receptor such as the epidermal growth factor 

receptor and is consistent with previous studies (Avissar NE, 2009; Raufman et al., 

2008).

Another interesting observation was that the key BAs CDCA and DCA were only 3-4 

fold more toxic than UDCA in this cell line, indicating that these differ more in potency 

than in qualitative effect. UDCA's effects could be fitted to a sigmoidal toxicity curve 

possibly indicative of weaker agonism of apoptotic pathways. This is consistent with 

studies conducted by Rolo et al investigating the effect of UDCA on liver mitochondria. 

The investigators found that at high concentrations (>  300 pM) UDCA decreased 

mitochondrial membrane potential and that it augmented LCA, DCA and CDCA induced 

MPT. This was determined by estimating mitochondrial swelling using light scattering 

techniques (Rolo e ta l.,  2000).

3.3.4.2 Mechanism of cell death induced by BAs: apoptosis vs. necrosis?

The concentration effect curves for the natural BAs indicated that all BAs can induce 

cell death but the mechanism of cell death is concentration dependent. Higher 

concentrations of BAs induce cell death through a detergency phenomenon which is 

particularly evident in the case of the taurine conjugates of DCA and CDCA where we 

see a sharp decrease in cell viability at ~ 1 mM. Cell death at this concentration would
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be expected to depend on the individual CMC of the BAs and hence correlate with 

hydrophobicity (Hofmann, 1999). On the other hand cell death at lower concentrations 

predicted to include activation of the extrinsic and intrinsic apoptotic pathways would 

be expected to occur at lower concentrations. Although these effects may be mediated 

via the membrane they would not be expected to compromise barrier function through 

cell lysis. When screening our panel of 37 BAs for toxicity it was critical that we choose 

a concentration that induced apoptosis but did not affect membrane integrity. Akare et 

al have shown that BAs can induce PKCc activation without perturbing membrane 

function in experiments involving exclusion of the dye trypan blue in the HCT-116 cell 

line (Akare & Martinez, 2005). Hence we decided to conduct a series of similar 

experiments to determine a concentration at which BAs could induce apoptosis without 

affecting membrane integrity. In order to do this we investigated the effect of the 

tumour promoting BA, DCA, at low and high concentrations on HET-IA cells in assays 

measuring apoptosis and necrosis. Firstly we investigated the ability of DCA to induce 

caspase activation. We analysed activation of caspase 3 /7  by DCA at 500 pM and 2 

mM because DCA 2 mM induced complete cell death in the MTT assay. DCA 500 |jM 

induced activation of caspase 3 /7  in a time dependent manner. Figure 3.15, peaking 

at 1 h and then decreasing slightly at 6 h and 24 h. However when cells were treated 

with DCA 2 mM there was no evidence of caspase 3 /7  activation at any of the time 

points indicating that at this concentration cell death is due to an immediate cell lysis 

and necrosis. Indeed there was decreased levels of caspase relative to control possibly 

because necrosis can lead to destruction of cellular enzymes (Sokol et al., 2005).
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Figure 3 .1 5  Caspase 3 / 7  activation by DCA in the H E T -IA  cell line. HET-IA cells 

were treated with staurosporine or DCA 500 ijM  or DCA 2 mM fo r 15 min, 30 min, 1 h, 

6 h or 24 h. A fter the appropriate treatm ent time 100 pL o f caspase-Glo 3 /7  reagent 

(Promega Corporation, Madison, USA) was added to each well and the luminescence 

was determined. The values are reported as fold increases over the untreated control 

cells. The values are reported as the mean ± SEM o f three experiments performed in 

duplicate, * p< 0.05, as determined by a one-way ANOVA with Tukey post-hoc  

correction.

Our next aim was to determine the effect of the same concentrations of DCA on the 

integrity of the membrane. We firstly looked at the cellular uptake of PI. PI is 

membrane impermeant and excluded from viable cells. PI can penetrate cells and 

enter the nucleus when the membrane is permeabilised. When cells were treated with 

the detergent Triton X-100 for 1 h extensive PI penetration was observed. Figure 

3.16C, 3.16D. However when cells were treated with increasing concentrations of DCA 

(500 pM-1.25 mM) for 1 h there was no significant increase in the percentage of PI 

permeable cells relative to untreated control cells as determined by the GE 

Investigator software package, Figure 3.16A. Cells treated with DCA 2 mM could not 

be imaged at 1 h indicating complete loss of integrity. Longer exposure times to DCA 

500 |jM increased the percentage of PI permeable cells to a significant extent, Figure
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3.16B. PI is conventionally used as a late marker of apoptosis or secondary necrosis 

(Rieger et al., 2010; Span et a/., 2002). Intact membranes exclude PI, and thus live 

and early apoptotic cells are not stained (Vermes, Haanen & Reutelingsperger, 2000). 

However, when cells undergo apoptosis changes occur in the plasma and nuclear 

membrane secondary to activation of apoptotic cascades which results in disruption of 

nuclear and membrane integrity. Therefore, in late apoptotic and necrotic cells, PI can 

enter the cell and pass through the disrupted nuclear membrane and intercalate with 

DNA. Hence, the gradual increase in PI permeability at 6 h and 24 h on exposure to 

DCA 500 |jM is also due to a loss in membrane integrity but is distinguishable from the 

earlier effects at 2 mM as it occurs secondary to activation of apoptotic cascades as 

opposed to an immediate cell lysis.
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Figure 3 .1 6  Propidium iodide staining o f HET-1A cells treated  w ith  DCA. HET- 

lA  cells were treated with A) DCA 500 jjM, 750 pM, 1.25 mM o r Triton X-100 

0.1% (v/v) for 1 h or B) DCA 500 ijM  for 6 h or 24 h. A fter the appropriate treatm ent 

time PI 1 pg /m l was added to each well. Live cells were visualized on the GE IN Cell 

Analyser 1000. PI uptake was measured using the Investigator software package (GE 

Healthcare, Piscataway, NJ, USA). The values are expressed as mean ± SEM o f three 

experiments performed in duplicate, * p<  0.05 as determined by a one-way ANOVA 

with Tukey post-hoc correction. C) PI stained control untreated cells visualised on the 

IN  Cell 1000. D) PI stained Triton X-100 0.1% (v /v ) treated (1 h) cells visualised on 

the IN  Cell 1000. E) PI stained DCA 500 pM (1 h) treated cells visualised on the IN  Cell 

1000, original magnification, xlO .
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Our observations on the effect of PI on cell m em brane perm eability were confirmed 

with a similar experim ent using Cell Tracker green, CMFDA. Cell Tracker reagents are 

chloromethyl derivatives that freely diffuse through the m embranes of live cells. Once 

inside the cell, they react with intracellular components to produce cell im perm eant 

dye-th ioether adducts that are both fluorescent and viable for at least 24 h after 

loading. When cells were treated with DCA 500 pM or DCA 750 pM for 1 h there was 

no change in the fluorescence intensity of cell tracker within the cells, as measured 

using the Investigator software package, Figure 3.17A . DCA 1.25 mM however caused 

a significant decrease in cell intensity of cell tracker green relative to control. When 

fluorescence was determ ined in the supernatants of these cells there was no 

significant difference in DCA 500 pM, 750 pM and DCA 1.25 mM relative to control 

indicating no leakage of Cell Tracker into the medium as a result of cell 

permeabilisation. However DCA 2 mM caused a dram atic increase in fluorescence in a 

m anner sim ilar to Triton X -100 , Figure 3.17B. Hence at this concentration, DCA can 

permeabilise the cell mem brane in a detergent like m anner but at 500 pM mem brane 

integrity is not compromised at this tim e point.
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Figure 3 .1 7  Leakage o f cell tracker green, CMFDA from H E T-IA  cells a fte r  DCA 

treatm ent. Cells pre-treated with Cell Tracker Green CMFDA (Molecular Probes, 

Invitrogen Life Sciences) were exposed to DCA 500 pM, 750 pM, 1.25 mM or Triton X- 

100 0.1% (v /v ) fo r 1 h. A) Cells were visualized on the GE IN Cell 1000 and analysed 

as in Section 2.8.2.1. Values are expressed normalized to untreated control cells and 

are the mean ±  SEM o f three experiments, *p<0.05 as determined by a one-way 

ANOVA with Tukey post-hoc correction. B) Fluorescence intensity in the supernatants 

was measured using a fluorometer. Section 2.8.2.1. Values are expressed normalized 

to untreated control cells and are the mean ± SEM o f three experiments, *p<0.05.

3 .3 .4 .3  BA toxicity screen

Having determined the hydrophobicity of our panel of compounds we then decided to 

examine the effects of this panel of BAs on the cell viability of the HET-IA cell line in 

order to investigate a correlation between cytotoxicity and hydrophobicity.

Having shown tha t BA induced cell death at 500 pM is mediated through an apoptotic 

signalling pathway whereas higher concentrations of BAs can lead to cell death 

through a detergency phenomenon; we decided to screen our panel of BAs at an initial 

concentration of 500 pM. Moreover, BAs can achieve this concentration in vivo and 

during UDCA treatm ent (Hess et al., 2004; Stadler ef a/., 1988) and the concentration 

effect curves we conducted with the natural BAs demonstrated that this concentration 

allowed for relative toxicity assessment of compounds that are moderately cytotoxic. 

Cell viability in the esophageal HET-IA line was determined at an initial BA test 

concentration of 500 nM for all compounds in the set over 24 h. Where we observed a
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s ignificant effect on cell v iab ility  a t 500  nM, the  exp erim en t was repeated  a t  

successively low er concentration in o rder to estim ate  an EC5 0  va lue. C oncentration  

response curves w ere  not calculated in cases w here th e re  was poor convergence using 

a m onophasic sigm oid function. The  500  |aM cell v iab ility  values w ere  found to  be m ost 

useful there fo re  for com parisons and they  w ere consistent w ith EC50 values in th e  

cases w here  these w ere  estim ated . Table 3 .5  shows th e  effect on cell v iab ility  a t  500  

|jM along w ith  EC50 values w here  estim ated .

Table 3.S BAs physicochemical properties (Rmw/ HSA, polar surface area (PSA) 

and CMC). The effect on cell viability relative to control in the HET-IA cell line after 

24 h incubation is shown (n=3) along with an estimated EC5 0  value. Compounds were 

introduced in DMSO and cell viability was normalised to control DMSO at the same 

concentration. g
30 MeDCA 4.697 0.281 46 (30-69)

40 30H,7PN3 5.466 0.290 99 (65-147)

2 2  UDCA3 3N3 5.452 0.303 37 (30-44)

32 DCASaNa 5.402 0.307 71(59 -84 )

33 DCA3(3N3 5.454 0.354 97 (72-129)

21 UDCABaNs 5.412 0.368 45 (28-70)

31 DCA-2 4 NH2 3.895 0.386 39 (32-49)

20 UDCA-2 4 NH2 4.54 0.397 161 (115-225)

23 3deoxyUDCA 5.304 0.399 30 (22-40)

4 DCA 4.023 0.412 257 (199-332)

3 LCA 5.27 0.417 25 (17-36)

5 CDCA 4.193 0.422 216 (134-346)

37 NCA3-acetate 5.638 0.472 366 (260-516)

34 LagoDCA 3.89 0.590 389 (251-601)

29 UDCA-2 4 N3 5.299 0.759 688 (206-1000)

36 NCA 4.468 0.769 nd

14 UDCA 3.35 0.788 1313 (997-1727)

25 BisnorUDCA 3.623 0.805 799

27 BisNorUDCACN 3.623 0.805 nd

41 UCA 3.011 0.808 nd

35 12-KetoLCA 3.66 0.818 nd

42 HCA 4.407 0.882 nd
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g
24 Nor UDCA 3.395 0.888 Nd

39 3,7-diketone 3.266 0.935 Nd

26 UDCA24CN 4.938 0.940 Nd

19 MeUDCA 4.776 0.943 Nd

28 UDCA-240H 5.032 0.975 Nd

11 CA 3.25 1.016 1075 (910-1270)

12TCA 1.908 1.052 Nd

16 GUDCA 2.124 1.073 1002 (753-1333)

15 TUDCA 1.717 1.092 Nd

38 3,7,12-ketone 1.925 1.109 Nd

17 TDCA 2.529 1.113 1237

10 GCDCA 2.926 1.116 Nd

13 GCA 2.243 1.121 Nd

9 TCDCA 2.597 1.300 729

18 GDCA 2.926 1.148 Nd

Figure 3 .18  shows MTT cell v ia b ility  data  fo r  all com pounds a t 500 pM grouped as 

shown.
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Figure 3 .1 8  Cell v ia b ility  o f  H E T -IA  cells in  response to  n a tu ra l and  syn th etic  

BA d eriva tives  c lassified  as show n. HET-IA cells were treated with various BAs for 

24 h (500 ijM ) or PM A 1 fjg/m l for 24 h. Cell viability was assessed in each case by the 

metabolism of the formazan salt, 3 -(4 , 5 dim ethylthiazoi-2-yl)-2,5 diphenyltetrazolium  

bromide (MTT) and is expressed relative to untreated control. Values represent the 

mean ± SEM of three experiments performed in triplicate, *  p < 0 .0 5  as determined by 

a one sample t-test.

These exp erim ents  allowed us to  m ake  a n u m b er of general s tructure -cyto tox ic ity  

observations. The glycine and tau rin e  con jugates o f CA, CDCA, DCA and UDCA w ere  

not cytotoxic  a t 500  |xM. The lack of a BA tran s p o rte r in th e  H E T -IA  cell line and the  

subsequent im p erm eab ility  to  ionised BA species m ost likely  accounts fo r this. The  

conjugates did show a trend tow ards increased cell pro liferation  but this only achieved  

statistical significance in the  case of TDCA. T h ree  of these com pounds did trig g er cell 

death  but only when th e  concentration was raised above ~ 1  m M . The EC50  of the  

conjugates and least toxic unconjugated BAs caused cell death  a t a s im ilar 

concentration  suggesting th a t a t these high concentrations th e  m echanism  of cell 

death  was not s tructure  specific for these  com pounds.
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All of the ionisable azido compounds (21, 22, 32, 33, and 40) were potently 

cytotoxic. The UDCA and DCA 3-azido analogues were significantly more toxic than the 

parent compounds. The 3c and 3p UDCA azides (21, 22) were more potent than the 

DCA azides (32, 33) with EC50 values of 45 pM and 37 pM respectively. The 7(3-azido 

compound (40) was also cytotoxic ( E C 5 0  99 ^M) however the 24-azido UDCA 

derivative (29) was not toxic at 500 despite its high lipophilicity.

Indeed most of the neutral side chain UDCA analogues were not cytotoxic despite 

being highly hydrophobic. These included the UDCA alcohol (28), the UDCA nitrile 

(26) and bisnornitrile (27) and UDCA methyl ester (19).

The only exception to this rule was the UDCA amide (20) which was cytotoxic. Indeed 

both DCA and UDCA primary amides were markedly toxic ( E C 5 0  39, 161 |j,M 

respectively) (31, 20). In contrast, the DCA methyl ester (30) was more toxic than 

DCA itself (EC50 46 pM) but the UDCA ester (19) was not more toxic than UDCA. The 

methyl ester was not acting as a prodrug for DCA in this context because it could be 

recovered unchanged from the medium at 24 h. The UDCA and DCA amide as well as 

the methyl esters were recovered unchanged from the medium.

The 3-deoxy UDCA compound (23) which had similar retention behaviour as LCA (an 

isomer of LCA) was highly toxic. Hence a 73-OH is not a pre-requisite for a lack of 

toxicity. The nor and BisnorUDCA derivatives were not toxic (24, 25).

Oxidation of the steroid secondary alcohols to a ketone was associated with a 

reduction in cytotoxicity. NCA (36) was less toxic than CDCA (5) and 12-keto LCA 

(35) was less toxic than DCA (4) for example. Esterification of NCA at the 3 position 

increased cytotoxicity to a significant extent (37). In fact while this was the most 

hydrophobic compound in the panel, it did not display the greatest toxicity having an 

EC50 of 366 pM, in the same range as LagoDCA (34).

3 .3 .5  R e la t io n sh ip  b e tw e e n  BA h y d ro p h o b ic ity  and  cell v ia b i l i ty

A relationship between the hydrophobicity and toxicity of BAs has been speculated to 

exist for some time based mainly on the contrasting behaviour of LCA, DCA and CDCA 

and more polar di- and tri-hydroxy BAs such as UDCA and CA. In our study overall, 

the most polar compounds were in general the least cytotoxic with notable exceptions 

as outlined above. There was a significant linear relationship between and cell 

viability at 24 h (r^=0.6) in the total set of 37 compounds.
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Figure 3 .1 9  Linear regression lines showing 9 5 %  confidence bands for cell 

viability a t  24  h in the H E T-IA  cell line and Rmw The panels show. A: Linear 

regression for compounds 3, 4, 5, 9 -42 ; B: Linear regression for the ionisable (acidic) 

compounds 3, 4, 5, 9 -18 , 2 1 -2 5 , 3 2 -4 2 ; CDCA ( m)  DCA ( A )  and LagoDCA(») are 

highlighted; C: Linear regression for the ketones 35 -39 ; D: Linear regression for the 

UDCA analogues with an acidic side chain.

A sim ilar correlation level was achieved using the sparser EC50 values. The strength of 

the association was significantly increased when the neutral compounds were excluded 

(Figure 3.19B: r^=0.82, n = 29). This m ight be explained by differences in ionization 

between the neutral and acid compounds that overwhelm more subtle retention 

interactions. However, in the group of neutral compounds (n = 8 ) there was a very 

weak association between /?mw and cell viability (r^=0.11). I t  is notable that in Figure 

3.19B DCA, CDCA and LagoDCA are out of trend being significantly more toxic than 

predicted on the basis of Rmw

Excellent correlations were obtained for the ionisable UDCA group (r^=0.96, n = 8 ) and 

the ketone panel (r^= 0.97, n = 5) (Figure 3.19C and 3.19D); focussing in this way on
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relatively homologous groups minimises confounding structural factors. There were no 

significant correlations between the in silico bulk hydrophobicity/polarity indices and 

effects on cell viability, consistent with the idea that relative BA hydrophobicity is a 

shape dependent property that is better predicted chromatographically.
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3.4 Discussion

Experimental evidence identifies BAs as activators of various signalling pathways. 

However the exact interactions involved in initiating these signals remain unknown 

(Katona et a!., 2009). Many of the genomic actions of BAs can be accounted for by 

activation of FXR, a nuclear receptor for BAs (Makishima et a/., 1999; Parks et al., 

1999). More recently BAs have been found to act as agonists for the G protein- 

coupled receptor, TGR5 (Sato et al., 2008) which accounts for some of their non- 

genomic effects.

A specific binding target responsible for BA induced cell death remains elusive. BAs 

have also been shown to initiate signalling through membrane perturbations (Akare & 

Martinez, 2005; Jean-Louis e ta /., 2006) indicating that some of their biological actions 

may not be due to specific protein interactions but rather are mediated by their 

physicochemical properties. This has lead to a general acceptance amongst 

researchers, that BA hydrophobicity is a determinant of cytotoxicity, exemplified by 

the toxicity associated with the hydrophobic LCA, CDCA and DCA and non-toxic effects 

of the relatively hydrophilic UDCA. Recent studies, particularly by Katona et al, using 

enantiomeric BAs have indicated that there are structural requirements for toxicity 

and hydrophobicity alone is not the sole determinant (Katona et al., 2009).

BA hydrophobicity has not been correlated with cytotoxicity in the literature to date. 

Furthermore there is a dearth of information regarding BA toxicity SAR. Hence we 

decided to investigate the relationship between BA physicochemical characteristics and 

cell viability in an esophageal model, focusing on hydrophobicity.

In this work we aimed to assemble a panel of BA derivatives with a spectrum of 

physicochemical characteristics. The relative polarity of these compounds was initially 

evaluated using RPHPLC however we found that RPTLC retention extrapolated to zero 

organic modifier was a less ambiguous and more consistent measure of 

hydrophobicity. The effect of these compounds on cell viability of the HET-IA cell line 

was then determined using the MTT assay. We found that polarity as determined at 

pH7.4 was predictive of BA toxicity in our panel. Hence we are the first group to 

determine a direct correlation between BA hydrophobicity and toxicity. This correlation 

could prove to be a useful high throughput tool for cytotoxic BA discovery and 

development.

At present it is difficult to say whether the associations are due to a hidden common 

factor, such as membrane-perturbation effects or whether it is a reflection of a 

capacity to bind specifically to unidentified BA target proteins. Hence it is possible that 

a carboxylate group is required for binding to an unidentified target after which, 

increasing hydrophobicity increases efficacy. Correlations between hydrophobicity and
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protein binding and potency are well known (Khatib et a!., 2007; Sarl<ar & Kellogg, 

2010 ).

The toxicity of the UDCA amide could be accounted for by the fact tha t an amide is a 

classical bioisostere for COOH. Furthermore our correlation broke down for non- 

ionisable lipophilic BAs and it does not fully account for the toxicity associated with 

DCA, CDCA and LagoDCA.

A num ber of observations were made regarding BA toxicity SAR. For example azido 

substitution on the BA nucleus is associated with enhanced toxicity and the azide 

group may therefore be a useful design tool for BA-based cytotoxic agents. Simple 

DCA and UDCA amides also hold promise in this regard. However it is clear tha t only a 

much larger panel of compounds would allow for development of quantitative-SAR. 

Important compounds to include in such a panel would be CDCA, CA and LCA primary 

amides and azides, Indeed an LCA azide with an amide side chain would be predicted 

to be potently cytotoxic based on hydrophobicity and structural observations from our 

study. Other compounds of interest would be the chain shortened DCA and CDCA 

derivatives; methyl and ethyl esters  of DCA, CDCA, UDCA and CA. Introduction of the 

amino functional group a t various positions on the BA nucleus would be of interest due 

its hydrogen bonding ability. A classical hydrophobic group would be the fluoro group 

which would also make for an interesting series of compounds.

A num ber of BA based medicinal chemistry programm es are focussed on derivatising 

the natural BAs and increasing potency in term s of their cytotoxicity. In some ways 

this is paradoxical as the  ability of the  natural BAs to induce apoptosis which then 

leads to an apoptosis resistance is thought to be a mechanism by which BAs induce 

carcinogenesis. The development of resistance in response to a BA based cytotoxic 

agent would have to be investigated.

Furthermore little work has been done showing the specificity of these  agents  on 

cancer cells over normal cells. In this regard it would be important to elucidate the 

mechanism by which these agents induce apoptosis so tha t compounds specifically 

targeting proteins expressed in cancer cells could be developed. On the other hand 

prodrugs or methods for site specific delivery could be explored.

It would also be interesting to carry out this study in another cell line to determine if 

the correlation between hydrophobicity and cytotoxicity holds true across different cell 

lines. Indeed this correlation can only be interpreted with caution until the work has 

been validated in different cell models. An interesting model cell line to repeat this 

work in would be a hepatic cell line known to express a BA transporter. However 

before such work could be carried out it would be necessary to show tha t our 

derivatives bind to BA transporters.
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The present work has also shown that esophageal cells are sensitive to BA induced 

injury and proliferation in the concentration range of 1 to 500 pM which is a 

pathological concentration and that cell death at < 5 0 0  pM is mediated through 

intracellular signalling rather than through detergency. Direct changes in m em brane  

integrity occur a t DCA concentrations far in excess of that found in esophageal 

refluxate. Nehra et al have shown that peak BA concentrations in patients with 

Barrett's esophagus were in the 1 to 400  pM range (Nehra et a!., 1999). This work 

opens up the possibility for chemoprevention of esophageal adenocarcinoma in at risk 

patients through inhibition of specific molecular targets or antagonism of the 

secondary BAs.

In conclusion, in this work we have succeeding in demonstrating the relationship 

between BA toxicity and hydrophobicity. This represents the first direct correlation  

between BA toxicity and a hydrophobicity param eter that we are aware of. The 

correlation is strongest with acidic BAs and it was especially strong in structurally 

homologous subgroups. This could be a useful tool for developm ent of cytotoxic BAs in 

esophageal cell lines. However the correlation must be interpreted with caution until it 

has been validated in other cell models.
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•' s SisŜ i •'. , 1.̂  ' ., - I'l ^ .'. i " I . I I » - I • • .. uj .1 » •*'1 •,»■ ■ •'

, . ' ■ *■, ^ ' I ‘ -■ • I -< I I ■ • '• •, J'; . • I •* ' ' i' ' • I . • ' • • I I -
h_ Jiii.j’.rt̂ '!'.; i  •• '-S ' ''JiL'' rcTL.’ ‘i i ' - j . t . T . - ' ^  ..-i-' -,T... •

■'. V -I'.sv . .̂* • ' I '.-I'..' i • .

wefsaSpk̂ tMi'S:.-'
IUf«ff

Swl;!?- .'r ,

■■ '■< , r-̂ '' c!^ X -  - t "  ■'■ " ' -



4 CHAPTER FOUR

RESULTS

Modulation of the Glucocorticoid Receptor by 

UDCA and derivatives
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Chapter IV

4.1 Introduction

4.1.1 Nuclear receptors

Nuclear receptors (NR) form the largest known family of eukaryotic transcriptional 

regulators (Renaud & Moras, 2000). They control a diverse range of physiological 

functions including development, growth, reproduction, cell differentiation, 

proliferation, apoptosis and metabolism (Renaud & Moras, 2000). Furthermore they 

are essential in the m aintenance of homeostasis. All NRs share a highly conserved 

common structural organisation consisting of five to six domains depending upon the 

particular receptor. The DNA-binding domain (DBD) and the ligand binding domain 

(LBD) are the most highly conserved regions (Germain et  al., 2006; Heitzer e t  al., 

2007). By constructing a chimeric protein in which the estrogen receptor (ER) DBD 

was replaced with tha t of the GR, Green e t  al dem onstrated tha t these  domains can 

function independently of each other. This protein was able to bind to estradiol, the 

cognate ligand of the ER, but activated glucocorticoid (GC) responsive genes (Green et  

al., 1988).

NR signalling is highly complex. It can be genomic or non-genomic and ligand- 

dependent or independent. NRs bind to sequence specific promoter elem ents on ta rge t 

genes as  monomers, homodimers and sometimes as heterodimers with the retinoid X 

receptor (RXR) and thus modulate transcription by inducing gene activation and gene 

repression. NRs can themselves be the ta rge t of other signalling pathways tha t induce 

post-translational modifications in the receptor and subsequently affect their function 

(Germain e t  al., 2006). Conversely the receptors can regulate other major cell 

signalling cascades. Forty-eight NRs are currently known out of which only 24 are 

liganded receptors (Germain e t  al., 2006). Ligands for NRs include steroid and thyroid 

hormones, vitamins, eicosanoids, oxysterols and BAs which have been shown to bind 

to the  FXR (Wang e t  al., 1999). Different ligands and their corresponding receptors 

are shown in Figure 4.1. All ligands tend to be small and hydrophobic but o ther than 

this they all vary greatly in structure (Germain e t  a!., 2006).
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Figure 4 .1  Structures o f ligands and corresponding nuclear receptors.
AR=androgen receptor, MR-mineralocorticoid receptor, PR=progesterone receptor, 

ER=estrogen receptor, EcR=ecdysteroid nuclear receptor, VDR = Vitamin D receptor, 

LXR=liver X  receptor, RXR=retinoid X  receptor, FXR=farnesoid X  receptor, TR=thyroid 

hormone receptor, PPAR=peroxisome proliferator activated receptor.
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In 1999 a unified nomenclature system was proposed for the NR family (Committee,

1999). The system is based on sequence alignment and phylogenetic tree construction 

connecting the 65 known NR genes in vertebrates, arthropods and nematodes. The 

human NR family is divided into six evolutionary conserved groups. The steroid 

hormone receptors and the steroid hormone receptor-like receptors form the NR 

subfamily 3 (NR3) (Beato & Klug, 2000). The steroid hormones which includes the 

estrogens, the progestins, androgens, GCs and mineralocorticoids (Beato & Klug,

2000) are produced in the gonads and adrenal glands in the mammals. NR3 consists 

of three groups A, B and C as shown in Table 4.1.

Table 4.1 Trivia! and nomenclature names of the steroid hormone receptor

family (NR3).

ERa NR3A1

ERP NR3A2

ERRc/ERRl (estrogen related receptor) NR3B1

ERRp/ERRl NR3B2

GR NR3C1

MR NR3C2

PR NR3C3

AR NR3C4

4 .1 .2  S tructure  and function o f th e  GR 

4.1.2.1 The GR gene

The structure of the human GR gene was elucidated in 1991 by Encio et a! (Encio & 

Detera-Wadleigh, 1991). The gene is located in chromosome 5 and consists of 9 exons 

as shown in Figure 4.2A. Exon 1 represents the 5'-untranslated region, while exons 2- 

9 code for the protein and the 3'-untranslated regions (Encio & Detera-Wadleigh, 

1991). Exon 1 is composed of several independent variants called lA - lJ , each of 

which contain its own transcriptional start site and unique promoters (Presul et at., 

2007; Turner et a/., 2006).

Analysis of the promoter region of the human GR reveals 15 unique binding sites for 

transcription factors (Yudt & Cidlowski, 2002). Two promoters known as promoters IB 

and 1C exist in the region upstream of exon 1C. Promoter IB  contains a NF-kB binding 

site and promoter 1C an AP-2 site (Schaaf & Cidlowski, 2002). Further upstream, 

promoter lA  contains an interferon regulatory factor binding element and a sequence
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resembling a GC responsive element (GRE) itself (Breslin, Geng & Vedeckis, 2001). 

Therefore although the GR is considered ubiquitous it is regulated by a variety of 

transcription factors binding to the ir response elements within its promoter regions 

(Yudt & Cidlowski, 2002). The varieties of promoters, transcription factor-binding 

sites, and transcriptional start sites are thought to account for the differences in gene 

expression of hGR throughout the body (Revollo & Cidlowski, 2009).

Similar to exon 1, exon 9 can also be alternatively spliced. Alternative splicing of exon 

9 gives rise to the mRNA of the two best characterised hGR isoforms- GRa and GRP 

(Revollo & Cidlowski, 2009). GRa mRNA (5.5 kb) contains exon 9o, whereas GR(3 

mRNA (4.3 kb) contains exon 9|3 (Schaaf & Cidlowski, 2002) , Figure 4.2B. A third hGR 

mRNA (7.0 kb) is also known to exist which contains the entire exon 9, including exon 

9o, a 'J region', and exon 9p. This mRNA is most likely translated into hGRo (Breslin et 

al., 2001).

A Structure of hGR gene

cm irfi=:xi3rxxx:rii._.—
1A 1B1C 2 3 4 5 6 7 8 9« 9(4

B Alternative mRNA splicing

hSR« ClBBBIiai881ZZEZZZ3)
hSRp

1 2  3 4 S 6 7 8

C  Alternative inttiation sitesot hGRa protein

A i d  
B27GI

; 777

D1 316 

D2 331

03 3 9 8 0

Figure 4 .2  The hum an GR gene encodes fo r m ultip le isoforms. A) The human 

GR gene is composed o f nine exons. B) A lternative splicing o f exon 9 gives rise to 

hGRa and hGRp. C) Translation a t different in itiation sites can result in several more 

isoforms from each mRNA, image taken from (Revollo & Cidlowski, 2009).

Several more GR isoforms are known to exist through alternative translation initiaton 

of the mature mRNA. This can occur when the ribosome skips an upstream initiation
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codon starting translation from an alternative initiation site further downstream in the 

mRNA (Revollo & Cidlowski, 2009). These isoforms have shorter N-terminal regions as 

shown in Figure 4.2C. The human GRa and GRP isoforms can each give rise to a 

further eight translational isoforms (Lu & Cidlowski, 2005). Lu et a! have shown that 

these isoforms have unique tissue distribution patterns. Each isoform can undergo 

different post-translational modifications which further affect the function of the 

receptor (Lu & Cidlowski, 2006). Each GR isoform can display diverse patterns of 

trafficking from the cytosol to the nucleus. Furthermore the isoforms regulate a 

common but also a unique set of genes in the same cell type and so the authors 

propose that the unique GR isoform repertoire in cells determine the cell specific 

response to the GCs (Lu &. Cidlowski, 2005).

Much work remains to be done in characterising these isoforms and human GRo and 

GRP remain the most highly expressed isoforms. GRa is composed of 777 amino acids 

whereas GRp is shorter with only 742 amino acids and is expressed to a lesser degree. 

GRc and GRP are identical up to amino acid 727 after which the 15 carboxy-terminal 

amino acids in GRP are unique and replace the carboxy-terminal 50 amino acids in 

GRa. The physiological relevance of GRP remains unclear. To date it is thought that 

GRp is transcriptionally inactive and is unable to bind agonists. However recent studies 

have shown that GRp can bind mifepristone, a GC antagonist (Lewis-Tuffin et al., 

2007). This study showed that the presence of GRP is sufficient to induce changes in 

gene expression and that in the presence of mifepristone these changes are inhibited. 

Higher expression of hGRP has been associated with cardiovascular disease, as well as 

GC-resistant asthma, ulcerative colitis, and rheumatoid arthritis (Lewis-Tuffin & 

Cidlowski, 2006). The most physiologically relevant effect of GRP however seems to be 

its negative regulation of GRa. Recent studies investigating this mechanism have 

shown that it is through the formation of GRa/p heterodimers which are incapable of 

binding co-activators as a ligand activated GRa homodimer would which mediates this 

attenuated GRa response (Oakley etal.,  1999).

4.1 .2 .2  GR protein

The domain structure of the human GRa protein, isoform A is shown in Figure 4.3.
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Figure 4 .3  Domain structure o f the hum an GRa protein, isoform A. The GRa

protein consists o f three domains, an N term inal domain, a DBD and a ligand binding 

domain in the C-terminal region o f the protein. Image taken from (Revollo & 

Cidlowski, 2009).

GRa is a modular protein and is comprised of tliree major domains (Revollo & 

Cidlowski, 2009). The most N-terminal domain consists of amino acids 1-420. I t  is 

often referred to as the immunogenic domain, since human GR antibodies were 

in itia lly raised against this region. The DNA-binding domain (DBD) of hGRo comprises 

amino acids 421-488, and its C-terminal LBD consists of amino acids 527-777 (Schaaf 

& Cidlowski, 2002).

The N-terminal domain contains the activation function-1 (AF-1) m otif that physically 

interacts with basal transcriptional machinery such as the TATA box binding protein 

and RNA polymerase II to modulate gene activation (Kumar et al., 2004). The AF-1 

can act constitutively in the absence of the LBD and can stimulate transcription from 

simple promoters containing GREs (Kumar & Thompson, 2005). The AF-1 is rich in 

acidic amino residues. Studies have shown that the AF-1 region is mostly unstructured 

but acquires a folded functional conformation for example when the GR DBD is bound 

to GREs and AFl binds other transcription factor proteins (Kumar & Thompson, 2005). 

The DBD contains two zinc finger motifs and is essential for binding to DNA but also 

for receptor dimerisation and transrepression (Kumar & Thompson, 2005; Necela & 

Cidlowski, 2004; Revollo & Cidlowski, 2009). The DBD contains amino acids that 

contact specific bases in GRE sequences to provide site specificity for GR: DNA 

binding. These amino acids are in the first zinc finger whereas the second zinc finger 

stabilises the DBD: GRE interaction. Five amino acids in the second zinc finger region 

are referred to as the "D box". These play an important role in homodimerisation at 

the GRE (Kumar & Thompson, 2005).

The C-terminal domains contains the ligand binding motif, a nuclear localisation signal 

(NLS) and a second AF-2 m otif (727-763) that is involved in interactions with various 

transcriptional regulatory factors (Kucera e ta /., 2002; Revollo & Cidlowski, 2009). The 

AF2 functions in a ligand-dependent manner to fold so as to complete binding surfaces
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for other proteins including co-activators and co-repressors (Kumar & Thompson, 

2005). This region is also important for binding to the chaperone hsp90 (Necela & 

Cidlowski, 2004). In addition to these large domains there is a small flexible portion of 

the protein called the hinge region located between the DBD and the C-terminal 

domain which contains an additional NLS (Kumar & Thompson, 2005).

The GRa protein can also undergo post-translational modifications by phosphorylation, 

sumoylation and ubiquitination. Phosphorylation of the protein at serine residues 203, 

211 and 226 leads to changes in its subcellular localisation (Revollo & Cidlowski, 2009) 

whereas ubiquitination at lysine 426 changes the cellular half life of the protein as it 

targets the receptor for proteasomal degradation (Duma, Jewell & Cidlowski, 2006). It 

is believed that such modifications can modify GR signalling. Phosphorylation of 

steroid receptors has been proposed as a potential mechanism for ligand independent 

activity. However the GR does not appear to respond to any such activation in the 

absence of a ligand (Weigel & Zhang, 1998). Ligand induced phosphorylation of the 

GR can occur (Bodwell et al., 1998). It  has been proposed by Defranco et al that the 

protein phosphatases type 1 and 2a regulate the nuclear-cytoplasmic distribution of 

the GR (DeFranco et al., 1991). It  has also been proposed that dephosphorylaton of 

the receptor might be required in the process of activation (Litwack, 1988; Reker et 

al., 1987). The consequences of GR phosphorylation and dephosophorylation require 

much more investigation.

4 .1 .2 .3  Mechanism of GR action

The unliganded GR is multimeric protein complex consisting of the GR polypeptide, a 

heat shock protein 90 (hsp90) heterocomplex which can consist of hsp90, hsp70, 

hsp56, hsp50 (Heitzer et al., 2007; Necela & Cidlowski, 2004; Revollo & Cidlowski, 

2009), a p23 subunit and one tetratricopeptide repeat protein (TPR) as shown in 

Figure 4.4.

120



NH2 MHZ
COOH

fHSpgofl

BuQR: Buon

p» I  HSP9(A

FK506 FKBP52 FKSoe FKGP51

COOH

Buon

p23 I  HSP90)HSP90

c»aN Cyp40

Figure 4 .4  Four distinct steroid receptor complexes. The unliganded GR is 

m ultimeric protein complex consisting o f the GR polypeptide, a hsp90 heterocomplex 

,a molecule o f p23 and one TPR, image taken from (Heitzer et al., 2007).

The p23 molecule is involved in stabilising the hormone binding conformation. The TPR 

proteins are the immunophilins, FKBP52, FKBP51, Cyp40 and PP5. These link with the 

receptor through the hsp90 complex. The associated TPR depends on the receptor 

subtype and the proteins are thought to modulate the activity of the receptor although 

they are not essential for its function (Heitzer et al., 2007). Binding of GC agonists to 

the cytoplasmic GR induces this complex to dissociate, resulting in a conformational 

change that unmasks NLSs and results in rapid translocation of the GR to the nucleus 

(D ittm ar et al., 1997). Specific mechanisms suggested for translocation include the 

receptor first fusing with lysosomes and subsequently fusing with the nucleus or 

simply that the diameter of the nucelopore may be large enough to accommodate the 

activated receptor (D ittm ar et a!., 1997). Upon ligand binding the receptor dimerises 

principally through the DBD but regions outside the DBD are also involved. 

Dimerisation precedes DNA binding as GR dimers have been shown to bind to GREs 

(Wrange, Eriksson & Perlmann, 1989).
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Figure 4 .5  Mechanisms o f GR action. Ligand binding results in dissociation of GR 

from chaperones and translocation of the protein to the nucleus. The GR then binds as 

a dimer to GREs in target genes to activate transcription, to nGREs to inhibit 

transcription, and can also physically interact with the transcription factors AP-1, NF- 

k B and STAT family proteins to repress or enhance genes regulated by them. Example 

of genes regulated by the GR are shown on the right. GTM=general transcription 

machinery. Image taken from (Necela & Cidlowski, 2004).

GREs are the DNA sequences to which GRc binds. The binding occurs in the major 

groove of the DNA through the central zinc finger of the DBD (Necela & Cidlowski, 

2004). GREs are distributed in the proximal promoters of target genes but they differ 

in copy number, sequence, and location with respect to each other. These factors and 

other cellular influences contribute to the extent to which an individual gene is 

activated or repressed (Wieland, Schatt & Rusconi, 1990). GRa and DNA interactions 

can result in activation of genes through a variety of different mechanisms. If  the GRE 

is in close proximity to the TATA-box then GRa can recruit key components of the 

basal transcription machinery including TATA box-binding protein (TBP), TBP- 

associated factors, and RNA polymerase I I  to the TATA-box itself. On the other hand, 

if the GRE is located at a distance to the TATA-box, then the GR can make use of co­

activators to promote the recruitment of the basal transcription machinery to the

122



promoter elements (Revollo & Cidlowski, 2009; Rosenfeld & Glass, 2001). When the 

GR binds to GREs a conformational change is induced within the receptor which results 

in recruitment of several critical co-activator complexes. On top of their direct 

interactions with the transcription machinery, co-activators also affect local chromatin 

remodelling, through for example, histone acetylation and methylation, in order to 

induce nucleosomal rearrangement which enhances promoter accessibility (Heitzer et 

a!., 2007; Necela & Cidlowski, 2004; Ogryzko et a/., 1996; Onate et at., 1995). Co­

activators include the cAMP response element-binding protein (CREB)-binding 

protein/p300 and the p l6 0  family of co-activators, designated steroid receptor co­

activators (SRCs) which consists of SRC-1 (or NcoAl), SRC-2 (or T IF-2, G R IP l), and 

SRC-3 (or p/CIP,RAC3, ACTR, or A IB l) (Heitzer et a/., 2007; Necela & Cidlowski, 

2004).

Co-repressors bind to nuclear receptors in the unliganded state and this interaction is 

believed to be stabilised by antagonists (Stevens et a!., 2003; Xu et a/., 2002). 

Recently co-repressors have also been identified as associating with both agonist and 

antagonist bound GR complexes (Wang et a/., 2004). Co-repressors have also been 

recently identified and include nuclear receptor Co-repressor (IMCoR) and silencing 

mediator of retinoid and thyroid receptors (SMRT) (Horlein et a/., 1995). Co­

repressors are thought to repress steroid receptor-mediated gene expression by 

interacting with histone deacetylases (HDACs), which promotes a closed chromatin 

structure and represses transcription (Glass & Rosenfeld, 2000; Heitzer et a!., 2007). 

Cells express a mixture of both co-activators and co-repressors and so it has been 

hypothesised by Wang et a! that the agonist activity of GR complexes is modulated by 

the intracellular ratios of Co-repressor versus co-activator (Wang et a/., 2004).

Genes activated by GRo include interleukin-10, p-adrenergic receptor, interleukin-1 

receptor antagonist and dual specificity protein phosphatise 1 (DU SPl), many of which 

have anti-inflammatory functions (Perretti & D'Acquisto, 2009). GCs also induce 

expression of the anti-inflammatory annexin A1 (lipocortin 1) but the mechanism by 

which they regulate annexin A1 has not been defined. Although it has been suggested 

that the mechanism may be indirect as the annexin A 1 promoter contains a partial 

consensus binding site that mediates responsiveness to IL-6 (Perretti & D'Acquisto, 

2009).

GRo can also lead to a repression of genes by binding to negative GREs (nGRE). This 

process is often referred to as cis-repression. nGREs are similar to GREs but are 

located close to the DNA-binding sites of other transcription factors required to 

activate a particular gene (Revollo & Cidlowski, 2009). For example, the human FasL 

gene contains an nGRE adjacent to a nuclear factor-KB (NF-kB) site (Novae et a/., 

2006). Binding of GRa to this nGRE prevents NF-kB binding leading to gene silencing.
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4 .1 .2 .4  GR protein-protein interactions

The majority of gene repression induced by GRa is mediated via direct protein 

interactions rather than through nGREs. These protein interactions have been 

characterised for the pro-inflammatory transcription factors NF-kB and AP-1. This 

method of repression is often referred to as trans-regulation or transrepression and is 

mediated through GR monomers (Zanchi etal.,  2010).

NF-kB is composed of subunits from the Rel family of proteins (p50, p52, p65, Rel B, 

and c-Rel). p50/p65 is the most common heterodimer combination. NF-kB is usually 

inactive, bound to I kB in the cytoplasm however inflammatory stimuli result in 

phosphorylation of I kB and its subsequent dissociation from NF-kB. NF-kB then 

translocates into the nucleus and activates transcription of genes involved in 

inflammatory processes. GRa can physically bind to p65 (Rel A) and repress the NF- 

KB-mediated transcription by preventing its association with its DNA-binding site. Even 

if NF-kB manages to reach its DNA binding site, binding of the GR to it can prevent the 

recruitment of the necessary transcription machinery (McKay & Cidlowski, 1998). 

Competition for the same co-activators can also result in repression. GRa has also 

been reported to inhibit NF-kB mediated phosphorylation of RNA polymerase II.

NF-kB regulates a large number of pro-inflammatory proteins. GRo induced NF-kB 

repression consequently leads to repression of a large number of pro-inflammatory 

genes including tumour necrosis factor o (TNFo), interleukin-ip, granulocyte monocyte 

colony stimulating factor, IL-6 and IL-8 and many others.

In a similar way GRo can bind and repress the transcriptional activity of the 

transcription factor AP-1. This interaction involves the GR DBD and the leucine zipper 

region of c-Jun, a subunit of the AP-1 protein (Schule et a!., 1990).

GRo can also directly interact with the STAT family of proteins to activate genes. The 

STAT proteins regulate expression of genes that influence growth, survival, and 

apoptosis. The GRa-STAT interaction can, in some instances, enhance STAT-mediated 

gene expression.

4 .1 .2 .5  Non-genomic signalling

In general, significant changes in regulator protein concentration takes more than 30 

min and it takes hours or days before changes on a cellular, tissue or organism level 

become evident (Stahn e ta /., 2007). However some of the immunosuppressive effects 

of GCs occur too fast to be explained by effects on gene transcription. There is also 

increasing evidence that GCs are capable of non-genomic signalling events. One of the 

best examples of this is an inhibition in the production of the pro-inflammatory 

molecule, arachidonic acid through attenuation of the epidermal growth factor 

receptor pathway.
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GRa has been shown to induce expression of iipocortin 1 (Gouiding & Guyre, 1993; 

Perretti & D'Acquisto, 2009) but recently Croxtall et al dennonstrated that ligand 

binding to GRo can lead to phosphorylation of lipocortin-1. Phosphoryiated Iipocortin 1 

displaces the protein Grb2 from active EGF receptors decreasing EGF signalling which 

results in diminished activity of phospholipase A2. Phospholipase A2 catalyses the 

production of arachidonic acid, breakdown of which leads to production of 

prostaglandins. GRa signalling in this way can lead to a rapid decrease in 

prostaglandin production with the effect occurring within minutes (Croxtall, Choudhury 

& Flower, 2000; Revollo & Cidlowski, 2009; Schaaf & Cidlowski, 2002). Furthermore 

Solito et al showed tha t GC induced phosphorylation of Iipocortin 1 results in its 

translocation to the membrane and that this is dependent on MAPK, 

phosphatidylinositol 3-kinase, and PKC pathways (Solito e ta l. ,  2003).

Furthermore GCs can alter cell function by modifying cation transport through the 

plasma membrane and increasing proton leakage out of the mitochondria (Buttgereit 

et al., 2004). Amsterdam et al have suggested that alteration in membrane potential 

is im portant in induction of cellular apoptosis by GCs (Amsterdam, Tajima & Sasson, 

2002).

Hence the ligand activated GR can modulate gene expression by trans-activation 

through GREs, cis-repression through nGREs and trans-repression through protein- 

protein interactions.

4.1.3 GR Ligands

4 .1 .3 .1  Cortisol-the endogenous GC

The adrenal cortex synthesises two classes of hormones, the corticosteroids which 

belong to the pregnane family of steroids and have 21 carbon atoms and the 

androgens which have 19. The corticosteroids consist of the GCs and the 

mineralocorticoids reflecting the receptors for which they have greatest affinity. Unlike 

BAs corticoids are relatively planar compared to BAs due to the trans fusion of the A/B 

ring (The A/B ring is cis fused in BAs). Cortisol (58 ) is the main endogenous GC in 

humans and aldosterone (59) is the predominant mineralocorticoid. Cortisol is 

secreted at an average daily rate of 10 mg/day with peripheral plasma concentration 

peaking in the morning at 16 pg/100 ml plasma.
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Figure 4 .6  Structure and differences betw een cortisol and aldosterone

Cortisol is transported in the body as cortisone (68) and is found in plasnna bound to 

carrier proteins. Cortisone undergoes reduction intracellularly by ll(3-hydroxysteroid 

dehydrogenase 1 (11(3HSD1) to cortisol establishing an equilibrium intracellularly as 

shown in Figure 4.7. Cortisol is pharmacologically referred to as hydrocortisone.

OH ,0HHO HO

HO,

llpH SD l

pHSD2

Cortisol (58)Cortisone (68)

Figure 4 .7  Cortisone exists in equilibrium  w ith cortisol. Intracellu larly cortisol 

exists in equilibrium with cortisone. This equilibrium is maintained by the llj3HSD as 

shown.

4.1 .3 .2  Physiological and pharmacological Effects of GCs

Cortisol is essential for life regulating transcription of a wide number of genes and 

hence affecting several physiological processes. Cortisol bound GR regulates 

transcription of an array of genes involved in glucose and lipid metabolism, bone 

turnover, lung maturation, and homeostasis of the immune, cardiovascular and central 

nervous system (Suino-Powell et al., 2008). Cortisol counteracts insulin inducing a 

decrease in the uptake and utilisation of glucose and an increase in gluconeogenesis 

resulting in hyperglycaemia. This leads to increased glycogen storage in response to 

increased insulin secretion as a result of the hyperglycaemia. Effects on protein
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include dec reased  protein synthesi s  and increased protein breakdown especially in 

muscle.  There a re  two principal effects of GCs on lipid metabol ism.  One is the  

dramatic  redistribution of body fat  which occurs  in excessive GC product ion in a 

disease called Cushing's syndrom e.  The redistribution is predominant ly  seen in the 

back of the  neck and face. The other  is the  permissive facilitation of the  effect of 

o the r  a g e n t s  such a s  growth ho rm one  which can induce lipolysis in adipocytes  

resulting in an increase in free fat ty acid concentrat ion.  It also acts  as  an anti -diuret ic 

agen t  and can control mood,  behaviour  and excitability. It is also essent ial  in control 

of the  circadian rhythm.

In addition to these  effects,  cortisol can p revent  or suppre ss  all t ypes  of inflammatory 

reactions in response  to multiple even ts  including radiant,  mechanical,  chemical , 

infectious and immunological stimuli. This suppression of inflammation is of huge 

clinical utility and has  m ade  GCs one of the  m os t  prescr ibed clinical agen ts .  When 

given therapeut ical ly ,  GCs can inhibit both the  early and the  late manifestat ions of 

inflammation which include wound healing and repair  and  also the  proliferative 

react ions which are  seen  in chronic inflammation. The ant i - inf lammatory action of 

GCs on inf lammatory cells and  on the  mediators  of inflammation and imm une  

responses  a re  outlined in Table 4 .3.
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Table 4.2  Anti-inflammatory actions o f GCs, adapted from (H.P. Rang, 1999).

Actions on In flam m atory  Cells Actions on m ediators of 

inflam m ation

Decreased egress of neutrophils from 

blood vessels and reduced activity of 

neutrophils and macrophages due to 

decreased transcription of genes for cell 

adhesion factors

Decreased production of prostanoids 

owing to decreased expression of 

cyclooxygenase-2

Decreased activity of T-helper cells and 

reduced clonal proliferation of T cells, 

due to decreased transcription of the 

genes for IL-2 and its receptor

Decreased production of cytokines-IL-1, 

IL-2, IL-3, IL-4, IL-5, IL-6, IL-8, TNF-a, 

cell adhesion factors and granulocyte- 

macrophage colony stimulating factor

Promotion of apoptosis of T-lymphocytes 

and eosinophils

Reduction in the concentration of 

complement components in the plasma

Decreased fibroblast function and less 

production of collagen and 

glycosaminoglycans

Decreased generation of induced nitric 

oxide

Reduced function of osteoblasts and 

increased activity of osteoclasts, thus a 

decrease in bone resorption.

Decreased histamine release from 

basophils

Decreased IgG production

4.1 .3 .3  Synthetic GCs

Physiological GCs in pharmacological concentrations can have significant 

mineraiocorticoid activity. This results in an electrolyte imbalance and significant 

retention of sodium and water. Chemical modifications to cortisol have generated 

derivatives with greater separation of GC and mineraiocorticoid activity and have 

provided much information on the SAR of GC activity, Figure 4.8.
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Figure 4 .8  Synthetic GCs in clinical use. Modifications to cortisol have generated 

derivatives with greater separation o f GC and mineralocorticoid activity. 

Fludrocortisone is indicated for the treatm ent o f Addison's disease whereas 

prednisolone, methylprednisolone, dexamethasone and betamethasone are used for 

their anti-inflam m atory effects.

It was recognised early on that a carbonyl group at C-3, a double bond between 

carbons 4 and 5, an oxygen (C =0 or p-OH) at C-11 and a (3-ketol side chain at 

position 17 are required for good GC activity. Synthesis of analogs containing 

additional groups at other positions on the basic steroid structure produced a variety 

of new derivatives some of which are shown in Figure 4.8. Addition of a fluorine group 

in the 9o position produced the derivative fludrocortisone (69) which has 11 fold GR 

activity but 800 fold mineralocorticoid receptor (MR) activity in comparison to the 

endogenous cortisol. Hence although this derivative is not useful for treatm ent of 

inflammation due to its profound effect on sodium and water retention it is used in the 

treatm ent of Addison's disease for mineralocorticoid replacement therapy as these 

patients have adrenocortical insufficiency. The A-corticoids prednisone and 

prednisolone (70) are 1-dehydro derivatives of cortisone and cortisol respectively. 

They are more commonly known as A^-corticoids due to the extra double bond 

between positions 1 and 2. The A^-corticoids have 4 fold GR activity and only 0.8 MR 

activity of cortisol. The double bond at position 1 changes the geometry of the A ring
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as it changes from a chair conformation to a flattened boat. Prednisolone and its 6a- 

methy! analogue (7 1 ) are widely used for treatm ent of inflammatory conditions. The 

structure of dexamethsone (7 2 ) combines the 9c-fluoro of fludrocortisone and the 

double bond between carbons 1 and 2 with an additional a-methyl group at position 

16. Betamethasone (7 3 ) differs only from dexamethasone with regard to the (3 

configuration of the 16-methyl group. These drugs are very potent with 30 fold GR 

activity in comparison to cortisol but have minimal activity on the MR.

These derivatives, the ir esters and salts are widely used in clinical medicine for

treatm ent in a range of disease states. They are used topically for treatm ent of 

inflammatory conditions of the skin. They are also used topically and systemically for 

treatm ent and management of ulcerative colitis and Crohn's disease. They are the 

mainstay of treatm ent for asthma principally administered by inhalation but also used 

systemically in the treatm ent of severe acute asthma. They are indicated in the 

treatm ent of hypersensitivity reactions such as angioedema of the upper respiratory 

tract and anaphylactic shock. GCs are also useful in conditions such as autoimmune 

hepatitis, rheumatoid arthritis, sarcoidosis and systemic lupus erythematosus.

In recent years a role for GCs in oncology and malignancy has also emerged. 

Dexamethasone (7 2 ) and betamethasone ( 7 3 ) are used in the management of raised 

intracranial pressure or cerebral oedema that occurs as a result of malignancy and in 

the management of emesis. Furthermore prednisolone (7 0 ) for example has a marked 

antitum our effect in haematological malignancies such as acute lymphoblastic

leukaemia, Hodgkin's disease and non-hodgkin lymphomas. This is due to the

efficient cytolytic effect of GCs on cells of the lymphoid region (Banciu et a!., 2008b; 

Schiffelers et at., 2005). There are indications that GCs have effects on solid tum our 

growth as well due to the ir suppressive effects on angiogenesis (Banciu et a/., 2008a; 

Banciu et a/., 2006). However the effects of GCs on apoptosis remain controversial. 

Herr et a! have shown that dexamethasone induced a strong anti-apoptotic effect in 

lung carcinoma cell lines and that it prevented cancer therapy-induced tum our 

reduction and apoptosis. This is due to inhibition of key molecules of the extrinsic and 

intrinsic apoptotic pathway resulting in a blockade of caspase activity (Herr et at., 

2003).

Interestingly Forster et al have shown that GCs can protect renal mesangial cells of 

the rat from stress factor induced apoptosis (Forster et al., 2010). Hence the effects of 

GCs on apoptosis and inhibition of apoptosis in response to various stimuli requires 

much further investigation.
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4.1.3.4 Side effects of GCs

Despite the wide range of indications for GCs their chronic use in therapy is limited by 

the large number of debilitating side effects they commonly induce. These side effects 

include a tendency towards hyperglycaemia which can induce diabetes. Furthermore 

overactivation of osteoclasts results in a breakdown of bone which can lead to 

osteoporosis particularly in the elderly. High doses of GCs can result in a redistribution 

of body fat due to effects on lipid metabolism particularly to the face and abdomen. 

Cushing's syndrome in which there is excessive production of GCs is characterised by 

a moon face and striae for example.

Systemic GCs have also been linked to psychiatric reactions including euphoria, 

nightmares, insomnia, irritability, mood lability, aggravation of epilepsy and psychotic 

reactions. They can induce musculoskeletal weakness due to effects on protein 

metabolism and also have profound effects on the endocrine system. These include 

menstrual irregularities, weight gain and increased appetite. Their effects on the 

immune system result in an increased susceptibility to infection. They can have 

ophthalmic side effects, the most severe and common of which is glaucoma. These 

and other common side effects are shown in Figure 4.9.

Emotional disturbance

Enlarged sella turcica

Moon facies

Osteoporosis

Cardiac hypertrophy 
(hypertension)

Buffalo hump

Obesity

Adrenal tumor or 
hyperplasia

Thin, wrinkled skin

Abdominal striae

Amenorrhea

Muscle weakness

Purpura

Skin ulcers 
(poor wound healing)

Figure 4 .9  Side effects o f GCs. GCs cause a large number of side effects including 

diabetes, obesity, osteoporosis and psychotic reactions. Taken from 

h ttD ://www.tiealth-res. com/EX/08-04-08/cushinas-svndrome2.iDaz
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4 .1 .4  C rys ta l S tru c tu re  o f  G R-LBD

Although GCs have been used clinically for several decades now, the crystal structure 

of the GR ligand binding domain remained elusive because of purification difficulties 

relating to the solubility of the protein (Necela & Cidlowski, 2003). It was only in 2002 

that Bledsoe et al managed to crystallise the GR-LBD in a ternary complex with 

dexamethasone (72) and the LXXLL motif of the co-activator peptide, transcriptional 

intermediary factor 2 (TIF2) (Bledsoe et al., 2002). TIF2 is also known as steroid 

receptor co-activator 2. The Leu-Xaa-Xaa-Leu-Leu (LXXLL) motif, originally observed 

in cofactor proteins that interact with hormone-activated nuclear receptors is 

necessary and sufficient to mediate the binding of these proteins to liganded nuclear 

receptors (Heery eta l., 1997; Plevin, Mills & Ikura, 2005).

Bledsoe et al achieved the crystallisation through a single point mutation in residue 

602 of the LBD of the GR which had no effect on GR function. The structure was found 

to consist of 11 a-heiices and 4 p-strands folded into a three layer helical sandwich. 

This is similar to other NRs, however the GR was found to contain a unique 

dimerisation interface that involves the formation of a central hydrophobic 

intermolecular 3 sheet (Necela & Cidlowski, 2003). The structure also revealed the 

presence of a unique steroid binding pocket which is absent from the ER, PR and AR. 

This difference arises in helix 6 and 7 as the sequences of the helices in the GR are 

different compared to the ER, PR and AR. Bledsoe ef al propose that this pocket may 

allow for selective binding of GCs which have larger substituents at the C-17 a position 

than other steroids and its absence in the ER, PR and AR might explain their inability 

to bind GCs (Bledsoe et al., 2002; Necela & Cidlowski, 2003).

Elucidation of the GR-LBD structure bound to the agonist dexamethasone (72 ) was 

soon followed by that of the LBD in an antagonist conformation bound to RU-486 also 

known as mifepristone (74 ), Figure 4.10 (Kauppi et al., 2003). During the past 

decade, a large number of promising therapeutic applications of selective GR 

antagonists have been investigated. These include treatments of Cushing's syndrome, 

psychotic depression, diabetes, obesity, Alzheimer’s disease, neuropathic pain, drug 

abuse, and glaucoma (Schoch etal., 2010).
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Figure 4 .1 0  Structure o f the GR antagonist, m ifepristone. GR antagonists have 

potentia l therapeutic value for treatm ent o f Cushing's syndrome, diabetes and obesity.

Similar to the dexamethasone bound structure the LBD adopts a helical bundle 

containing a cavity for binding of the ligand. However in the dexamethasone bound 

structure this cavity is completely closed. The C-3 ketone from the A-ring hydrogen 

bonds with the 570 and 611 residues which seals one side of the pocket along helices 

3 and 7. The other side of the pocket is sealed by helix H12 (or the AF-2 helix), which 

makes direct contact with the C-11 hydroxyl and the C-18 methyl of the bound 

steroid. These interactions with dexamethasone lock the AF-2 helix into the active 

conformation that is able to bind the LXXLL m otif of TIF2. However in mifepristone the 

presence of the dimethyl amino phenyl moiety clashes with the AF-2 agonist 

conformation and pushes it out of its active conformation. Thus it cannot bind to the 

TIF2 co-activator peptide and hence is not transcriptionally active (Schoch et ai., 

2010; Suino-Powell e ta !., 2008).
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Figure 4 .11 Helix 12 conform ational changes in G R /m ifepristone and  

G R/dexam ethasone complexes. The dim ethyl amino phenyl group in mifepristone 

pushes helix 12 (AF-2 helix) out o f its active conformation and does not allow an 

interaction with TIF2. The N-term inal regions (residues 527-553) are coloured dark 

gray, TIF2 and the helix 12 region o f GR-LBD (residues 750-767) are highlighted and 

coloured differently, taken from (Schoch et al., 2010).

Mifepristone Inas been shown to have partial agonist activity in certain cell types 

(Zhang, Jonklaas & Danielsen, 2007), which requires co-activator binding. GST pull 

down assays, however, have shown that the GR-mifepristone complex is not able to 

bind to the co-activators, TIF2 or SRCl (He, Szapary & Simons, 2002; Stevens et al., 

2003). The mifepristone concentration in these experiments ranged from 100 nM to 1 

pM. Other glucocorticoid antagonists such Dex-21-mesylate and Dex-oxetanone (Dex- 

Ox) on the other hand were able to bind to TIF2 (He et al., 2002). Schoch et al 

recently reported the crystal structure of a ternary complex of the GR-LBD with 

mifepristone and presented a conformation intermediate between the active 

antagonist and agonist conformation in Figure 4.11. In this conformation helix 12 

adopts an intermediate position which may still allow the GR mifepristone complex to 

recruit co-activators and display partial agonism (Schoch e ta /., 2010).

4.1.4.1 Deacetylcortivazol doubles the size of the GR ligand binding pocket

The crystal structures of mifepristone and dexamethasone however failed to account 

for the binding of a large number o f steroidal and non-steroidal ligands. The most



puzzling case was deacetylcortivazol (7 5 ), Figure 4.12, which is 40-fold more potent 

than dexamethasone but surprisingly the compound includes a phenylpyrazole group 

in place of the critical ketone at C-3. The structure of the GR LBD bound to both 

dexamethasone and mifepristone does not account for this as there is not enough 

space in the ligand binding cavity to accommodate the phenylpyrazole moiety (Suino- 

Powell et a!., 2008).

O
OHHO

HO

Deacetylcortivazol (75)

Figure 4 .1 2  Structure o f the poten t GR agonist, deacetylcortivazol (7 5 ) . The

structure of the GR LBD bound to dexamethasone and mifepristone do not account for 

the binding of the potent GR agonist deacetylcortivazol (75 ) which has a large 

phenylpyrazole moiety.

Suino-Powell et al determined the crystal structure of the GR-LBD bound to 

deacetylcortivazol and revealed that the GR ligand binding pocket can expand to 

accommodate deacetylcortivazol in which the phenylpyrazole ring extends into a new 

channel (Suino-Powell et al., 2008) but can still leave the AF-2 helix in the active 

conformation. Figure 4.13. This channel has recently been exploited by Biggadike et al 

in the design of novel GC ligands containing an indazole amide structure (Biggadike et 

al., 2009).
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Figure 4 .1 3  Crystal structure o f  G R /D A C /S R C l-4  complex. A) Two different 

views o f the crystal structure are shown. The DAC-biding surface is shown as a pinl< 

surface, the SRCl -4 peptide is in yellow and the bound DAC is shown in a space filling 

representation with carbon and oxygen atoms in green and red respectively. B) The 

GR/Dex/TIF2 complex is shown fo r comparison. Image taken from (Suino-Powell et 

al., 2008).

Suino-Powell et al also highlight in this study that despite different co-activator motifs 

and ligands, the co-activator binding site in the GR/DAC/SRCl-4 complex is nearly 

identical to that of the GR/DEX/TIF2 complex, and the SRCl-4 helix adopts the same 

binding mode as the TIF2 motif. Figure 4.14 (Suino-Powell et al., 2008).
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Figure 4 .14  Structural comparison o f co-activator binding. Structural 

comparison between the DAC (cyan) and dexamethasone bound structures (yellow). 

The SRCl-4 and TIF2 helices are shown in green and red respectively. Image taken 

from (Suino-Powell et al., 2008).

Crystal structures of the GR bound to fluticasone furoate (Biggadike et al., 2008) and 

a non-steroidal glucocorticoid agonist have also been published recently (Madauss et 

al., 2008). The fluticasone furoate structure reveals how the ligand can extend the GC 

bind pocket in the opposite direction to deacetylcortivazol, Figure 4.15. The non­

steroidal ligand uses both these opportunities for pocket extension (Madauss et al., 

2008).
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Figure 4 .15  Crystal structure o f GR L B D /T IF 2  bound to fluticasone furoate.

Fluticasone furoate extends the GC pocket in the opposite direction to 

deacetyicortivazol as seen by the 1 7a pocl<et.

4.1.5 Dissociated Steroids

In order to address the num ber of side effects induced by the current clinically used 

GCs a great deal of research in recent years has focused on the design of GCs that 

exhibit similar anti-inflam m atory potency to conventional agents but have reduced 

side effects. This concept arose from a study which was done with GR mutants that 

could not transactivate GREs but could still transrepress AP-1 and NF-kB (Heck et a!., 

1994; Tao, W illiams-Skipp & Scheinm an, 2001; Yang-Yen et a!., 1 990 ). Replacement 

of alanine 458  with threonine allows transrepression and prevents dimerisation. This 

mutation yields mice that are defective in dexamethasone induced GRE-dependent 

transcription and endogenous TAT gene expression yet are com petent at repression of 

AP-1 dependent and classic inflam m atory genes (Reichardt et at., 1998; Reichardt et 

a!., 2 0 0 1 ). Furthermore Wu e t a! have demonstrated GR mutants th a t cannot bind co­

activators or transactivate but can still transrepress NF-kB (Wu e ta / . ,  2004 ).

There is a general consensus th a t transactivation is responsible for the side effects of 

steroids whereas the anti-inflam m atory action of steroids predominantly arises from  

transrepression. The studies with GRdim mutants suggest the potential of designing GR 

ligands th a t would maintain anti-inflam m atory properties associated with 

transrepression but reduce the side effects associated with transactivation (Xiao e ta ! . ,



2010). Rosen et al provide definitions for different types of GR ligands that have been 

designed in recent years (Rosen & Miner, 2005). They divide these compounds into 

four principal types:

> Selective GR modulator and selective GR agonists-compounds with an 

improved therapeutic index in vivo achieved by various mechanisms

> Gene selective compounds-compounds that act on the receptor to alter gene 

expression in a gene or promoter specific fashion but the resulting profile 

differs from that of conventional GCs

> Dissociated steroids/compounds-steroids or non-steroidal compounds that fail 

to globally activate gene expression but still significantly repress transcription

> Soft steroids/GCs-corticosteroids that act at or near the site of administration 

but are inactivated by enzymes, thereby reducing systemic exposure and 

activity.

Out of these compounds the greatest research efforts have been invested in the 

design of dissociated compounds. Vayssiere et al described a first generation of 

dissociated steroids (Vayssiere et al., 1997). Following the screening of a GC library 

they identified three compounds that displayed dissociated behaviour. These were 

RU24782, RU24858, and RU40066. The compounds had residual transactivation 

activity (between 9% and 35% of dexamethasone) but retained a strong 

transrepressive activity on AP-1 (De Bosscher, 2010; Vayssiere et al., 1997). The 

most promising of these compounds was RU24858, Figure 4.16.

HO,

 Ill

RU24858

Figure 4 .1 6  Structure o f the dissociated steroid, RU248S8. Dissociated steroids 

are compounds that fa il to globally activate gene expression but s till significantly 

repress transcription.

However subsequent work by Belvisi et al showed that these compounds displayed the 

same side effects in vivo (Belvisi et al., 2001b). An animal model of lung oedema was
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used and although the same efficacy in anti-inflam m atory activity was achieved 

animals still lost body weight and developed ostopenia of the fem ur, although to a 

lesser degree (De Bosscher, 2010 ). Hence in vitro separation of transrepression from  

transactivation does not necessarily result in improved therapeutic ratio in vivo. Rosen 

et al com m ent that it is unclear w hether this failure is due to the fact that the  

compounds that were dissociated in vitro were fully activating in vivo or w hether the  

sole ability to transrepress was sufficient to induce side effects as well as attenuate  

inflammation (Rosen & Miner, 2 0 0 5 ). Interestingly however, compounds which have 

shown strong activation and weak repression are unable to suppress inflammation  

(Rosen & Miner, 2 005 ).

Research in the area remains intensive with Xiao et al recently synthesising a novel 

set of dissociated compounds based on the hexahydroim idazol[l,5b]isoquinoline  

scaffold (Xiao et a l., 2 010 ). This study shows differential regulation across one or two  

genes but does not dem onstrate that the compounds are dissociated on all GC target 

genes. A similar trend is seen in most medicinal chemistry programmes investigating  

dissociated steroids.

The actual utility of a truly dissociated compound is a m atter of much debate. 

Although activation of genes is responsible for side effects, activation of anti­

inflam m atory genes is also central to attenuation of inflam m ation. Nevertheless the  

compounds provide a useful mechanistic insight into GR function.

Wang et al evaluated a series of fifteen arylpyrazole compounds possessing high 

affinity for the GR (van der Laan & Meijer, 2008; Wang e t a l., 2 0 0 6 ). Subtle 

differences in the ligand structure resulted in different biological effects reflected in 

variations in cell proliferation and differentiation. All the compounds induced GR 

translocation but displayed differential gene expression profiles. Furtherm ore the  

compounds induced differential prom oter occupancy of the GR as determ ined by 

chromatin immunoprecipitation assays. Wang et al suggest that the receptor 

conformation induced by a particular ligand may promote binding to only a subset of 

the occupied sites.

In the same vein, Discovery research pharmaceuticals recently described a 

benzylidene compound, LG D-5552 for use in inflam m atory disorders including arthritis  

and multiple sclerosis models. The compound showed differential gene expression to 

prednisolone and suppressed inflam m ation without inducing side effects of GCs in both 

acute and chronic models of inflam m ation and side effects (Lopez et a l., 2008 ). Lopez 

et al suggest that LG D-5552 is different from conventional GCs due to an alteration in 

the outer receptor structure when bound in the LBD resulting in a change in the ability 

of the protein to interact with co-activators and Co-repressors which results in 

differential gene expression. A sim ilar compound AL-438 developed by Coghlan e t al
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displayed similar biological properties and exhibited significantly different interactions 

with co-activators (Coghlan eta l . ,  2003).

Recent work by Ronacher et al also support the idea that different ligands induce 

differential interactions of the GR with the co-activators GRIP-1 and SRC-1 and Co- 

repressors like NCoR and SMRT (Ronacher et a/., 2009)

Ray et al suggest that these partial agonist ligands induce a conformational change in 

the GR into a partial transactivating transcription factor. The structure of RU24858 

differs from conventional GCs in the D ring which suggests that this part of the 

molecule is involved in interactions with the GR which convey the activation signal. 

This study identifies the Tyr 735 as important for ligand binding and ligand dependent 

transactivation. Mutation of Tyr 735 to phenylalanine results in an unchanged ligand 

binding affinity and transrepressive effect but decreases activation potential. Mutation 

to a valine residue results in a minimal decrease in ligand binding affinity, no change 

in transrepression, but induces similar changes in transactivation as the phenylalanine 

mutant. Mutation to serine however decreases ligand binding affinity slightly, does not 

affect transrepression but has a marked effect on transactivation. The authors 

conclude that the hydrophobic benzene ring of tyrosine contributes to ligand binding, 

and the tyrosine hydroxyl side chain contributes to transactivation (Ray et al., 1999). 

Hence Tyr 735 is an important amino acid for determining for determining the final GR 

conformation after ligand binding, and subsequent recruitment of co-activators and 

co-repressors (Stevens e ta /., 2003).

4 .1 .6  UDCA and th e  GR

UDCA (14), a tertiary BA is clinically used for the treatment of a number of hepatic 

diseases and has a history of minimal adverse effects. UDCA has demonstrated an 

anti-apoptotic cytoprotective action in hepatic (Amaral et al., 2009a; Azzaroli et al., 

2002) as well as non-hepatic cell lines (Fimognari et al., 2009; Rodrigues et a/., 

1999). Furthermore UDCA has the ability to inhibit apoptosis induced by the cytotoxic 

BAs, DCA (4) and CDCA (5) (Benz et al., 2000; Im & Martinez, 2004; Silva et al., 

2001), both of which have been implicated in the pathogenesis of hepatic and 

intestinal diseases (Hofmann, 1999; Thompson, 1996). The chemopreventative 

potential of UDCA has been demonstrated in patients with ulcerative colitis and 

cholestatic diseases who display lower rates of colorectal dysplasia (Tung e ta /., 2001). 

The cytoprotective and chemopreventative effects of UDCA are thought to lie in its 

ability to modulate the immune system. Indeed its clinical use in hepatic inflammatory 

conditions infers that it has immunomodulatory properties.
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UDCA has been suggested to act as an immunomodulator for the immune system 

(Yoshikawa et a!., 1992). UDCA suppressed the production of IgM, IgG and IgA 

induced by Staphylococcus aureus Cowan I in peripheral blood mononuclear cells 

derived from healthy subjects and patients with PBC and also in human B lymphoma 

cell lines. Concanavalin A induced IL-2 and IL-4 were also suppressed as was 

concanavalin-A induced thymocyte proliferation. Similar findings have been reported 

in other studies where UDCA treatment has been shown to reduce the serum level of 

IgM class AMA antibodies (Poupon et a/., 1991) and IgG antibodies to pyruvate 

dehydrogenase (Kisand et a/., 1996) in patient groups with PBC. In cholestasis the 

major histocompatibility complex (MHC) class I and class I I  molecules are 

overexpressed in hepatocytes and biliary epithelia, respectively (Innes et a!., 1988). 

Inappropriate expression of MHC class I on hepatocytes may lead to their recognition 

and subsequent destruction by cytotoxic T lymphocytes. Calmus et a/ have reported 

that both cyclosporine and corticosteroids were unable to suppress MHC class I 

overexpression (Calmus et a/., 1992). It  is thought that in PBC MHC class I 

overexpression is a result of the effect of BAs on MHC class I transcriptional activity 

through activation of PKC and PKA (Hillaire et al., 1994). Unlike cyclosporin and 

corticosteroids UDCA has been shown to decrease the hepatocellular and biliary 

expression of both MHC class I and class I I  molecules (Calmus et al., 1990; Terasaki 

e ta l . ,  1991), respectively in patients with PBC. This suggests that UDCA might reduce 

the T-cell mediated hepatocellular damage. Furthermore, in PBC patients UDCA 

therapy has been reported to correct the defective natural killer (NK) cell activity by 

inhibiting prostaglandin E2 production (Nishigaki e ta l. ,  1996). Furthermore Ikegami et 

al demonstrated that UDCA has a suppressive effect at the transcriptional level on 

Phospholipase A2  IIA  (PLA2 IIA ) in hepatocytes, similar to many glucocorticoids (GCs) 

(Ikegami e ta l. ,  2005).

UDCA's modulation of the immune system shows similarities with GC mediated 

immunomodulation (Amaral et al., 2009c). Indeed much work over the last two 

decades indicates that UDCA's immunomodulatory and potentially its cytoprotective 

and chemopreventative effects are mediated via a GR pathway.

UDCA has been shown to induce translocation of the GR in primary rat hepatocytes 

(Weitzel et al., 2005), Chinese hamster ovary cells (CHO) (Tanaka & Makino, 1992; 

Tanaka et al., 1996) and COS cells which are derived from the kidney of the African 

green monkey (Miura et al., 2001). There are conflicting reports regarding UDCAs 

activation of the GR as some studies have shown that UDCA can induce transactivation 

of the GR (Tanaka et al., 1996; Weitzel et al., 2005) but others have been unable to 

demonstrate this effect (Miura et al., 2001; Sola et al., 2005).
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A physical interaction with the GR has not been demonstrated to date but the ligand 

binding domain (LBD) of the GR seems essential for UDCA's actions. UDCA requires 

the GR-LBD to induce GR nuclear translocation and for its subsequent biological effects 

(Miura et a!., 2001; Sola et at., 2005; Sola et a!., 2004). Using a series of GR mutants, 

Miura et a! showed that UDCA influences a broader region of the LBD than 

dexamethasone. They found that GR deletion mutants (1 -765, 1-750, 1-740) did not 

translocate to the nucleus in response to dexamethasone but did in response to UDCA 

(Miura et al., 2001). On the other hand GR-mutant (1 -730) was unresponsive to 

UDCA. This observation was later confirmed by Sola et a! who identified this specific 

carboxy terminal region of the LBD as essential for translocation and UDCAs 

cytoprotective effect on TGPpi induced apoptosis (Sola et al., 2005). The authors 

suggest that the reason for this is that this mutant lacks Tyr 735 of the steroid binding 

pocket, which is necessary for hydrophobic contact between ligands and the GR 

(Stevens et al., 2003). These studies clearly indicate that UDCA acts on a distinct 

region of the LBD compared to dexamethasone.

Sola et al used siRNA technology and GR mutants to confirm that UDCA significantly 

reduces TGF(31-induced apoptosis of primary rat hepatocytes through a GR-dependent 

pathway (Sola et al., 2005). Again the LBD was identified as critical for the inhibition 

of apoptosis. Recently Byrne et al have showed that siRNA knockdown of the GR 

inhibits UDCA's cytoprotective effects on the golgi apparatus (Byrne et al., 2010). This 

study will be discussed in greater detail in Chapter 5. In the same vein GR knockdown 

attenuates UDCAs inhibitory effects on PLA2IIA  (Ikegami e ta l. ,  2005).

Furthermore Miura et al demonstrated that UDCA can suppress NF-kB and that this 

repression occurs via activation of the GR (Miura et al., 2001). They proposed that 

UDCA could be a prototype for the development of a novel GR modulator.

4.1.7 Inflam m ation in Esophageal Cancer

Bile and acid exposure can lead to chronic inflammation in the esophagus (Abdel-Latif 

et al., 2009a).

If  this inflammation persists then it can lead to release of pro-inflammatory mediators 

including cytokines, chemokines, prostaglandins (PGs), and reactive oxygen/nitrogen 

species which can promote cell growth, invasion, mutagenesis and essentially 

carcinogenesis. Such inflammatory mediators have been shown to support 

transformation, initiation and progression of tumour development (Coussens & Werb, 

2002 ).
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Figure 4 .17  Proposed mechanism o f inflammation in the development of 
esophagitis, Barrett's esophagus and adenocarcinoma of the esophagus.
Recruitment of inflammatory and immune cells in esophagitis can lead to activation of 

the transcription factors NF-kB, AP-1 and Egr-1. These transcription factors can 

ultimately alter gene expression resulting in increased proliferation and angiogenesis 

leading to neoplasia, taken from (Abdel-Latif et al., 2009a).

The transcription factors NF-kB, AP-1 and early growth response gene-1 (Egr-1) are 

thought to be the key inflammatory players in mediating chronic inflammation of the 

esophagus (Abdel-Latif et al., 2009a). These transcription factors can increase the 

transcription of genes involved in immunity, proliferation, and prevention of apoptosis 

(Hsu e ta /.,  2000; Mcl^ahon & l^onroe, 1996). Altered gene expression can also switch 

on pro-survival signals resulting in angiogenesis and development of full-blown 

carcinoma. Figure 4.17.
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4.2  Aims and Objectives

The extensive clinical usage of UDCA in hepatic inflam m atory conditions, its history of 

minimal side effects and furtherm ore the recent studies showing that it can induce GR 

translocation and suppress NF-kB indicate that UDCA would be an excellent prototype 

for development of a novel GR modulator. BA reflux has been linked to inflammation 

in the esophagus and considering that UDCA has been shown to antagonise the 

actions of secondary toxic BAs, we felt that a GR modulator based on UDCA could 

have potential use in attenuating BA induced inflam m ation. We also hypothesised that 

in the long term  the chem opreventative effects of UDCA in colon cancer might be 

extended to esophageal cancer. We aimed to synthesise compounds based on the 

UDCA structure with increased potency and efficacy that could serve as useful tools for 

further characterising UDCA's effects on the GR and elucidating its mechanism of 

action as a cytoprotective and chem opreventative agent.

Hence the specific aims and objectives of this study were to:

1) Determ ine if UDCA could induce GR translocation in an esophageal cell line.

2) I f  so, to synthesise a series of UDCA analogues with a view to making a more 

potent GR modulator.

3) To screen these analogues in a high content assay for GR translocation.

4 ) To determ ine if compounds found to modulate GR translocation could bind to 

the GR, induce GR activation and suppress NF-kB activity.
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4 .3  Results

4.3.1 UDCA induces GR translocation

Our first aim was to establish if UDCA could induce translocation of the GR to the 

nucleus in an esophageal cell line. We initially decided to use an adenoviral vector 

delivery system to overexpress the GR in our cell model.

4.3.1.1 Ad-A-Gene GR Assay

Adenoviruses are a family of DNA viruses that are used as a vehicle for the delivery of 

genes into cultured cells. A series of replication defective recombinant adenoviral 

preparations containing a gene encoding a protein target fused to an Enhanced Green 

Fluorescent Protein (EGFP) called Ad-a-gene vectors were provided by GE Healthcare. 

We used a replication defective recombinant adenoviral preparation containing the GR 

gene encoding a protein fused to an EGFP. These initial investigations were done using 

the esophageal cancer cell line, the SKGT-4. High content analysis of acquired images 

revealed that UDCA could induce translocation of the GR to the nucleus, Figure 4.18. 

This was similar to the GC, dexamethasone (72) shown here as an increase in the 

intensity of the GR within the nucleus.
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Figure 4 .18  UDCA induces translocation o f the GR in SKGT-4 cells. The SKGT-4 

cell line was transiently transfected with EGFP-GR and then left untreated or treated 

with dexamethasone 50 nM or UDCA 300 jjM for 2 h, Section 2.15. Cells were fixed in 

formaldehyde 2% for 10 min and stained for the nuclei with Hoechst. GR translocation 

was measured using the Investigator software package. Analysis was based on the 

mean nuclear intensity normalised to untreated control. Values are expressed as the 

mean ±  SEM of three experiments performed in duplicate, *  p< 0.05 relative to 

control, as determined by one-way ANOVA and Dunnett's post-hoc correction.

4.3.1.2 Immunofluorescence Assay

Before further screening using the Ad-A-Gene assay could be carried out the 

manufacturer stopped producing these constructs. Hence using an antibody, we 

decided to develop an immunofluorescence GR translocation assay, Section 2 .9 . In 

some ways this assay was preferable to the Ad-A-gene assay as it did not rely on 

overexpression of the GR but rather reflected translocation of endogenous GR in the  

cell line. However the staining procedure introduced a series of extra steps which 

made the assay more laborious. This assay was developed by another PhD student 

using a number of different esophageal cell lines including the H E T-IA , QH and SKGT- 

4 cell lines. We decided to continue to use the SKGT-4 cell line for our studies as the  

assay displayed the greatest range using this cell line and dexamethasone as a 

positive control. The analysis was carried out using the GE Investigator software 

package. Hoechst staining enabled the software package to detect cell nuclei. Cells
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were stained witin phalloidin for the actin cytosl<eleton which defined the cell boundary 

and allowed for cell segm entation if necessary.

The intensity of the GR within the nucleus and cytoplasm was determ ined using an 

algorithm providing m ulti-param etric information on each of the channels. The 

optimisation of the analysis was carried out using vehicle treated cells as negative 

control and dexam ethasone treated cells as positive control.

Using this antibody assay we similarly found th a t UDCA could induce translocation of 

the endogenous GR from the cytoplasm to the nucleus.
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Figure 4 .1 9  UDCA induces translocation o f the GR. SKGT-4 cells were A) 

untreated o r B) treated with dexamethasone 100 nM or C) UDCA 300 pM for 4 h. Cells 

were fixed with paraformaldehyde 4% in PBS afte r 4 h. The GR was identified using a 

mouse monoclonal GR antibody (green) and cells were stained with Hoechst (blue) 

and phalloidin (red) to identify the nucleus and actin cytoskeleton. Cells were imaged 

using the GE In  cell Analyser 1000. Original magnification, xlO . D) Cells were analysed 

using the Investigator software package, Section 2.9.1. Values are normalised to 

nuclear to cytoplasmic ratio o f dexamethasone 100 nM and are expressed as the mean
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± SEM of two experiments performed in triplicate, * p< 0.05 relative to control, as 

determined by one-way ANOVA followed by Dunnett's post-hoc correction.

Having carried out these proof of principle experim ents showing that UDCA can induce 

translocation of endogenous GR in our esophageal model, we then went on to 

synthesise a panel of UDCA analogues.
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4 .3 .2  C h em is try

4 .3 .2 .1  Panel of compounds screened for GR translocation

Various studies have shown that the BA nucleus is an important structural determinant 

of activity against different nuclear and membrane receptors (Pellicciari et al., 2004). 

For example Wang et al showed that the BA nucleus determined binding to the 

farnesoid X receptor (FXR) with LCA (3o-OH), CDCA and DCA showing FXR activity 

and UDCA showing none (Wang et al., 1999). Similarly it was recently found that BA 

alcohols of the CDCA family showed most activity for the TGR-5 receptor (Iguchi et al., 

2009). Hence we decided to assemble a panel of compounds with modifications at the 

side chain of UDCA keeping in mind that subtle changes in the nucleus could result in 

dramatic changes in activity. Another reason for screening side chain derivatives is 

that natural BAs principally occur conjugated to taurine and glycine in the body 

(Maitra & Mukhopadhyay, 2004). Side chain modification produces derivatives which 

are not amenable to conjugation and hence would not be expected to exert different 

physicochemical and biological effects in vivo.

The amide derivatives in Scheme 4.1 and the series of UDCA derivatives in Table 4.3 

were screened for the ir ability to induce GR translocation. We primarily focussed on 

the 24 position but also included the ketone series which had modifications at the 3, 7 

and 12 positions. The synthesis of the derivatives in Table 4.3 has been described in 

Chapter 3.

Table 4 .3  Panel o f UDCA derivatives screened for GR translocation. A panel o f 

UDCA derivatives with modifications a t the 24 position was assembled for screening in 

the GR assay along with the UDCA amides in Scheme 4.1. A series o f oxo derivatives 

was also included in the panel.

24-Nitrile (26) norUDCA (24) MethylUDCA

(19)

NCA (36)

UDCA Nornitrile (55) BisNorUDCA

(25)

Benzylester

(43)

12-keto LCA (35)

UDCA bisnornitrile (27) 3,7-diketo acid (39)

UDCA alcohol (28) 3,7,12-triketo acid (38)
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4 .3 .2 .2  Synthesis o f UDCA Am ides

The preparation of UDCA amide derivatives is shown in Scheme 4.1. Briefly the 3- 

and 7-hydroxy groups of UDCA (1 4 ) were formyl protected followed by conversion to 

the acid chloride (7 6 ) using a thionyl chloride reflux. The amide was then prepared by 

reacting the acid chloride with the respective amine in dichloromethane with 

triethylamine as a base to neutralise the HCI formed during the reaction. Subsequent 

deprotection by hydrolysis using sodium methoxide in methanol afforded the UDCA 

amide derivatives shown in Scheme 4.1.

COOH

1,11,111

'OHHOOHHO
77-87

77, R= 82

78, R= N N

79, R= N ^ N H

80, R= N ^ O  

81? R~ HN—̂  ^

, R= H N ^ O

83, R=

84, R=

85, R=

86, R= -N(C6H5)2

87, R=

(i) Formic acid/perchloric acid, 47 °C, 3 h; (ii) thionyl chloride, reflux, 2 h; (ill) RNH2 , 

NEt3 , DCM, RT, 16-24 h; (iv) NaOMe/MeOH, reflux, 2 h.

Scheme 4.1 Synthesis o f UDCA amides
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4 .3 .3  BA derivatives induce translocation of the GR

The UDCA derivatives in Scheme 4.1  and Table 4 .3  were tested in a high content 

screening assay for their ability to induce translocation. These derivatives were initially 

tested at a concentration of 300 for 4 h to investigate their effects on the GR.

Figure  4 .2 0  UDCA d eriva tives  induce GR translocation . SKGT-4 cells were A) 

treated with DMSO 1% or treated with B) CPA 300 ij M  (7 7 ) C) 79  300 fjM. Cells were 

fixed, stained and visualised as described in Figure 4.19. Original magnification, xlO.

I t  was clear from the innages acquired, that the derivatives synthesised were able to 

induce GR translocation with greater efficacy than UDCA. Representative images are 

shown in Figure 4 .20 . Analysis of these images using the GE Investigator package 

gave the following results, Figure 4 .21 .
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Figure 4 .21  Analysis o f GR translocation induced by UDCA derivatives. SKGT-4 

cells were treated with DMSO 1% as vehicle control treated with dexamethasone (72) 

100 nM as a positive control, UDCA 300 pM (14 ) and A) amide derivatives B) nitrile  

derivatives C) norUDCA and BisNorUDCA D) ester derivatives and E) ketone 

derivatives. All BA derivatives were tested a t 300 pM. A fte r 4 h cells were fixed, 

stained, visualised and analysed as described. Figure 4.19. Values are normalised to 

nuclear to cytoplasmic ratio o f dexamethasone 100 nM and are expressed as the mean 

± SEM o f two experiments performed in triplicate, *p<  0.05 relative to vehicle control 

as determined by one-way ANOVA and Dunnett's post-hoc correction.

S ix-po in t concentration effect curves were perform ed fo r those derivatives which 

showed increased translocation efficacy to  UDCA. Concentration effect curves fo r CPA 

(77) and 78 are shown in Figure 4.22 as representative examples. EC5 0  values were 

generated in GraphPad Prism 5 and are shown in Table 4.4.
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Figure 4 .2 2  Concentration-effect curves for CPA (7 7 )  and  

benzypiperazinam de (7 8 ). SKGT-4 cells were treated with DMSO 1% as vehicle 

control o r indicated concentrations o f CPA (77 ) or benzylpiperazine amide derivatives 

o f UDCA (78). Values are normalised to nuclear to cytoplasmic ratio o f 

dexamethasone 100 nM and are expressed as the mean ±  SEN o f two experiments 

performed in triplicate. Concentration effect curves were generated using non-linear 

regression models in GraphPad Prism 5.
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Table 4 .4  ECso values fo r GR translocation o f UDCA derivatives. ECso values for 

translocation after 4 h of treatment were determined from six point concentration- 

effect curves generated using non-linear regression models in GraphPad Prism 5.

78 5.6 (1 -25 ) (100% )

77 7.4 (1 -14 ) (100% )

39 20.8 (9 -44 ) (84% )

80 25.3 (6 -31 ) (100% )

79 50.8 (29 -88) (100% )

25 99.7 (51 -203) (59% )

38 104.0 (45 -152 ) (81% )

24 105.3 (54 -201 ) (58% )

82 109.5 (60 -221 ) (49% )

83 123.5 (57 -191 ) (49% )

84 109.0 (42 -168 ) (53% )

27 130.0 (25 -181 ) (59% )

26 100.1 (44 -168) (70% )

14 298.7 (151-432) (54% )

The amide series produced the most potent and efficacious compounds. In particular, 

the cyclopropyl derivative (CPA, 77) and the piperazine (78, 79) and morpholine 

derivatives (80), had similar efficacy to dexamethasone 100 nM. 78 and 77 were the 

most potent compounds with EC5 0  values of 5.6 pM and 7.3 pM respectively. Removal 

of the benzyl group on the piperazine ring in 79 maintained GR translocation efficacy 

but reduced potency by ten-fold (50.8  pM). The anilinamide (81) did not induce 

translocation but the benzylamide (82 ), alpha-methylbenzylamide (83) and 

phenethylamide (84) showed equal efficacy to UDCA with increased potency of 

translocation, 109.5 (jM, 123.5 pM and 109.0 pM respectively, although the confidence 

intervals were wide. Lengthening out the side chain further by one carbon produced 

an inactive compound (85 ).

Shortening the side chain but maintaining the acid functionality resulted in compounds 

with equal efficacy to UDCA but enhanced potency, norUDCA (24) ( E C 5 0  of 105 pM) 

and BisNorUDCA (25) ( E C 5 0  of 99.7 pM). The UDCA alcohol (28) did not induce
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translocation but conversion of UDCA to a 24-n itrile  (26) enhanced potency (EC50 of 

100 pM, 7 0 % ). The bisnornitrile (27) (EC50 of 130 pM, 59% ) showed similar efficacy 

and potency to 26 although the nornitrile (55) did not induce significant translocation. 

UDCA esters (19 , 43) did not induce GR translocation. These lipophilic compounds 

were expected to possess increased cell permeability and their lack of activity was 

surprising.

Oxidation to a 7-ketone in NCA (36) abrogated activity. However, interestingly the 3, 

7 diketo acid (39) and the triketo acid (38), particularly the form er showed excellent 

activity and potency. The 12-keto DCA did not induce translocation of the GR.

4 .3 .4  UDCA d e r iv a tiv e s  in d u ce  tra n s lo c a tio n  in a t im e  d e p e n d e n t  
m a n n e r

We next wanted to exam ine the rate at which UDCA derivatives induce translocation of 

the GR. The tim e course of a ligand-dependent protein event, such as GR 

translocation, is a function of the affinity of the ligand for the protein and the ligand 

concentration. Therefore dexamethasone 100 nM induced significant and maximum  

translocation of the GR at 30 min consistent with reported values, whereas at 100 pM 

the translocation is slower, only reaching significance at 120 min, Figure 4 .23 . 

Pre-treatm ent of SKGT-4 cells with cycloheximide, an inhibitor of protein biosynthesis, 

did not affect CPA (77) induced GR translocation, Figure 4 .24 . Cycloheximide did not 

induce translocation of the GR by itself. Hence although induction of GR translocation 

through secondary signals cannot be ruled out these experiments indicate that CPA 

induced GR translocation occurs independent of protein translation and in a similar 

tim e fram e to dexamethasone albeit at a lower rate.
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Figure 4 .2 3  UDCA derivatives show sim ilar translocation kinetics to 

dexam ethasone. SKGT-4 cells were treated with UDCA derivatives 100 pM or 

dexamethasone 100 pM and 100 nM for 15 min, 30 min, 60 min, 120 min or 240 min. 

Cells were fixed, stained and analysed fo r GR translocation as described in Figure 

4.19. Values are normalised to nuclear to cytoplasmic ratio o f dexamethasone 100 nM 

and are expressed as the mean ± SEM o f two experiments performed in triplicate, 

*p<0.05 relative to DMSO 1% fo r 77  (120 min, 240 m in), 80  (240 m in), 78 (60, 120, 

240 min), dexamethasone 100 pM (120 min, 240 m in), dexamethasone 100 nM (30 

min, 60 min, 120 min, 240 min).
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Figure 4 .24  Cycloheximide does not inhib it CPA induced GR translocation.

SKGT-4 cells were treated with cycloheximide 2 jjg/ml for 2 h. Cells were then co­

treated with cycloheximide 2 yg/m i and CPA (77) 100 jjM for a further 4 h. Cells were 

fixed, stained and analysed as described, Figure 4.19. Values are normalised to 

nuclear to cytoplasmic ratio of dexamethasone 100 nM and are expressed as the mean 

± SEM of two experiments performed in triplicate, *p< 0.05 relative to DMSO 1% as 

determined by one-way ANOVA and Dunnett's post hoc correction.

4.3.5 Amide derivatives of DCA and CDCA do not induce GR 
translocation

Having shown that UDCA amides were excellent inducers of GR translocation we 

wanted to investigate whether amide derivatives of other BAs could similarly induce 

translocation of the GR in order to determine whether GR translocation was dependent 

on the side chain or the core BA structure. In order to do this the cyclopropyl and 

benzylpiperazine derivatives of DCA (4 ) and UDCA's epimer CDCA (5) were 

synthesised as gifts from Mr. Ferenc Majer, Figure 4.25. These derivatives were 

screened for GR translocation at a concentration of 10 |jM, the EC5 0  of translocation for 

77 and 78 .
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Figure 4 .25  DCA and CDCA amides. DCA and CDCA amides were synthesised in 

order to determine i f  GR translocation was dependent on the side chain or the core BA 

structure.

It was found that the DCA and CDCA amides were unable to induce translocation 

indicating that this ability is restricted to specific amides with the UDCA core nucleus.

DMSO 1% Dex 100 nM UDCA series

DCA series CDCA series
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Figure 4 .26 DCA and CDCA amides do not induce GR translocation. SKGT-4 

cells were treated with 1% DMSO, dexamethasone 100 nM as a positive control or 

cyclopropyl and benzylpiperazine amide derivatives o f UDCA (77, 78), DCA (88, 89) 
and CDCA (90, 91) at a concentration o f 10 pM. This concentration was chosen as 

higher concentrations o f the DCA and CDCA derivates were cytotoxic. Cells were fixed, 

stained and analysed for GR translocation as described. Figure 4.19. Values are
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normalised to nuclear to cytoplasmic ratio o f dexamethasone 100 nM and are 

expressed as the mean ± SEN o f two experiments performed in triplicate, * p<  0.05 

as determined by one-way ANOVA and Dunnett's post-hoc correction.

4.3.6 Can UDCA and derivatives bind to the GR?

A physical interaction between UDCA and the GR has not been demonstrated to date. 

Evidence suggests that UDCA does not bind to the GR at the classical GC binding site. 

Weitze! et al showed that incubation of radiolabelled UDCA with the GR binding site 

expressed in a GR fusion protein yielded no specific binding of UDCA to the GR. 

Similarly Tanaka et al showed that UDCA did not displace tritiated dexamethasone 

from the GR binding site and also that specific binding of specially formulated tritiated 

UDCA to GR could not be detected in CHOpMTGR cells (Miura et al., 2001; Weitzel et 

al., 2005).

The curved L-shape of BAs is very different to the planar structure of conventional GCs 

and hence we decided to investigate, in silico, if it would be possible to dock UDCA 

into the GR LBD. Using the crystal structure of the GR bound to deacylcortivazol (75) 
we found that UDCA could be accommodated into the pocket with the carboxylic group 

extending out into the channel which accommodates the phenylpyrazole group of 

deacylcortivazol but still allowing for interaction of AF-2 with the co-activator peptide 

shown. Hence the molecule could be fitted into the LBD with the D ring in the position 

that the A ring of deacylcortivazol occupies.
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Figure 4 .2 7  Docl<ing UDCA into the GR. This was visualised in MOE. The X-ray  

crystal structure was obtained from (Suino-Powell et ah, 2008). UDCA and the co­

activator peptide, SRCl -4, are shown as a space filling model.
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Figure 4 .2 8  Potentia l interactions o f UDCA w ith the GR LBD. Generated using 

MOE.

In dexamethasone (7 2 ) the 3 carbonyl oxygen on the A ring hydrogen bonds to the 

amide group of Gln570 (Onnis et al., 2010). In deacetylcortivazol (7 5 ) the



phenylpyrazole in involved in the same interactions. Figure 4.28, shows that the 

carboxyl group on the acid side chain can potentially interact with Gln570 (Suino- 

Powell et al., 2008).

The D ring of dexamethasone and deacetylcortivazoi are the same. The 17-(3-hydroxyl 

group interacts with Gln642 while the 21-carbonyl hydrogen with Thr739. The 11- 

hydroxyl in the C ring and the 24-hydroxyl in the D ring can interact with Asn654. This 

la tter interaction can be seen with the 3a-hydroxyl of UDCA.

However, when a commercial radioligand binding assay was carried out it was found 

that neither UDCA or a selection of our derivatives at the indicated concentration could 

displace radiolabelled tritiated dexamethasone (3 nM [^H] Dexamethasone) from the 

GR LBD, Table 4.5. The significance criteria was greater than 50% inhibition in 

radioactivity of the receptor-ligand complex, a decrease in activity indicating 

displacement of tritia ted dexamethasone.

Table 4 .5  Radioligand Competition Binding Assay. A competition binding 

experiment was carried out in order to determine i f  UDCA and derivatives could 

displace dexamethasone from the GC binding site, section 2.16.

24 10 pM -10

55 10 mM 3

84 10 mM 23

36 10 pM -2

39 10 pM 6

40 10 |jM 18

CPA (77) 10 pM 17

UDCA( 14) 50 pM 14

UDCA ( 14) 10 pM 2

Dexamethasone (72) 10 pM Nonspecific binding 

control

The competition binding experiment indicates that UDCA and derivatives do not bind 

to the classical GR LBD used by conventional GCs, deacylcortivazol and indeed all 

dissociated compounds designed to date. This indicated that the UDCA derivatives 

may be inducing translocation secondary to another signalling event. However we did 

feel that the high efficacy of translocation and furthermore the sim ilarity in
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translocation kinetics to dexannethasone would not be possible without direct 

interaction with the GR. Hence we decided to carry out a tim e resolved fluorescence 

energy transfer (TR-FRET) assay, Section 2 .17 . In this assay a GR LBD is tagged with 

a glutathione-S-transferase (GST) to which a terbium -labelled anti-GST antibody (Tb- 

anti-GST Ab) binds. Binding of agonist to the nuclear receptor causes a conformational 

change in the LBD of the GR which results in recruitm ent of the co-activator peptide, a 

fluorescein labelled steroid receptor co-activator-1 peptide (F I-SR C -1). When the 

terbium label on the anti-GST antibody is excited at 340 nm, energy is transferred to 

the fluorescein label on the co-activator peptide and detected as emission at 520 nm. 

Energy transfer can only take place however if the GR LBD and the co-activator 

peptide are brought in close proximity to each other which will only occur due to a 

conformational change in the GR LBD.

This assay showed th a t the CPA (7 7 )  derivative is capable of co-activator recruitm ent 

meaning that the derivative induces a conformational change in the LBD of the GR 

resulting in a FRET reaction between a terbium -G ST tag and steroid receptor co- 

activator-1 with a fluorescein tag. Figure 4 .29 .
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Figure 4 .2 9  GR FRET Co-activator recru itm ent assay. A Lanthascreen™ TR-FRET 

Glucocorticoid Receptor Co-activator Assay kit was used to determine if the UDCA 

derivatives were capable of co-activator recruitment, Section 2.17. Dexamethasone 

and CPA (77 ) were incubated at room temperature for 3 h the indicated 

concentrations with a GST-tagged GR-LBD and a mixture of the fluorescein labelled 

co-activator peptide and the terbium labelled anti-GST antibody. Values represent the
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mean ± SEM o f three experiments performed in duplicate, normalised to positive 

control, dexamethasone IpM , * p< 0.05 relative to control as determined by one-way 

ANOVA and Dunnett's post hoc correction.

However we did find that the UDCA itself had no effect on co-activator recruitment 

even at very high concentrations, Figure 4.30. This is consistent with previous work by 

Miura et al which failed to show an interaction between UDCA and the co-activator 

TIF-2 (Miura et al., 2001). The CDCA and DCA cyclopropyl derivatives (88, 90) could 

not induce this conformational change again underlying the importance of a UDCA 

nucleus for a GR interaction.
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Figure 4 .3 0  Co-activator Recruitm ent Assay. A Lanthascreen™ TR-FRET GR Co­

activator Assay k it was used to determine i f  UDCA (14), 88  or 90 (300 pM) 

derivatives were capable o f co-activator recruitment. Values represent the mean ± 

SEM o f three experiments performed in duplicate, normalised to positive control, 

dexamethasone IpM.

4.3.7  UDCA derivatives can induce transactivation and transrepression

The co-activator recruitment assay indicated that CPA (77) could induce a 

conformational change in the LBD, possibly by binding to an as yet unknown pocket of 

the GR LBD. We therefore wanted to investigate if CPA could induce transactivation of 

GREs. Using a gene reporter assay we found that CPA treatm ent of transiently 

transfected SKGT-4 cells with a GRE-firefly luciferase construct induced GRE 

transactivation in a concentration dependent manner, Figure 4.31. Hence CPA 

treatm ent induces a conformational change in the GR so that it can bind to GRE 

sequences and thereby alter gene expression.
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Figure 4 .31  UDCA derivatives transactivate the GR. SKGT-4 cells were transiently 

transfected with a m ixture o f an inducible GC responsive F.luc reporter and 

constitutively expressing Renilla construct (40:1), Section 2.13. Cells were treated  

with increasing concentrations o f dexamethasone or CPA (77 ) fo r 16 h. Cells were 

then lysed and assayed for luciferase activity. F.luc activ ity was normalised to the 

internal vector control, R.luc to control fo r transfection efficiency. Values are 

expressed as the mean ± SEM o f three experiments performed in duplicate, 

normalised to dexamethasone 100 nM.

This experiment showed that CPA (77) is capable of inducing GRE transactivation in a 

concentration dependent manner with an EC5 0  of 124 pM. UDCA could only induce 

weak transactivation which was only significant at high concentrations (500 pM), 

Figure 4.32.
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Figure 4 .3 2  UDCA induces w eati tran sac tiva tio n  o f  th e  GR. SKGT-4 cells were 

transiently transfected with a mixture o f an inducible GC responsive F.iuc reporter and 

constitutively expressing Renilla construct (40 :1 ), Section 2.13. Cells were treated  

with increasing concentrations of UDCA for 16 h. Cells were then lysed and assayed 

for luciferase activity. F.luc activity was normalised to the internal vector control, R.luc 

to control for transfection efficiency. Values are expressed as the mean ±  SEM of 

three experiments performed in duplicate, normalised to dexamethasone 100 nM. * 

p< 0.05 relative to untreated control as determined by one-way ANOVA and Dunnett's 

post hoc correction.

Furthermore CPA was capable of transrepression decreasing TNF-a induced NF-kB 

activity (with an EC5 0  of 17 |jM), Figure 4.33. This experiment was carried out in the 

HEK-293 cell line as attempts to do it in the SKGT-4 cell line were not successful. At 

the time that this experiment was performed we did not have access to a R.luc 

construct and so we had to normalise to p-gal activity. However the metabolism of the 

SKGT-4 cell line was slow and hence the ONPG production only occurred over long 

incubation times and never reached the linear range of the assay. Hence we used the 

HEK-293 cell line to as a proof of concept experiment to investigate if UDCA 

derivatives could suppress IMF-kB activity.
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Figure 4 .3 3  UDCA derivatives decrease NF-kB activity. HEK-293 cells were 

transiently transfected with an inducible NFKB responsive F.luc reporter gene 

construct and a constitutively expressing ^-galactosidase construct, Section 2.12. 

After 24 h the cells were treated with TNF-o 10 ng/p l alone or with TNF-a 10 ng/p l and 

varying concentrations o f dexamethasone or CPA (77). After 16 h the cells were lysed 

and the lysates assayed fo r F.luc activity. Firefly luciferase activ ity was normalised to 

p-gaiactosidase activ ity to control fo r transfection efficiency. Values are expressed as 

the mean ± SEM o f three experiments performed in duplicate, normalised to untreated 

control, * p< 0.05 relative to untreated control as determined by one-way ANOVA and 

Dunnett's post hoc correction.

Taken together this data suggests that the derivative can bind to a non-classical site 

in the LBD of the GR and then proceed to induce transactivation of GC response 

elements and transrepression of pro-inflammatory cytokines. The binding is dependent 

on the BA nucleus and is specific to the UDCA ring.
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4.3.8  Pharmacological Inhibitor Screen of CPA induced GR 
translocation

In order to investigate if GR translocation was occurring secondary to BA induced 

activation of other cellular pathways we decided to carry out a prelim inary screen 

using a series of inhibitors. I f  pre-treatment with any of the inhibitors reduced or 

augmented CPA induced GR translocation then this could reveal the pathway or 

protein through which the derivative works.

Table 4 .6  Panel o f Inh ib itors. A panel o f inhibitors was assembled to investigate i f  

GR translocation was occurring secondary to activation o f other cellular pathways.

Geldenamycin Hsp90 inhibitor

Rapamycin FKBP52 inhibitor

Cyclosporin A Calcineurin (Protein phosphatase 2B) 

Inhib itor

PD98059 ERK inhibitor

SB203580 p38 inhibitor (MAPK fam ily)

G06976 Conventional PKC inhibitor

Rottlerin PKC6 inhibitor

Bisindolylmaleimide PKC inhibitor

H89 MSK-l/PKA inhibitor

Primaquine Inhib itor of endocytosis and recycling

Mifepristone GR antagonist

We in itia lly examined the effect of the inhibitors by themselves on GR translocation, 

Figure 4.34.
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Figure 4 .34 Analysis o f GR translocation induced by a panel o f inhibitors.
SKGT-4 cells were trea ted  w ith  1%  D M 50 as control, geldenam ycin 500 nM, 

cyclosporine A 100 nM, rapam ycin 100 nM, m ifepristone 100 nM, PD98059 10 pM, 

SB203580 10 pM, G 06970 1 pM, ro ttle rin  5 pM, bisindolylm aleim ide 1 pM, H89 500  

nM, prim aquine 300 pM as shown fo r 4 h. Cells were fixed, stained, visualised and  

analysed in the usual way as described. Values are norm alised to nuclear to  

cytoplasm ic ra tio  o f un trea ted  contro l and are expressed as the mean ±  SEM o f  two  

experim ents perfo rm ed in trip lica te , * p<  0.05 re la tive  to untrea ted  contro l as 

determ ined by one-way ANOVA and D unnett's  post hoc correction.

As mifepristone (74), bisindolylmaleimide and primaquine induced GR translocation by 

themselves these inhibitors were not included in the panel. Pre-treatment with the 

inhibitors for 30 min followed by treatm ent with CPA, UDCA or dexamethasone 

showed that out of the inhibitors selected only geldenamycin and rottlerin pre­

treatm ent showed a decrease in translocation induced, Figure 4.35.
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Figure 4 .3 5  Effect o f inhibitors on dexam ethasone, UDCA and CPA induced GR 

translocation. SKGT-4 cells were treated with 1% DMSO as control, Geldenamycin 

500 nM, Cyclosporin A 100 nM, Rapamycin 100 nM, PD98059 10 pM, SB203580 10 

pM, G06970 1 pM, Rottlerin 5 pM or H89 500 nM for 30 min prio r to co-treatm ent with 

CPA 100 pM, UDCA 300 pM or dexamethasone 100 nM fo r a further 4 h as indicated. 

Cells were fixed, stained, visualised and analysed as described. Figure 4.19. Values 

are normalised to nuclear to cytoplasmic ratio o f dexamethasone, UDCA or CPA as 

indicated and are expressed as the mean ± SEM o f two experiments performed in 

triplicate, * p< 0.05 relative to dexamethasone, UDCA or CPA as determined by one 

way ANOVA and Dunnett's post hoc correction.

Furthermore treatm ent with Geldenamycin is cytotoxic and so the reduction in nuclear 

to cytoplasmic ratio may be as a result of cell death, particularly as dexamethasone 

induced translocation is also reduced. Pre-treatment with Rottlerin only causes a 

decrease in translocation with CPA and UDCA. Unfortunately the selectivity of Rottlerin 

as an inhibitor of PKC6 has been called into question (Soltoff, 2007). Although it has 

been used in several studies for this purpose it has been shown to block activity of 

other kinases and non-kinase proteins (Soltoff, 2007). BAs have been shown to induce 

translocation of PKC5 (Shah et al., 2005) and hence this inhibition of GR induced 

translocation could potentially be interesting. However due to the fact that Rottlerin 

may have multiple targets more studies would be required to verify these effects.

H89 treatm ent caused an increase in translocation induced by CPA, UDCA and 

dexamethasone. H89 inhibits both mitogen and stress activated protein kinase 1 

(M SKl) and PKA. This is consistent with recent studies that have shown that 

combination of GCs and MSKl inhibitors have an additive effect on repression of pro- 

inflammatory gene expression (Beck et al., 2009). CPA and UDCA seem to share this 

additive effect but further work is required to investigate these effects more 

thoroughly.
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4 .3 .9  TCA induces GR trans location

I t  was found during the course of our screening work for GR translocation that TCA 

(12) was a potent inducer of GR translocation with an EC5 0  in the same range as that 

of the most potent amides and the same efficacy as dexamethasone, Figure 4.37A. A 

time course experiment showed a sim ilar time profile to dexamethasone, Figure 

4.37B.
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Figure 4 .3 6  TCA is a poten t inducer o f  GR translocation. A ) 5KGT-4 cells were 

treated with indicated concentrations o f TCA. Values are normalised to nuclear to 

cytoplasmic ratio o f dexamethasone 100 nM and expressed as the mean ± SEN o f two 

experiments performed in triplicate. Concentration effect curves were generated using 

non-linear regression models in Graph Pad Prism 5. B) SKGT-4 cells were treated 

with TCA 100 pM or dexamethasone 100 nM for 15 min, 30 min, 60 min, 120 min or
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240 min. Cells were fixed, stained and analysed for GR translocation as described in 

Section 2.9. Values are normalised to nuclear to cytoplasmic ratio o f dexamethasone 

100 nM and are expressed as the mean ±  SEM of two experiments performed in 

triplicate, p<  0 .05  relative to control for Dexamethasone lOOnM (30 min, 60 min, 120 

min, 240 min) and TCA (30 min, 60 min, 120 min, 240 min).

This observation is interesting for a variety of reasons. TCA is one of the predominant 

BAs present in human bile. Despite this no study has ever suggested an anti­

inflammatory role for TCA. Indeed CA and its conjugates are generally regarded as 

inert BAs.

Furthermore the mechanism of this translocation is also interesting as it is not known 

whether a BA transporter is present in the SKGT-4 cell line. In the absence of a 

transporter the BA would not be permeable and hence the effect would be assumed to 

be cell surface mediated. This may be explained by a recently found membrane bound 

GC receptor (mGR). Bartholome et al demonstrated the existence of mGR on 

monocytes and B cells obtained from blood donors using high-sensitivity 

immunofluorescent staining (Bartholome et a/., 2004). This technique uses antibody 

conjugated magneto-fluorescent particles and so increases fluorescence intensity by 

1000 fold allowing these molecules to be visualised. Interestingly over-expression of 

cytosolic GR does not lead to an increase in the expression of mGR and so it is 

believed that it is not cytosolic GR that has been transported to the cell surface. Hence 

it has been suggested that mGR is a variant of cytosolic GR but its origin, mechanism 

of action and function even remain unknown.
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4.4 Discussion

Developing novel anti-inflam matory agents with high affinity for the GR but lacking 

the side effect profile of conventional GCs has been the focus of much research over 

the past few decades (Ali et a!., 2008; Barker et at., 2006; Barnes, 1998; Newton & 

Holden, 2007; Regan et a/., 2006). UDCA's excellent safety profile during its clinical 

use for hepatic inflammatory diseases coupled with recent studies showing its ability 

to induce GR translocation make it an excellent candidate for such an anti­

inflammatory agent (Angulo & Lindor, 1998; Miura eta!., 2001; Tanaka eta !.,  1996). 

However, the concentrations at which UDCA causes translocation of the GR and 

immunosuppression in vitro are high (Miura e ta /., 2001; Sola et al., 2005; Sola eta !.,  

2004; Weitzel et a!., 2005). In this study we report an EC50 of 300 pM for GR 

translocation after 4 hours of UDCA treatment. Although UDCA concentrations in the 

liver and bile duct are much elevated during UDCA therapy (Setchell et a!., 1997) such 

high concentrations are never reached in blood serum (Ewerth et al., 1985) thus 

lim iting UDCA's therapeutic u tility  as an anti-inflammatory agent to specific organs. 

Additionally, UDCA's potency makes studying its biological effects challenging. UDCA's 

mechanism of action in the treatm ent of hepatic diseases remains unknown. Although 

it can cause translocation of the GR from the cytoplasm to the nucleus in multiple cell 

systems (Miura et al., 2001; Sola et al., 2005; Tanaka et al., 1996), studies are 

conflicted over its ability to activate GRE's, (Miura et al., 2001; Sola et al., 2005; 

Tanaka et al., 1996; Weitzel et al., 2005) and a physical interaction between UDCA 

and the GR has yet to be demonstrated.

Thus, our decision to make UDCA derivatives was driven by the desire to produce 

analogs with increased potency and efficacy which could serve as useful tools for 

further characterising UDCA's mechanism of action and understanding its interactions 

with the GR. We also fe lt that UDCA's cytoprotective and chemopreventative effects in 

colon cancer were a good basis for selecting it as a lead molecule for synthesis of anti­

inflammatory agents targeting esophageal inflammatory disorders which can progress 

to esophageal adenocarcinoma (Fitzgerald e ta l. ,  2002; Fitzgerald et al., 2001). 

Although a greater number of compounds are required to develop comprehensive 

structure activity relationships for GR translocation, there are definite patterns in the 

panel of compounds produced so far. Shortening of the acid side chain produces 

compounds of equal efficacy but increased potency as does replacing the acid with a 

nitrile. Amidation of the acid side chain increases efficacy and potency in general. 

Interestingly esterification ( 19, 43) abolished activity as did reduction to the alcohol 

(28). This indicates that increasing lipophilicity and hence cell penetration does not 

result in increased GR translocation. The mono 0x0- derivatives had reduced 

translocation efficacy compared to UDCA but the diketo (39) and triketo (38)
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compounds were potent inducers of translocation. Out of the derivatives synthesised  

the amide series was found to be the best with the cyclopropyl ( 77) and 

benzylpiperazine amide (78 ) derivatives of UDCA having the greatest potency. The 

next series of compounds to be synthesised could include the cyclopropyl and 

piperazine derivatives of the diketo compound (39) and also of norUDCA ( 24) and 

BisNorUDCA ( 25). It would also be important to tease  out the optimal structure of the  

amide side chain through synthesis of a large number of amide derivatives.

We found that the GR translocation was specific to the UDCA nucleus as both the  

cyclopropyl and benzylpiperazine derivatives of DCA and CDCA did not induce 

translocation (88- 91 ). This is of significance as it confirms the importance of the  

UDCA nucleus and (3 orientation at the 7 position. The abrogation of translocation in 

the 7-keto derivative (36) supports this but the activity of the di- and triketo 

derivatives is somewhat contradictory of these  observations. One must assum e that 

the shape of these  oxo- derivatives allows for interaction with the GR in a way that is 

not possible in the presence of a 3o-OH group. Hence manipulation of the 3-position 

would also be important in a future series of compounds.

The compounds tested here were not toxic during the time frame of any of the assays.  

Interestingly however the cyclopropyl and benzylpiperazine derivatives of DCA and 

CDCA were very toxic (88- 91 ). This is an interesting observation in the light of our 

findings in Chapter 3 and of interest as structurally similar piperazine derivatives of 

DCA and LCA have been recently described by El Kihel e t a / ,  Figure 3.1 (El Kihel eta!., 
2008) with the most potent compound having an LD5 0  of 8 .5  pM in cytotoxicity assays.  

It would be interesting to test  these  derivatives in such assays as they could 

potentially be exploited for their cytocidal effects.

Previous authors have suggested that UDCA may interact with the cell membrane and 

set up a series of cytoplasmic events through secondary signals, one of which may be 

GR activation (Miura e t a / . ,  2001; Sola e t a / . ,  2004). Although we cannot rule out that 

the derivatives induce translocation due to secondary signals the higher log P of the  

amide derivatives would certainly result in diffusion through the cell membrane and 

allow for interaction with the GR. Furthermore translocation is induced independent of 

protein biosynthesis and although the derivatives display a slower rate of translocation 

to dexam ethasone 100 nM which reaches maximal translocation at 30 minutes this is 

probably due to their weaker affinity for the GR as dexam ethasone 100 pM displays a 

slower profile as well.

CPA was able to recruit steroid receptor co-activator 1-4 in a FRET assay and could 

induce transactivation of GRE's in a sigmoidal fashion, with an EC5 0  of 124 pM. 

Furthermore the derivative could induce transrepression of TNF-o stimulated NF-kB 

showing the sam e efficacy as dexam ethasone 100 nM.
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Puzzlingly however, we found that UDCA and none of our derivatives were able to 

displace tritiated dexamethasone from the GR binding site. GR activation can be 

regarded as consisting of two principal steps. In the first step, a conformational 

change in cytoplasmic GR exposes a nuclear localisation signal which results in nuclear 

translocation. In the second step binding of the GR to GREs allows for recruitment of 

co-activators to the AF-1 and AF-2 helix domains. The LXXLL motif of co-activators can 

only bind to helix 12 however if it has been locked into the active conformation. It is 

generally thought that ligand binding is essential for both steps to occur.

Pariante et al, however, demonstrated that the tricyclic antidepressant desipramine 

could induce translocation of the GR from the cytoplasm to the nucleus (Pariante et 

al., 1997). Similar to CPA, desipramine could not displace dexamethasone from the GR 

binding pocket in a radioligand competition binding experiment. The authors suggest 

that the compound may be binding to hsp90 complex resulting in dissociation from the 

GR and subsequent translocation. In this study we found that pre-treatment of the 

SKGT-4 cell line with the hsp90 inhibitor did decrease CPA induce GR translocation but 

this was seen in dexamethasone as well and because geldenamycin is potently 

cytotoxic it is hard to derive conclusive information from the experiment. FKBP52 is 

another chaperone protein bound to the GR, Figure 4.4. Therefore we investigated the 

effect of the FKBP52 inhibitor, rapamycin, but found there was no effect on CPA 

induced GR translocation.

Crucially however desipramine differs from CPA in its inability to induce activation of 

the GR alone, although it does potentiate dexamethasone mediated GR transcription. 

In the case of CPA even if we consider that nuclear translocation of the GR is occurring 

independent of direct ligand binding, it is hard to account for the second step in GR 

activation which requires helix 12 to be in an active conformation for recruitment of 

co-activators. Nuclear translocation of the GR is not sufficient to induce this 

conformational change in helix 12 as antagonists such as mifepristone also induce GR 

translocation (Pariante e ta /., 2001). CPA seems to induce this active conformation as 

it resulted in co-activator recruitment in a TR-FRET assay, albeit at high concentration 

(300 pM). It  is hard to understand how this active conformation could be induced 

without direct binding of a ligand. Binding could potentially be occurring at an 

unknown binding pocket in the GR LBD. CPA could be binding to helix 12 itself 

stabilising it in an active conformation. Further structural analysis is required to 

confirm such a theory. An isotopically labelled GR LBD domain could be used for 

mapping the interactions of the ligand with the LBD. Microcalorimetry and surface 

plasma resonance studies with the GR LBD could also be carried out to determine the 

dissociation constant of the derivative.
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Another potential mechanism of CPA effects could involve inhibition of the enzyme 

11(3HSD, Figure 4.7. 11(3HSD1 and 11PHSD2 maintain an equilibrium between

cortisone and cortisol. Interestingly BAs, including CDCA and UDCA have been shown 

to bind to and inhibit rat microsomal 11|3HSD1 with a of 15 pM and 200 pM

respectively (Maeda et a!., 2010). Stauffer et at, showed that CDCA and DCA can

inhibit 113HSD2 (Stauffer et al., 2002). The authors also demonstrated that inhibition 

of 11PHSD2 by DCA and CDCA resulted in translocation and activation of the MR in 

response to low concentrations of cortisol (Stauffer et al., 2002). It would be

interesting to investigate if CPA could inhibit 11 (3HSD1 which would provide an

elegant explanation for its effects on GR translocation, transactivation and

transrepression.

In this work a pharmacological inhibitor screen was also conducted to investigate 

other cellular pathways which may be involved in CPA induced GR translocation. The 

work was only preliminary, however, there is string indication that PKC6 may be 

involved as pre-treatment with the PKC6 inhibitor rottlerin resulted in a decrease in 

CPA induced translocation. This was interesting as BAs have been shown to activate 

various PKC isoforms (Rao et al., 1997). Rottlerin however is an non-specific inhibitor 

and therefore this effect should be validated using a siRNA for PKC5.

Another interesting observation made during these investigations was the ability of 

TCA to induce GR translocation. The SKGT-4 cell line is not known to have BA 

transporters and hence TCA would not be expected to be membrane permeable and to 

bind to the GR. It  is possible that TCA is binding to a mGR however further

experimental work would be required to verify this. It would be interesting to

investigate if CPA could still induce GR translocation is passive diffusion was blocked. 

This might indicate that the mechanism of BA induced translocation is mGR 

dependent.

To date all known GR modulators, including dissociated steroids have only shown 

binding to the classical GC binding site (Barker et al., 2006; Belvisi et al., 2001a; 

Newton & Holden, 2007; Regan et al., 2006). Regardless of the mechanism of action 

of CPA and the other derivatives presented here, the compounds represent a novel 

mechanism for GR activation.

A new mechanism of action for GR activation could result in novel anti-inflammatory 

compounds. Our lead compound shows the same selectivity for transrepression over 

transactivation as dexamethasone and hence cannot be classified as a dissociated 

steroid. Further development could separate these effects. However in the context of 

the ongoing debate regarding dissociated steroids the gene expression profile of these 

compounds would determine their real clinical utility and side effect profile. The fact
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that the derivatives are based on a compound which has minimal history of side 

effects would support the ir potential use as gene selective compounds.
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5 CHAPTER FIVE

RESULTS

Bile add interactions with the secretory 

pathway-impiications for carcinogenesis
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Chapter V

5.1 Introduction

The ability of a cell to evade cell death through classical apoptosis pathways is 

regarded as one of the hallmarks of cancer. Consequently, in recent years researchers 

have focussed on alternative apoptotic and non-apoptotic pathways as potential 

targets of pharmacological therapies to contribute to tumour cell demise (Wlodkowic 

et a!., 2009). In particular it has been shown that components of the secretory 

pathway such as the endoplasmic reticulum (ER) and Golgi apparatus are involved in 

sensing cellular stress and initiating cell death pathways (Maag, Hicks & Machamer, 

2003; Wlodkowic et a!., 2009). Moreover, it has also become apparent in recent years 

that activation of stress in these organelles, particularly in the ER, is a common 

manifestation of many tumours and it is now believed that an ER stress response 

plays a critical roie in tumour cell development and in the ability of a tumour cell to 

metastasise (Healy et al., 2009; Lee & Hendershot, 2006). This chapter is focused on 

investigating the effects of BAs on the secretory pathway focussing initially on the 

Golgi apparatus and then moving towards the ER.

5.1.1 Structure and Function of the Golgi apparatus

The Golgi is typically located in the juxtanuclear region of the cell around the 

centrosome. It  is composed of a ribbon like system of membranes that are closely 

apposed and aligned in parallel to form stacks, Figure 5.1 (Shorter & Warren, 2002). 

It  is composed of three main compartments: the cis-, medial and trans-Golgi, the cis 

Golgi being the face closest to the ER. The compartments consist of membranous 

stacks of flat disc-shaped cisternae and tubulovesicular networks found on either face 

of the Golgi stack, the cis-Golgi network (CGN) and the trans-Golgi network (TGN). 

The Golgi architecture is conserved through eukaryotic evolution and is present even 

in the most primitive of eukaryotes, the Giardia lamblia (Shorter & Warren, 2002). 

Studies by Shorter et al investigated the mechanism of Golgi stacking and revealed 

that Golgi stacking occurs through a cisternal tethering reaction involving the proteins 

p l l5 ,  giantin and GM130 (Shorter & Warren, 1999). GM130 is a peripheral 

cytoplasmic protein that is tightly bound to Golgi membranes. The protein is 

predominantly located in the CGN and has shown overlap with the CGN marker, 

syntaxinS. It  is particularly important in maintaining cis-Golgi structure (Nakamura et 

al., 1995). The peripheral membrane proteins GRASP65 and GRASP55 are found in the 

cis and medial Golgi and also play an integral role in the cisternal stacking interactions 

(Shorter e t a/., 1999).
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Membrane tubules are also a predominant feature of the Golgi although the exact role 

of these is still somewhat unclear. They are potentially involved in the recycling of 

resident Golgi proteins back to the ER (Cole e ta / . ,  1998; Click, 2000 ).

The Golgi occupies a central position in the secretory pathway as it receives 

polypeptides from the ER and acts to post-translationally process and ultim ately  

transport and sort cargo to their final destinations (Shorter & W arren, 2002). 

Specifically the CGN functions to receive the biosynthetic output from the ER whereas 

the TGN sorts completed post-translationally modified products. Enzymes in the Golgi 

including glycosyltransferases conjugate proteins with diverse patterns of glycans.

The Golgi also serves as the m ajor site of sphingolipid biosynthesis within the cell 

acting as a buffer between the glycerolipid-rich ER and the sterol/sphingolipid-rich  

plasma m embrane (Holthuis e t a /., 2001 ).

incoming transport vesicle

lumencisternae

newly tomiing veside secretory vesicle

Figure S .l  Structure o f the Golgi apparatus. The Golgi apparatus is composed of a 

ribbon like system of membranous stacks of flat disc-shaped cisternae. Cargo enters 

the Golgi at the cis face and then travels through the medial Golgi to the TGN.

5 .1 .1 .1  Trafficking to, through and from  the Golgi

Following synthesis in the ER, newly formed proteins are initially packaged into coat 

protein I I  (CO PII)-coated vesicles at the transitional ER, which is a specialised site in 

the ER that lacks bound ribosomes. These proteins then enter an interm ediate  

com partm ent referred to as the ER-Golgi interm ediate com partm ent and these 

clusters translocate to the Golgi, potentially along the microtubule networks to form  

the CGN (Glick, 2000).
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There are conflicting opinions on movement of cargo through the Golgi itself. In the 

stable compartment model it is proposed that COPI vesicles carry the secretory cargo 

forward but exclude the resident Golgi proteins. In the cisternal maturation model it is 

proposed that entire cisternae carry the secretory cargo forward and the COPI vesicles 

move back through the Golgi recycling resident Golgi proteins to younger cisternae 

(Glick, 2000). Convincing evidence exists for both models opening up the possibility 

that there are multiple mechanisms of transport through the Golgi. Either way, when 

the cargo reaches the TGN there are several types of transport carriers formed 

(Mellman & Simons, 1992). These include clathrin-coated vesicles which deliver 

protein to the endosomal/lysosomal and vacuolar compartments.

These carriers are dissociated from the TGN by a controlled process termed membrane 

fission. Once cargo accumulates at the TGN, a G protein coupled receptor (GPCR) 

activates a trimeric G protein at the TGN resulting in the activation of PKCri and 

recruitment and phosphorylation of PKD. PKD can then activate downstream targets to 

control membrane carrier fission (Bard & Malhotra, 2006).

5.1 .1 .2  Golgi Fragm entation

There is a general consensus in the literature, that during cell division the Golgi 

undergoes dramatic structural changes involving fragmentation and dispersal (Colanzi, 

Suetterlin & Malhotra, 2003a). However, opinion is greatly divided amongst the 

leading investigators in the field about the specific fate of Golgi membranes. Certain 

investigators believe that the Golgi proteins fuse with the ER during mitosis (Zaal et 

al., 1999), others that the Golgi fragments into small vesicles (Jesch et al., 2001), yet 

others believe that the Golgi disassembles into bigger tubular-reticular elements 

(Shima et al., 1997).

Most investigators however agree that in late prophase the Golgi stacks break down 

into smaller membranes and that during pro-metaphase and early anaphase these 

membranes undergo further fragmentation (Colanzi et al., 2003a). The Golgi then 

reassembles during telophase (Gonatas, Stieber & Gonatas, 2006). The three enzymes 

that have been identified to mediate this conversion are the mitogen-activated protein 

kinase (MAPK) kinase 1 (M EKl), polo-like kinase 1 and Cdc2 kinase, Figure 5.2.

MEKl is found on Golgi membranes during late prophase but is absent from the 

smaller fragments found during pro-metaphase and anaphase. Colanzi et al propose 

that MEKl phosphorylation of GRASP55 in prophase may be responsible for the 

disassembly of the Golgi (Colanzi, Sutterlin & Malhotra, 2003b). Cdc2 kinase is 

required for the second step in the conversion to small fragments. The Golgi protein 

GM130 is known to bind to the COPl-vesicle associated protein p l l5  which tethers 

COPI vesicles to the Golgi cisternae. However in vitro studies have shown that Cdc2
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kinase can phosphorylate GM130 decreasing its interaction with p l l5  and resulting in 

the fornnation of vesicles (Colanzi e ta l., 2003a; Lowe e ta !., 1998).

Pericentriolar 
Golgi apparatus Golgi blobs Golgi haze

Nucleus

Vesiculation

cdc2

Redistribution 
into the ER

Step 1
Blocking this step inhibits 

entry into mitosis

Step 2 
The significance of this 

disassembly step is not known

Figure 5 .2  Proposed mechanism o f Golgi fragm entation during mitosis. MEKl 

and PIkl are involved in disassembly o f Golgi stacks to smaller membranous 

structures or blobs in the firs t stage o f Golgi fragmentation during mitosis. Cdc2 

kinase is then responsible fo r further breakdown to smaller fragments, image taken 

from (Colanzi e t al., 2003a).

The Golgi also fragments during apoptosis and in this case it is thought that the 

fragmentation involves the activation of caspases which can cleave the Golgi- 

associated matrix proteins. These proteins include Golgin 160 which is important in 

maintaining structural integrity of the Golgi (Mancini et al., 2000). The stacking 

protein GRASP65 is a substrate of the executioner caspase-3. Lane et al demonstrated 

that expression of a mutant caspase-resistant form of GRASP65 partially preserved 

Golgi structure and inhibited Golgi fragmentation in apoptotic cells (Lane e ta /., 2002). 

Pharmacological agents can also cause Golgi fragmentation and different agents can 

induce distinct Golgi morphologies. For example okadaic acid, a protein phosphatase 

inhibitor, causes the Golgi cluster to resemble that in m itotic cells. The fungal 

metabolite brefeldin A (92), Figure 5.3, induces vesiculation of the Golgi causing it to 

fuse with the ER. On the other hand nocodazole, a microtubule depolymerising drug 

breaks the Golgi into shortened cisternae (Fan e t al., 2008). The marine product
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iliminaquinone has also been shown to induce Golgi fragmentation (Diaz Anel & 

Malhotra, 2005).

HO,

92
HO

Figure 5 .3  Structure o f the fungal m etabolite brefeldin A. Brefeldin A induces 

vesiculation o f the Golgi apparatus causing i t  to fuse with the ER.

5.1.2 Golgi fragmentation and disease

Fragmentation of the Golgi apparatus is now recognised as a central feature of a 

number of diseases, principally neurodegenerative diseases. Golgi fragmentation was 

first observed in sporadic amyotrophic lateral sclerosis (sALS) in which the normal 

network of the Golgi of spinal cord motor neurons was replaced by numerous 

disconnected elements. The fragmentation is not occurring as a result of apoptosis as 

Golgi fragmentation has been observed in non-apoptotic neurons (Gonatas et ai., 

2006). Furthermore the morphology of the Golgi resembled shorter cisternae as 

opposed to the clusters of vesicles seen during apoptosis in these cells (Gonatas et a!., 

2006).

Golgi fragmentation has also been observed in Alzheimer's disease (Nakagomi et a!., 

2008; Sun et al., 2008) and in Creutzfeldt-Jacob disease (Gonatas et a!., 2006). 

Gonatas et al comment that neuronal Golgi fragmentation is an early and irreversible 

lesion in neurodegeneration and that it leads to a compromise in the secretory 

function of these cells (Gonatas e ta l. ,  2006).

Although the mechanism of fragmentation remains to be clarified, it is thought that 

interaction between mutant proteins, and the proteins involved in maintenance of the 

structure of the Golgi m ight disrupt its structure and function. Sun et al recently 

revealed a major role for Cdk5 in Golgi fragmentation following beta-amyloid and 

glutamate stimulation of neuronal cells and primary neurons (Sun e ta /., 2008).
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Golgi fragmentation has also been observed in growth hormone disorders where 

patients express a mutant form of growth hormone lacking amino acids 32-71 

resulting in misfolding of the protein. Transfection of COS-7 cells with this mutant 

protein resulted in Golgi fragmentation with Golgi markers P-cop, membrin and 58k 

highly dispersed in these cells. Golgi morphology was intact in cells expressing wild 

type growth hormone. The microtubule organising centres of the mutant cells were 

also disrupted as was the trafficking of the two secretory proteins prolactin and 

secreted alkaline phosphatase (Graves e ta l. ,  2001).

5.1.3 Golgi fragmentation and cancer

Glycosyltransferase enzymes in the Golgi apparatus modify 0 - and N-linked 

carbohydrate chains on glycoproteins and glycolipids. These term inal oligosaccharide 

units expressed on proteins and lipids confer highly specific recognition capabilities to 

these molecules. At a cellular level, variation in the terminal oligosaccharide units can 

alter differentiation, proliferation and promote neoplastic progression (Byrne et a!., 

2010).

Abnormal glycosylation of cellular glyco-conjugates is a common phenotypic change in 

many human tumours including leukaemia and neuroblastoma tum our gangliosides 

(Ladisch e ta l. ,  1989; Petrini et a!., 1989). Aberrant glycosylation patterns are found in 

tissue from inflammatory bowel disease and colon cancer patients (Campbell, Yu & 

Rhodes, 2001; Rivinoja et a/., 2006). DNA hypermethylation has also been proposed 

to silence the activity of glycosyltransferases leading to abnormal glycosylation and 

expression of cancer associated carbohydrate antigens (Kawamura et al., 2008). 

Disruption of N-linked glycosylation can lead to over-expression of the carbohydrate 

antigens sialyl Lewis a and sialyl Lewis x which are found in many tumours including 

pancreatic and gastric tumours (Peracaula et al., 2005; Varki et al., 1999). The 

expression level of these antigens correlates with the metastatic potential of the 

tumours (Peracaula e ta l. ,  2005).

Stieber et al demonstrated that Golgi fragmentation is associated with disruptions in 

the secretory pathway as measured by decreased expression of the cell surface 

glycocprotein CD4 (Stieber et al., 2004). Another study by Kellokumpu et al showed 

that Golgi fragmentation in the MCF-7 breast tum our cell line is associated with 

abnormally glycosylated proteins. Constitutive Golgi fragmentation has also been 

observed in a number of colon cancer cell lines such as the SW480, Caco-2, HT-29 

and T-84 (Kellokumpu, Sormunen & Kellokumpu, 2002). Therefore, as the Golgi is 

inherently involved in post-translational modifications and glycosylation it is 

reasonable to assume that disruption of its architecture could lead to aberrant
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secretion of proteins and abnormal cell signalling ultim ately contributing to 

carcinogenesis.

5.1.4 The ER stress response

Secretory proteins intended are initially processed through the ER as it provides an 

optimal and unique environm ent for protein folding, assembly and disulfide bond 

formation (Wu & Kaufman, 2006 ). These proteins then traffic to the Golgi where they  

can undergo post-translational modifications. Insults including nutrient deprivation, 

alterations in the oxidation-reduction balance, changes in calcium concentration and 

failure of post-translational modifications can lead to protein misfolding in the ER (Wu 

& Kaufman, 2 006 ). Accumulation of these misfolded/unfolded proteins leads to an ER 

stress response more commonly referred to as an unfolded protein response (UPR).

The three main pathways of ER stress are the PKR-like ER protein kinase/pancreatic 

eIF2c (eukaryotic translation initiation factor 2, a subunit) kinase (PERK/PEK) 

pathway; the activating transcription factor 6 (ATF6) pathway and the inositol- 

requiring enzym e 1 ( IR E l)  pathway. Figure 5.4.

188



Endoplasmic
Reticulum
Lumen

BIP sequesters 
unfolded i 
proteins

Unfolded©
proteins

rmp

< p )
IRE-1 perk ATF6

Inhibits global 
protein synthesisJNK

XBPISXBPIT

ATF4ER biogenesis

CHOP ATF3

ER chaperone 
proteins e.g BIP

APOPTOSIS

IVucleus

Figure 5 .4  Pathw ays o f ER stress/UPR. The three main pathways o f ER stress are 

the PKR-lil<e ER protein l<inase/pancreatic eIF2a (eukaryotic translation in itiation factor 

2, a subunit) kinase (PERK/PEK) pathway; the activating transcription factor 6 (ATF6) 

pathway and the inositol-requiring enzyme 1 (IR E l) pathway. The overall aim o f the 

UPR is to reduce the burden on the ER and to remove unfolded proteins from the cell. 

I f  the response fails to reduce ER burden then apoptosis is triggered. CHOP, ATF3 and 

JNK are thought to be involved in inducing apoptosis. Adapted from (Cunha et al., 

2008).

In a pre stress state these ER proteins are maintained in a soluble form mainly bound 

to Bip/GRP78 which is the most highly expressed ER resident protein. Bip dissociates 

from these proteins to sequester unfolded proteins in the ER lumen allowing PERK, 

ATF6 and IRE-1 to initiate ER stress cascades. Active IRE-1 splices XBPl (X-box 

binding protein 1) mRNA which can then induce genes involved in ER expansion and 

biogenesis (Lee et al., 2005) and degradation of misfolded proteins (Wu & Kaufman,
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2006). Overexpression of XBP-1 leads to upregulation of genes encoding proteins of 

multiple compartments of the secretory pathway including the Golgi (Okunade et a!.,

2007). ATF6 induces transcription of ER chaperone proteins such as Bip. PERK on the 

other hand phosphorylates the eukaryotic translation initiation factor eIF2 a which 

results in an overall inhibition of global protein synthesis. However translation of 

selected proteins such as ATF4 (Cunha et a/., 2008) and PKC n (Raveh-Amit et a/., 

2009) is facilitated. ATF4 can then increase expression of downstream C/EBP 

homologous protein (CHOP/GADD153/ DDIT3) and ATF3.

The overall aim of the DPR response is to reduce the burden on the ER but if the 

response fails then apoptosis is triggered (Banhegyi e ta /. ,  2007; Cunha e ta /. ,  2008; 

Wu & Kaufman, 2006). During physiological ER stress, survival pathway activation 

outweighs death pathway activation, whereas during chronic unresolvable ER stress 

conditions, death pathway activation dominates that of survival pathways (Ishigaki et 

a/., 2010).

CHOP and ATF3 are thought to be activated during the ER stress response as a means 

of inducing apoptosis when the rest of the ER machinery fails to adequately deal with 

the stress imposed. CHOP alters the balance between pro-survival and pro-apoptotic 

Bcl-2 family members thus promoting apoptosis through the mitochondrial pathway 

(Healy et a/., 2009; McCullough et a/., 2001). CHOP has also been reported to cause 

upregulation of TRAIL death receptors in human carcinoma cells (Yamaguchi & Wang, 

2004).

5.1.5 Role of ER stress in Cancer

The tumour microenvironment is exposed to a variety of stressful conditions; these 

include hypoxia caused by poor vascularisation and nutrient deprivation. Such 

conditions can lead to activation of the UPR (Wlodkowic et a/., 2009). In recent years 

evidence has emerged that the ER stress response could be important for the growth 

and development of tumours. Activation of the UPR has been shown in many cancers 

with increased expression of UPR target genes in human tumour samples (Healy e ta /., 

2009; Wlodkowic et a/., 2009). For example, Bip levels have been reported to be 

increased in various cancer types including prostate, breast and gastric cancers (Dong 

e ta /. ,  2004; Fernandez e ta /. ,  2000; Lee, 2007; Zheng e ta /. ,  2008). This increased 

expression has been observed in both cancer cell lines as well as in ex vivo human 

primary and animal model tissues (Healy e ta /. ,  2009). Bip has also been implicated in 

tumour cell proliferation as high expression levels in a range of glioma cells correlate 

with higher rates of proliferation whereas siRNA-mediated down-regulation of Bip 

decreased glioma cell proliferation rate (Pyrko et a/., 2007). Bip has also been shown
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to play a role in angiogenesis (Healy et a!., 2009; Virrey et a!., 2008) and to protect 

from doxorubicin induced apoptosis by suppressing apoptotic pathways (Reddy et al., 

2003). Bip can inhibit apoptosis by inhibiting the activity of caspase-7, and by acting 

as a Ca^^-binding protein to preserve ER Ca '̂  ̂ homeostasis (Reddy e t al., 2003).

PERK has also been suggested to play a role as a survival factor for tumour cells under 

stress conditions (Ranganathan et al., 2006). For example, Koumenis et al used a 

HT29 colorectal carcinoma cell line expressing a kinase dead PERK, which acted as a 

dominant-negative mutant inhibiting the phosphorylation of eIF2o. These cells 

exhibited lower survival rates in hypoxic conditions compared to wild type cells 

(Koumenis et al., 2002).

Other mediators of the DPR implicated in various aspects of cancer progression are 

summarised in Table 5.1.

Table 5.1 The UPR and cancer. Increased expression o f UPR target genes has been 

shown to be associated with characteristics o f many human cancers including gastric 

cancers. Table adapted from (Healy e t al., 2009).

Bip IR E l/X B P -1 PE R K /eIF-2a

Increased + + +

proliferation

Evasion of +

apoptosis

Angiogenesis + + +

Metastasis +

Resistance to + + +

chem otherapy

5.1.6 BAs and Cancer

The ability of BAs to act as tum our promoters was first proposed by Cook in 1940 

based on the induction of tumours in mice when injected with DCA (Bernstein et al., 

2005). Since this time, a number of in vitro, in vivo and clinical studies have 

demonstrated the tum our promoting properties of BAs, particularly in colon 

carcinogenesis. These include activation of carcinogenic cascades in vitro, promotion 

of tum our formation in rats (Narisawa et al., 1974; Reddy et al., 1977) and increased 

concentrations of fecal BAs in patients with colorectal cancer (de Kok et al., 1999; 

Stadler et al., 1988; Tong et al., 2008). Based on evidence of the ir DNA damaging 

effects and mutagenicity, the secondary BAs, DCA and LCA, are most likely to be
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implicated in colon carcinogenesis (Bernstein e t  al., 2005; Hill, 1990; Nagengast, 

Grubben & van Munster, 1995) although other BAs, in particular CDCA have been 

shown to play a role (Tong e t  al., 2008).

BAs are known to induce apoptosis but it is thought tha t continual exposure of cells to 

BAs can lead to apoptosis resistance (Yui e t  al., 2009) allowing for selective growth of 

cells resistant to BA-induced apoptosis. In a rat model, repeated feeding of a diet 

containing 0.2% cholic acid resulted in the development of increased resistance to 

apoptosis of the colon crypt cells (Magnuson, Shirtliff & Bird, 1994). Furthermore, 

repeated long-term exposure of a human colonic epithelial cell line to sublethal 

concentrations of DCA selected for cells tha t are resistant to DCA induced apoptosis. 

BAs have also been shown to activate cell survival pathways, for example the NF-kB 

pathway (Bernstein e t  al., 2009). These pathways contribute to stable apoptosis 

resistance tha t characterises cell lines persistently exposed to DCA (Crowley-Weber et  

al., 2002). In this study Crowley-Weber e t  al cultured HCT116 cells in the presence of 

increasing concentrations of DCA and the resulting apoptosis resistant cell lines were 

able to grow in concentrations of DCA up to 500 pM.

In recent years it has also em erged tha t BAs can alter the expression of DPR genes. 

DCA and GCDCA increase expression of ER stress  proteins Bip and CHOP in 

hepatocytes (Tsuchiya e t  al., 2006) and also in colonic cancer cell lines (Bernstein e t  

al., 1999; Scott e t  al., 2005). DCA has also been shown to induce apoptosis in colon 

cancer cell lines via a CHOP dependent process (Qiao e t  al., 2002; Scott e t  al., 2005). 

A number of studies have recently been done with GCDCA showing that CHOP is 

involved in GCDCA mediated apoptosis in hepatocyte cell lines and furthermore tha t a 

deficiency in CHOP can a ttenuate  GCDCA induced cell death (lizaka e t  al., 2007; 

Tamaki e ta l . ,  2008).
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5.2 Aims and Objectives

Taking into account the carcinogenic effects of DCA and the evidence that it can 

increase the DPR in hepatocytes and colonic cell lines we hypothesised that BA 

induced carcinogenesis could, at least in part, be mediated via the secretory pathway. 

We decided to conduct a series of studies examining the effects of BAs on the  

secretory pathway especially focussing on Golgi structure and function and also 

investigating markers associated with ER stress. As UDCA has been shown to act as a 

chem opreventative agent we were also interested in examining the potential of UDCA 

and our UDCA analogues to inhibit effects on the structure/function of these 

organelles.

This work was initially carried out in a colon cancer cell line as observations had been 

previously made in our group indicating the DCA could induced Golgi fragm entation in 

the HCT116 cell line. The work was then adapted to an esophageal model. The specific 

aims of this chapter were to:

1. Investigate the effect of BAs on the Golgi morphology in colon and esophageal 

cell lines.

2. To dem onstrate a functional consequence of BA mediated alterations to Golgi 

structure in colonic and esophageal cells.

3. To screen our panel of BA derivatives as potential inhibitors of BA-induced 

Golgi fragm entation.

4. To determ ine the effect of natural BAs on ER stress.
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5.3 Results

5.3.1 Colon cancer Model

5 .3 .1 .1  DCA induces Golgi fragm entation

A series of studies in our laboratory investigating the effect of BAs in colon cancer 

pathogenesis revealed that DCA could induce fragmentation of the Golgi. This work 

was done in the HCT116, colon cancer cell line (Byrne et al., 2010). Although 

pharmacological agents have previously been shown to induce Golgi fragmentation, 

DCA is the first physiological molecule shown to do this, Figure 5.5B. Brefeldin A was 

used in these experiments as a positive control for Golgi fragmentation. Figure 5.5C.

C

Figure S.5  DCA induces Golgi fragm entation in the HCT116 celi line. HCT116 

cells were A) untreated or B) treated with DCA 300 ijM  or C) treated with brefeldin A 1 

jjg /m l as a positive control fo r Golgi fragmentation. A fte r 6 h cells were fixed with 

paraformaldehyde 4% in PBS. The Golgi was identified using a rabbit polyclonal 

GM130 antibody (green) and cells were stained with hoecsht (blue) to identify the 

nucleus. Cells were imaged using the GE In  cell Analyser 1000. Original magnification, 

x20. Images are representative o f n - 3  experiments.
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Although DCA is a cytotoxic BA, this concentration is not toxic to this cell line during 

the 6 h time frame of the experiment. Byrne et al have demonstrated that this 

fragmentation occurs via activation of the membrane fission process which involves 

activation of PKCr) and phosphorylation of PKD (Byrne et al., 2010). Hyperactivation of 

PKD results in formation of transport carriers at the TGN until it is reduced to small 

vesicles.

5.3.1.2 The functional significance of Golgi fragmentation

As described, the Golgi is an integral organelle involved in transporting and processing 

proteins and lipids from the ER. Hence disruption of its architecture by DCA could 

potentially lead to alterations in normal protein processing and aberrant secretion of 

proteins. In order to determine the effects of DCA on the secretory capacity of the 

HCT116 cell line we decided to carry out a Gaussia luciferase (G.luc) secretory assay. 

Figure 5.6. The G.luc assay is an assay recently developed by Badr et al (Badr et al., 

2007). G.luc is a luciferase obtained from the marine copepod Gaussia princeps which 

when expressed in cells is secreted into the extracellular medium. The assay involves 

transfection of a reporter gene constitutively expressing G.luc and measuring 

secretion of the G.luc protein using a coelenterazine substrate. Reduction of 

coelenterazine to coelenteramide results in release of energy in the form of a 

luminescent signal.

Traditional techniques for measuring trafficking through the secretory pathway include 

use of radioactively labelled endogenous glycoproteins and measurement of secreted 

alkaline phosphatase (SEAP) activity. The G.luc assay is simpler than the former and 

has been shown to be 20,000 fold more sensitive than the SEAP assay (Badr et al., 

2007).

Hence DCA treatment leads to Golgi fragmentation and disruption in the secretory 

capacity which may be an explanation of its role in colon carcinogenesis. This 

hypothesis is supported by the fact that Byrne et al observed Golgi fragmentation in 

biopsies of patients with ulcerative colitis and colon cancer. Patients with colorectal 

adenomas have been shown to have increased blood and fecal levels of the secondary 

BAs, in particular DCA (Bayerdorffer et al., 1994; Bayerdorffer et al., 1995).
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Figure 5 .6  DCA decreases the secretory capacity o f HCT116 cells. HCT116 cells 

were transiently transfected with a m ixture o f a constitutively expressing G.luc 

construct and a constitutively expressing fire fly  iuciferase construct (1 :1 ), Section 

2.14. Cells were le ft untreated or treated with DMSO 0.15 %, brefeldin A 1 pg /m l or 

increasing concentrations o f DCA (4 ) as shown. G.luc activ ity was normalised to firefly  

iuciferase and protein content to act as internal controls to control for transfection 

efficiency and cell death. Values are expressed as the mean ± SEM o f three 

experiments performed in triplicate, normalised to untreated control, *p<  0.05 as 

determined by one-way ANOVA and Dunnett's post hoc correction.

5 .3 .1 .3  UDCA inhibits DCA induced Golgi fragm entation

As UDCA has been shown to antagonise a number of the adverse biological effects 

mediated by DCA, we decided to investigate whether UDCA could inhibit DCA induced 

Golgi fragmentation. In order to do this the HCT116 cell line was pre-treated with 

UDCA prior to DCA treatment. Interestingly it was found that UDCA pre-treatment lead 

to an inhibition in DCA induced Golgi fragmentation.
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Figure 5 .7  UDCA inhibits DCA induced Golgi fragm entation. HCT116 cells were 

A) untreated or treated with B) UDCA 300 for 24 h or C) UDCA 300 pM for 18 h 

and then co-treated with UDCA 300 ijM and DCA 300 pM for a further 6 h. A fter the 

DCA treatm ent the cells were fixed with paraformaldehyde 4% in PBS. The Golgi was 

identified using a rabbit GM130 antibody (green) and cells were stained with Hoechst 

(blue) to identify the nucleus. Cells were imaged using the GE In  cell Analyser 1000. 

Original magnification, x20. Images are representative o f n=3 experiments.

UDCAs inhibition of DCA induced Golgi fragnnentation could be a potential explanation 

for UDCA's mechanism of action as a potential chemopreventative agent in colon 

cancer.

5.3.1.4 Does UDCA inhibit DCA induced Golgi fragmentation via ttie GR?

As many of UDCAs biological effects including its cytoprotective effects have been 

shown to be mediated via the GR we decided to investigate whether UDCAs inhibition 

of DCA induced Golgi fragmentation was GR dependent. In order to do this we decided
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to inhibit GR transcriptional activity using the GR antagonist, mifepristone. When cells 

were treated with mifepristone and UDCA prior to DCA treatm ent it was found that 

UDCA could no longer inhibit DCA induced Golgi fragm entation and the Golgi remained 

fragm ented, Figure 5 .8 . Mifepristone itself was found to have no effect on the Golgi.

Figure 5 .8  UDCA acts via the GR to inh ib it DCA induced Golgi fragm entation.

HCT116 cells were A) untreated or treated with B) mifepristone 100 nM for 26 h or C) 

Mifepristone 100 nM for 2 h then, mifepristone 100 nM and UDCA 300 pM for 18 h and 

then mifepristone 100 nM , UDCA 300 pM and DCA 300 pM for a further 6 h. After the 

DCA treatm ent the cells were fixed, stained and visualised as described in Figure 5.5. 

Original magnification, x lO  (A), x20(B,C). Images are representative o f n = 3  

experiments.

We decided to quantify Golgi fragm entation by High Content Analysis using the GE 

investigator software package. Six fields of view per well were acquired using a 20 x 

objective in duplicate wells for n = 3 experiments. The Investigator software package 

provides an algorithm which allows for detection of objects within a cell. The m ulti­

target analysis algorithm was optimised to detect objects or Golgi fragments within a 

cell using untreated cells with intact Golgi as negative control and brefeldin A treated  

cells with fragmented Golgi as a positive control. The "object mean area" param eter
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was used to classify cells as having intact Golgi (object mean area > 0.5 ijM) or 

fragmented Golgi (object mean area < 0.5 |jM). Three hundred cells were analysed 

per treatm ent group. Figure 5.9 provides an example of cellular analysis with the HET- 

lA  cell line.
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Figure 5 .9  Cellular analysis for Golgi fragm entation. The GE investigator 

software pacl<age was used to quantify Golgi fragmentation. The m ulti-ta rge t analysis 

algorithm was optimised to detect objects or Golgi fragments within a cell using 

untreated cells with in tact Golgi as negative control and brefeldin A treated cells with 

fragmented Golgi as a positive control. Cells with in tact Golgi are circled in green and 

those with fragmented Golgi are circled in red. Three hundred cells were analysed per 

treatm ent group.

Using this algorithm the following results were obtained which confirmed our previous 

observations, Figures 5.7, 5.8. Mifepristone itself had no effect on Golgi

fragmentation. Mifepristone did not inhibit DCA induced fragmentation but 

mifepristone pre-treatment abrogated UDCAs protective effect on the Golgi.
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Figure 5 .1 0  Analysis o f Goigi fragm entation. HCT116 cells were treated as 

indicated. A fter the DCA treatm ent the cells were fixed, stained and visualised as 

described in Figure 5.5. Cells were analysed as described using the Investigator 

software package and a m ulti-ta rge t analysis algorithm. Original magnification, x20. 

Values represent the mean ± SEM o f n =3 experiments, *p<  0.05 relative to control, & 

p<0.05 relative to DCA 300 pM and #  p<  0.05 relative to UDCA 300 pM pre-treatm ent 

and DCA 300 pM as determined by one-way ANOVA and Tukey post-hoc correction.

This experiment was carried out in parallel with an experiment using siRNA to the GR. 

The results of this experiment can be seen in Appendix 3 in the publication of Byrne et 

al (Byrne et al., 2010).
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5.3.2 Adapting the Golgi assay to an esophageal model

As the primary focus of our grant is investigating the role that BAs have to play in 

esophageal cancer progression, we investigated if DCA induced Golgi fragm entation in 

these cells in a similar fashion. Using similar assay conditions we found that DCA could 

induce Golgi fragm entation in the H E T-IA  cell line, Figure 5 .11.

Figure 5 .11 DCA induces Golgi fragm entation in the H E T-IA  cell line. HET-IA 

cells were A) untreated or B) treated with DCA 300 jjM. After 6 h cells were fixed, 

stained and visualised as described in Section 5.5. Original magnification, x40. Images 

are representative of n - 3  experiments.

This was repeated at lower concentrations of DCA and it was found that DCA induced 

Golgi fragm entation following a concentration dependent trend, however this only 

reached significance at 300 pM. Analysis was carried out as previously described using 

the m ulti-target analysis algorithm. Rather than expressing the results in term s of 

num ber of cells with fragm ented Golgi we decided to express them  in term s of mean 

Golgi area as we felt that this gave more reproducible results as the basal level of cells 

with Golgi fragm entation was variable depending on their stage in the cell cycle.
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Figure 5 .1 2  Analysis o f DCA induced Golgi fragm entation. HET-IA cells were 

untreated or treated with varying concentrations of DCA as indicated. After 6 h cells 

were fixed, stained and visualised as described in Figure 5.5. Original magnification, 

x20. The acquired images were analysed using the multi-target analysis algorithm on 

the GE Investigator software package. Values are expressed as mean Golgi area 

normalised to control and represent the mean ± SEM of n=3 experiments, *p< 0.05 

relative to untreated control.

5 .3 .2 .1  Secretory Assay in the H E T-IA  and QH cell line

The secretory assay was repeated in the H E T-IA  cell line and also in the QH cell line, 

Figure 5 .13 . I t  was decided to conduct the assay at 1 h and 6 h tim e points as time 

course experim ents by other members in the group showed that Golgi fragm entation  

can occur within 1 h of DCA treatm ent.

DMSO 0 .1 5 %  had no effect on secretory capacity of the cells. DCA decreased the 

secretory capacity of both cell lines. Interestingly, the secretory capacity of the QH cell 

line was more sensitive to DCA. DCA 50 (jM was found to induce significant changes in 

secretion at the 1 h and 6 h tim e point in the QH cells whereas there was no effect on 

secretion up to 200  pM at the 6 h tim e point in the H E T-IA  cell line.
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Figure 5 .1 3  DCA decreases the secretory capacity o f H E T-IA  and Q H -tert cell 

lines. A ) HET-IA cells o r B) QH cells were transiently transfected with a m ixture o f a 

constitutively expressing G.luc construct and a constitutively expressing F.luc 

construct (1 :1 ) as described in Section 2.14. Cells were le ft untreated or treated with 

DMSO 0.15 %, brefeldin A 1 pg /m l or increasing concentrations o f DCA as shown. 

G.luc activ ity was normalised to F.luc and protein content to act as internal controls to 

control fo r transfection efficiency and cell death. Values are expressed as the mean ± 

SEM o f three experiments performed in triplicate, normalised to untreated control, 

*p< 0.05 as determined by one-way ANOVA and Dunnett's post hoc correction.

5.3.3 Can other natural BAs induce Golgi fragmentation?

We decided to investigate whether the ability to induce Golgi fragmentation was 

unique to DCA or whether other BAs shared this property. In order to do this we 

conducted a screen of a panel of 13 natural BAs including UDCA, CA and CDCA and 

their glycine and taurine conjugates, Figure 5.14. The glycine and taurine conjugates 

of DCA and LCA were also included in the panel. All BAs were screened in itially at 300 

|jM as this concentration of any of the BAs does not lead to apoptosis in the 6 hr time 

frame used during the experiment and falls within the concentration range of BAs 

found in the esophagus during esophagitis and Barrett's metaplasia (Nehra e t a!., 

1999). LCA was tested at 25 pM as higher concentrations were cytotoxic.
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Figure 5 .14  BA screen for Golgi fragm entation. HET-IA cells were le ft untreated 

or treated with DMSO 0.15%, brefeldin A 1 jjg /m l or BAs a t 300 ijM or LCA 25fjM fo r 6 

h. Cells were fixed and stained as described in Figure 5.5. Images were acquired using 

the GE In  Cell Analyser 1000 and quantified using the Investigator software package, 

original magnification 20 x. Data are represented as mean ± SEM, normalised to 

untreated control fo r n - 3  experiments, * p<0.05 relative to untreated control as 

determined by one-way ANOVA and Dunnett's post-hoc correction.

High content analysis of the acquired images revealed that of the panel of thirteen BAs 

studied, CDCA and LCA were the only other BAs (apart from DCA) capable of inducing 

Golgi fragmentation represented here as a decrease in the mean Golgi area, Figure 

5.14. These three BAs decreased mean Golgi area to the same extent. CDCA could 

significantly decrease the mean Golgi area at 100 pM, figure 5.15. Lower 

concentrations of LCA did not have any effect on the Golgi. UDCA and GCA had a 

significantly higher mean Golgi area than control. This might be as a result of less cells 

undergoing mitosis in these populations.
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Figure 5 .1 5  CDCA induces Golgi fragm entation in a concentration dependent 

m anner. HET-IA cells were untreated or treated with varying concentrations o f CDCA 

as indicated. A fter 6 h cells were fixed, stained and visualised as described in Figure 

5.5. Cells were imaged using the GE In  cell Analyser 1000. Original magnification, 

x20. The acquired images were analysed using the m ulti-ta rge t analysis algorithm on 

the GE Investigator software package. Values are expressed as mean Golgi area 

normalised to control and represent the mean ± SEM o f n =3 experiments, *p<  0.05 

relative to untreated control as determ ined by one-way ANOVA and Dunnett's post- 

hoc correction.
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Figure 5 .16  CDCA and LCA induce Golgi fragm entation. HET-IA cells were A) 

untreated or treated with B) CDCA 300 ijM or C) LCA 25 jjM. A fter 6 h cells were fixed 

with paraformaldehyde 4% in PBS. The Golgi was identified using a rabbit monoclonal 

GM130 antibody (green) and cells were stained with Hoechst (blue) to identify the 

nucleus. Cells were imaged using the GE In  cell Analyser 1000. Original magnification, 

x20. Images are representative o f n=3 experiments.

Treatment of HET-IA cells with UDCA, CA and their glycine and taurine conjugates had 

no effect on mean Golgi area. In Chapter 3 we demonstrated that the taurine and 

glycine conjugates of DCA and CDCA do not decrease cell viability of HET-IA cells 

unlike the parent BAs. Similarly the taurine and glycine conjugates of both DCA and 

CDCA did not induce fragmentation of the Golgi.



5.3.4 Can other BAs protect against DCA induced Golgi fragmentation  
in oesophageal cells?

UDCA pre-treatment inhibited DCA induced Golgi fragmentation in the HET-IA cell line 

in a sim ilar manner to the HCT116 cell line.

Figure 5 .1 7  UDCA inhibits DCA induced Golgi fragm entation. HET-IA cells were 

treated with A) DCA 300 jjM  fo r 6 h or B) UDCA 300 jjM  fo r 18 h and then co-treated  

with UDCA 300 ijM  and DCA 300 fjM  for a further 6 h. A fter the DCA treatm ent the 

cells were fixed and stained as described in Figure 5.5. Cells were imaged using the 

GE In cell Analyser 1000. Original magnification, x20. Images are representative o f 

n=3 experiments.

Based on results described in Chapter 4 which demonstrated that UDCA and its 

derivatives could induce translocation of the GR from the cytoplasm to the nucleus and 

our finding that UDCA inhibits DCA induced fragmentation via the GR, we decided to 

screen a panel of our compounds which were potent inducers of GR translocation. We 

also decided to screen the other natural BAs for potential protective effects on the 

Golgi (9-13, 15-18). High content analysis revealed that GUDCA was the only other 

BA which could inhibit DCA induced Golgi fragmentation. Figure 5.18.
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Figure 5 .1 8  GUDCA inhibits DCA induced Goigi fragm entation. HET-IA cells 

were treated with GUDCA 300 jjM  for 18 h and then co-treated with GUDCA 300 jjM  

and DCA 300 pM for a further 6 h. A fter the DCA treatm ent the cells were fixed and 

stained as described in Figure 5.5. Cells were imaged using the GE In  cell Analyser 

1000. Original magnification, x20. Values are expressed as mean Golgi area 

normalised to control and represent the mean ± SEN o f n - 3  experiments, *p<  0.05  

relative to untreated control, #  p< 0.05 relative to DCA 300 pM as determined by one 

way ANOVA and Tukey post-hoc correction.

We have already shown tha t UDCA acts via the GR to  inh ib it DCA induced Golgi 

fragm entation . However, despite GUDCAs protective e ffect on the Golgi it did not 

s ign ificantly  induce translocation o f the GR in the SKGT-4 cell, Figure 5.19.

In  the same way we found th a t a selection o f our BA derivatives which were potent 

activators o f the GR, fo r exam ple, CPA (77) were unable to s ign ificantly protect 

against DCA induced Golgi fragm entation . Figure 5.20.
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Figure 5 .1 9  GUDCA does not induce GR translocation. SKGT-4 cells were treated  

with DM50 1% as vehicle control, treated with dexamethasone 100 nM as a positive 

control or GUDCA 300 pM. A fter 4 h cells were fixed, stained, visualised and analysed 

as described. Values are normalised to nuclear to cytoplasmic ratio o f dexamethasone 

100 nM and are expressed as the mean ± SEM o f two experiments performed in 

triplicate, * p<  0.05 relative to vehicle control as determined by one-way ANOVA and 

Dunnett's post-hoc correction.
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Figure 5 .2 0  UDCA derivatives do not inh ib it DCA induced Goigi fragm entation.

HET-IA cells were A) treated with BA derivatives (300 pM) fo r 24 h or B) treated with 

BA derivatives (300 ijM) fo r 18 h and then co-treated with DCA 300 fo r a fu rther 6 

h. A fter the DCA treatm ent the cells were fixed, stained and visualised as described in 

Figure 5.5. Original magnification, x20. Values are expressed as mean Goigi area 

normalised to DCA 300 pM and represent the mean ± SEM o f n=3 experiments in 

duplicate, * p<  0.05 relative to vehicle control as determined by one-way ANOVA and 

Dunnett's post-hoc correction.

Hence, although UDCA acts via the GR to inhibit DCA induced fragmentation 

derivatives w ith increased potency for GR translocation did not significantly inhibit 

Goigi fragnnentation. This indicates that UDCA only partly acts via the GR in preventing 

fragmentation but also inhibits DCA induced fragmentation via other pathways which 

our current panel of compounds do not affect.
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5.3.5 Do BAs affect other components of the secretory pathway?

Ongoing work in our laboratory has shown that there are multiple downstream effects 

of Golgi fragmentation. These include defects in the secretory pathway as outlined and 

effects on glycosylation pattern.

Failure of post-translational modification is one of the insults that can lead to the 

activation of the ER stress (Wu & Kaufman, 2006). Hence we wanted to investigate 

the effects of BAs on the UPR. We decided to screen the panel of 13 natural BAs to 

investigate effects on three different markers of the UPR; Bip, CHOP, ATF3, Figure 

5.21. All BAs were in itially tested at 300 pM. We found that BAs that induced 

fragmentation of the Golgi were capable of inducing an ER stress response to a 

significant extent.

A)
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Figure 5.21 DCA, CDCA and LCA increase expression o f BIP, CHOP and ATF3.
HET-IA cells were treated with medium or various BAs (300 ijM) or LCA (25 ijM) for 6 

h. BIP, CHOP and ATF3 mRNA was measured by real-tim e PCR using GAPDH as 

denominator control gene. Panel C and D show the same data on different scales. 

Values represent the mean ± SEM for n - 3  experiments, * p<0.05 relative to 

untreated control as determined by a one sample t-tes t based on delta Ct values.
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DCA, CDCA and LCA increased expression of Bip by 6 fold. There was a large increase 

in the levels of CHOP and ATF3 with CHOP being increased by these BAs, 40-60 fold, 

ATF3 expression increasing by 100 fold, following treatment with DCA and LCA. CDCA 

was found to be the most potent inducer of ATF3, increasing gene expression by ~300  

fold. CA or its conjugates did not have any effect on the expression of any of the ER 

stress response genes. UDCA and both its conjugates increased levels of CHOP and 

ATF3 (10-15 fold) although this was only significant in the case of GUDCA. None of the 

other BAs had any effect on gene expression. A number of studies have recently 

shown that CHOP is involved in GCDCA mediated apoptosis in hepatocyte cell lines and 

furthermore that a deficiency in CHOP can attenuate GCDCA induced cell death (lizaka 

et at., 2007; Tamaki et a!., 2008). Interestingly GCDCA had no effect on the levels of 

Bip, CHOP or ATF3 in our cell model. Indeed the glyco and tauro conjugated forms of 

DCA and CDCA had no effect on any of the ER stress proteins.

This is consistent with animal models and human studies which suggest that at neutral 

pH, unconjugated BAs have a greater role to play in esophageal mucosal injury 

whereas the conjugated forms are more injurious at lower pH (Vaezi, Singh & Richter, 

1995)

We also investigated the effect of DCA, CDCA and LCA on XBP-1, Figure 5.23. Unlike 

the other markers of ER stress, DCA, CDCA and LCA were found to have no effect on 

the levels of XBP-1. This is of interest as under expression of XBP-1 has been linked 

with defects in the structural integrity of the ER. Also, Lee et a! report that it is 

necessary for the full biogenesis of the secretory machinery in exocrine cells.

Lower concentrations of DCA and CDCA (50 pM and 100 pM) also significantly 

increased levels of CHOP and ATF3 although the concentration effect profile for both 

DCA and CDCA was not a typical pharmacological one. Figure 5.24. Lower 

concentrations did not have a significant effect on Bip expression.
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Figure 5 .2 2  DCA, CDCA and LCA do not effect levels o f X B P ls . HET-IA cells 

were treated with DCA (300 ijM), CDCA (300ijM ) and LCA (25 ijM) for 6 h and XBPls 

mRNA was measured by real-tim e PCR using GAPDH as denominator control gene. 

Values represent the mean ± SEM for n - 3  experiments, * p<0 .05  relative to 

untreated control.
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Figure 5 .2 3  DCA, CDCA and LCA increase CHOP and ATF3 expression in a 

concentration dependent m anner. HET-IA cells were treated with varying 

concentrations o f DCA and CDCA for 6 h. For A) B) and C) BIP, CHOP and ATF3 mRNA 

was measured by real-time PCR using GAPDH as denominator control gene. Values 

represent the mean ± SEM for n=3 experiments, * p<0 .05  relative to untreated  

control as determined by a one sample t-tes t based on delta Ct values.
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5.3.6 Salubrinal, an inhibitor of ER stress, inhibits BA induced Golgi 
fragmentation

Having demonstrated tinat DCA, CDCA and LCA can induce botfi Golgi fragmentation 

and an ER stress response we wanted to investigate if there is a linl< between these 

two phenomena. Salubrinal, is an inhib itor of ER stress (Nakka, Gusain & Raghubir, 

2010; Sequeira et a/., 2009). I t  inhibits ER stress by inhibiting GADD34-phosphatase 

which dephosphorylates eIF-2o. Maintaining eIF-2c in a phosphorylated state 

maintains an inhibition of global protein synthesis and thus decreasing the demand on 

the ER. Pre-treatment with salubrinal 50 pM prior to LCA, DCA and CDCA treatm ent 

resulted in a decrease in BA induced Golgi fragmentation. Salubrinal itself had no 

effect on the integrity of the Golgi. The fact that inhibition of ER stress, in turn, 

inhibits Golgi fragmentation may indicate that the Golgi is fragmenting in response to 

the cellular stress imposed by these toxic BAs.

B

4

Figure 5 .2 4  Salubrinal inhibits BA induced Golgi Fragm entation. HET-IA cells 

were pre-treated with A) salubrinal 50 ijM fo r 24 h or pre-treated with salubrinal 50 pM 

fo r 18 h and then co-treated with salubrinal 50 pM and B) DCA 300 pM or C) CDCA 

300 pM or D) LCA 25  pM for a fu rther 6 h. Cells were fixed, stained and images 

acquired using InCell-1000, original magnification, x20.
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1.5n

O

Salubrinal 50 - - + - + - + +
DCA 300 \iM - + + - - - - -

LCA 25 nM - - - + + - - -

CDCA 300 nM - - - - - + + -

Vehicle Control + - - - - - - -

Figure  5 .2 5  A nalysis o f  s a lu b rin a l p re -tre a tm e n t. HET-IA  cells were trea ted  as 

indicated. Cells were fixed, sta ined and images acquired using the GE In  Cell Analyser 

1000. orig inal m agnification  2 0 x and quantified  using the Inves tiga to r software  

package. Data are represented as mean ± SEM, norm alised to vehicle contro l fo r n = 3  

experim en ts ,* p < 0 .0 5  as determ ined by one way ANOVA and D unnett's  post-hoc  

correction.
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5.4 Discussion

In this study we showed that DCA can induce Golgi fragmentation in a colon cancer 

cell line and that this effect can be inhibited by UDCA in a GR dependent mechanism. 

Using an esophageal cell model we then went on to demonstrate that UDCA can inhibit 

DCA induced Golgi fragmentation. In these cells the inhibition of DCA induced Golgi by 

UDCA may at least in part explain its chemopreventative role in colon cancer and it 

opens up the possibility for its use in chemoprevention of esophageal cancer.

As UDCA inhibition of DCA induced Golgi fragmentation is mediated via the GR we 

screened a panel of our BA derivatives that demonstrated good potency for GR 

translocation, for their protective effects on the Golgi. The panel of compounds did not 

share UDCAs property of inhibiting DCA induced Golgi fragmentation.

Furthermore GUDCA significantly inhibited DCA induced golgi fragmentation however 

this BA could not induce GR translocation. This strongly indicates that although UDCA 

inhibits DCA induced golgi fragmentation via the GR other mechanisms must also be 

involved. It  would be interesting to investigate if GUDCAs protective effect could be 

abrogated with mifepristone treatment however the fact that it is not induce GR 

translocation indicates that it is acting through another mechanism.

DCA, CDCA and LCA were found to be potent inducers of the UPR, increasing levels of 

Bip, CHOP and ATF3 mRNA. BAs have been shown to induce apoptosis through the ER 

stress pathway however, induction of the ER stress response by the toxic BAs resulted 

in activation of both pro-survival (Bip) and pro-apoptotic (CHOP, ATF3) genes.

Studies have shown that continual exposure of cells to BAs can lead to an apoptosis 

resistance (Yui et a!., 2009) allowing for selective growth of cells resistant to BA- 

induced apoptosis. Crowley-Weber et al carried out molecular characterisation of a BA 

apoptosis resistant colon cancer cell line and found that a number of genes that may 

play a role in early stage carcinogenesis were up-regulated in this cell line. 

Interestingly one of these genes was Bip. Hence taking our work here and previous 

studies into account we hypothesise that increased levels of Bip could contribute to 

proliferation and tumourigenesis in these apoptosis-resistant populations(Crowley- 

Weber et al., 2002).

It  would be interesting to investigate the effect of BAs on other pro-survival ER stress 

proteins such as eif-2o to add weight to this argument.

A new gene, apoptosis antagonizing transcription factor (AATF) has also recently been 

identified which has been shown to be part of the UPR. AATF has previously been 

shown to have a function in DNA damage response and can promote cell proliferation 

through transcriptional regulation of prosurvival factors such as p53 (Bruno et al., 

2006; Bruno et al., 2008). Recently Ishigaki et al demonstrated that AATF is induced 

by PERK signalling and can transcriptionally activate the AKTl gene (Ishigaki et al.,
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2010) .  Akt is a se r ine / th reon ine  protein kinase t h a t  has  an impor tan t  function in 

inhibition of apoptosis  and has  been shown to play a critical role in controlling cell 

survival by resisting ER stress- induced  cell dea th  signalling (Hu e t  al., 2004).  The 

exact  m echan ism s  involved remain to be clarified. It would be interest ing to 

invest igate  the effect of BAs on the  expression of AATF and of Akt in our  esophagea l  

model .

Analogous to the  ER response ,  the  Golgi also f ragm en ts  only on exposure  to sublethal  

concent rat ions of the  toxic BAs DCA, CDCA and LCA. The idea of the  Golgi as  a sensor  

of s t r e ss  is a relatively new concep t  a l though it has  now become recognised th a t  most  

cell organel les  might  have a capaci ty  to s e nse  s t r ess  (Hicks & Machamer,  2005;  Maag 

e t  al.,  2003;  Wlodkowic e t  al., 2009) .  Hicks and  Machamer c o m m e n t  tha t  a lthough 

there  are  no documented  Golgi specific s t r e ss  inducers,  potential inducers would 

include disruption of ER protein modifications or folding (Hicks & Machamer,  2005). 

They fur ther  sugges t  th a t  morphological changes  in the  Golgi cisternal s t ructure ,  

including unstacking or swelling, could also t r ansduce  a s t r ess  signal by itself. Hence 

an ER s tr ess  could lead to a Golgi s t r e ss  resulting in Golgi f ragmenta t ion.  Conversely 

Golgi f ragmentat ion  which would be expected to resul t in abnormally glycosylated 

proteins,  could fur ther  amplify the  DPR.

Either way induction of Golgi f ragmentat ion  by the  toxic BAs resul ts  in a disruption in 

secret ion as  dem ons t ra ted  using DCA. Secre ted  proteins  include cytokines,  

chemokines ,  hormones ,  digestive enzymes ,  antibodies  as  well as  s tructural  

com ponen t s  of the  extra-cel lular  space  (Chen e t  al., 2005) .  Such proteins carry out  

fundam enta l  biological funct ions and provide the  main mechan ism for intercellular 

communica t ion (Anelli & Sitia, 2008) .  It is therefore  essent ia l  th a t  the  secretory 

pa thway processes  these  proteins so th a t  they  can atta in  the  correct conformation 

allowing for l igand-receptor interact ion and correct t ransmission of signalling (Anelli & 

Sitia, 2008) .  Defects in vesicular  secret ion have also been shown to cause  defective 

cellular migration (Cortopassi e t  al., 2006) .  Hence it is reasonable  to s u gge s t  tha t  the  

disrupt ion of the  secretory pa thway by DCA could lead to disrupt ions in secretion of 

t h es e  proteins resulting in abnormal  cell signalling.

Also, ongoing work in our  group has  dem ons t ra ted  abe r ran t  glycosylation pa t te rns  in 

esophagea l  cells upon DCA exposure  which could induce character is t ics  associated 

with the  carcinogenic process . Altered glycosylation of the  surfaces  of secre ted  

proteins  of tum our  cells is a common  phenotypic  change  associated  with many 

tu m o u rs  including leukaemia, neurob lastoma tum our  gangl iosides  and pancreatic  

cancer  (Ladisch e t  al., 1989;  Petrini e t  al., 1989;  Wu e t  al., 2009) .  Aberrant 

glycosylation in glycoproteins  and  glycosphingolipids of tu m o u r  cells has  been 

implicated in defining the s tage ,  direction and fate  of t u m o u r  progression (Hakomori,
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1996). In particular altered glycosylation patterns have been linked to the 

invasiveness and metastatic potential of a tumour (Hakomori, 1996). This has been 

reflected in decreased patient survival rate (Hakomori, 2001). Activation of abnormal 

glycosylation pathways can lead to the formation of Tn and sialyl-Tn antigen which 

blocks regular carbohydrate chain elongation. Sialyl-Tn antigen is rarely expressed in 

normal tissues but is aberrantly expressed in colorectal, lung, breast and other cancer 

(Pinho et a/., 2007). Other common types of aberrant glycosylation patterns include 

expression of sialyl Lewis a and sialyl Lewis x antigens (Hakomori, 2001). Promiscuous 

0-glycosylation is also seen which results in peptide conformational changes 

(Hakomori, 1996). Altered glycosylation patterns are able to modulate different 

malignant phenotypes. Decreased intertumour cell adhesion is commonly seen which 

results in increased motility of tumour cells increasing metastatic potential (Hakomori, 

1996). Altered sialyl-Tn antigen has also been shown to decrease cell-cell aggregation 

and increased extracellular matrix adhesion, migration and invasion in gastric 

carcinoma cells (Pinho e ta /., 2007).

Byrne et a! demonstrated that after 6 h of DCA treatment removal of the BA resulted 

in reformation of the Golgi. This indicates that a fragmented Golgi architecture does 

not mean that the cells are apoptotic as apoptosis is an irreversible process (Byrne et 

a/., 2010). However both the UPR and Golgi are only affected by those BAs which have 

previously been shown to be cytotoxic in this cell line in Chapter 3, albeit after a 

longer exposure time. Gonatas et a! suggest that Golgi fragmentation is a stress 

response which can trigger apoptosis (Gonatas et a/., 2006). Our work here 

substantiates this idea, particularly as inhibition of cellular ER stress by salubrinal 

inhibited BA induced Golgi fragmentation. Mancini et al propose that the Golgi 

transduces pro-apoptotic signals through local caspases which can then regulate local 

effectors (Mancini et a/., 2000). Interestingly, the Golgi-disrupting agent brefeldin A 

has also been shown to induce apoptosis in human follicular lymphoma cell lines 

(Wlodkowic, Skommer & Pelkonen, 2007). It  would be interesting to investigate if 

higher concentrations of brefeldin A were cytotoxic in the HET-IA cell line.

On the other hand Sodeman et al have demonstrated that brefeldin A inhibits BA 

induced translocation of the death receptor Fas, to the cell membrane which results in 

an attenuation in BA induced apoptosis in McNtcp.24 cells, an hepatocyte-derived cell 

line that stably expresses the sodium-dependent taurocholate-cotransporting 

polypeptide (Sodeman et al., 2000). This indicates that Golgi fragmentation can 

protect against BA apoptosis due to abnormal trafficking of Fas. However DCA, CDCA 

and LCA have been shown to induce Fas translocation to the membrane in 

hepatocytes, in a similar time frame to induction of Golgi fragmentation in our cell line 

indicating that Golgi disruption by these agents does not inhibit Fas translocation.
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Interestingly, Golgi fragmentation in neuronal diseases has been shown to occur in 

non-apoptotic cells (Gonatas et al., 2006) and therefore more studies are required to 

address the question of whether Golgi fragmentation is an apoptosis independent 

event or whether it is a precursor to apoptosis.

It  would have been interesting to investigate a correlation between toxicity and Golgi 

fragmentation in our synthetic panel of compounds. Unfortunately when cells were 

treated with these derivatives at 300 pM and stained for Golgi morphology the number 

of non-apoptotic cells remaining were too few to draw any conclusions. It  would be 

interesting to carry out concentration effect curves for these compounds to determine 

if sub-lethal concentrations of these derivatives also induce Golgi fragmentation. 

Although BA induced Golgi fragmentation is reversible it is reasonable to propose that 

this reversal would not be maintained on a continual exposure to BAs and that BA 

apoptosis resistant population might have a constitutively fragmented Golgi 

architecture. Indeed there are a number of colon cancer cell lines with constitutively 

fragmented Golgi including the SW480, Caco-2, HT-29 and T-84 colon cancer cell lines 

(Kellokumpu et al., 2002). Furthermore Golgi fragmentation has been observed in 

ulcerative colitis and colorectal cancer patients (Byrne et al., 2010). Altered secretion 

and glycosylation patterns in such cells would be expected to contribute to 

carcinogenesis.

BAs induce an ER stress response which leads to increased levels of Bip which could 

contribute to proliferation and tumourigenesis in BA apoptosis resistant populations. 

However multiple proteins are also activated downstream of ER stress, including NF- 

kB which has been implicated in esophageal carcinogenesis (Hung et al., 2004; Pahl & 

Baeuerle, 1997; Waris, Tardif & Siddiqui, 2002). Hung et al recently demonstrated 

that induction of ER stress by tunicamycin resulted in translocation of NF-kB from the 

cytoplasm to the nucleus (Hung et al., 2004). BAs have previously been shown to 

transcriptionally activate NF-kB in colon and esophageal cells (Duggan et al., 2010; 

Jenkins et al., 2004; Shah et al., 2006a; Shah et al., 2006b). NF-kB has been 

implicated in the pathogenesis of esophageal cancer and has been shown to block 

apoptosis, mediate tumour cell proliferation and induce resistance to 

chemotherapeutic drugs (Abdel-Latif, Kelleher & Reynolds, 2009b). As NF-kB is a pro- 

inflammatory transcription factor it can regulate the transcriptional activity of a 

number of genes, including COX-2. Interestingly Hung et al also demonstrated that ER 

stress can lead to increased expression of COX-2 in a NF-kB dependent fashion. BAs 

have been shown to increase COX-2 expression in esophageal cell lines (Looby et al., 

2009), the implications of which have been discussed in Chapter 1.

In Chapter 4 we demonstrated that UDCA can inhibit NF-kB activity. It  would be 

interesting to investigate if this inhibition is secondary to inhibition of ER stress.
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Indeed if UDCA was shown to inhibit BA induced ER stress this m ight provide another 

mechanism by which it inhibits golgi fragm entation and may account for GUDCAs 

effect. This is particularly pertinent as TUDCA has been shown to inhibit ER stress in 

response to advanced glycation end products (Chen et al., 2008).

Hence we propose that BAs induce ER stress which leads to Golgi fragm entation  

resulting in abnormal glycosylation and secretion. Simultaneous activation of 

pathways downstream of ER stress such as the NF-kB pathway can also contribute to 

this cancer progression.

In conclusion, in this work we dem onstrate that the BAs DCA, CDCA and LCA affect 

the secretory pathway of H E T-IA  cells which manifests as an ER stress response and 

Golgi fragm entation. The UPR and Golgi are only affected by those BAs which have 

previously been shown to be cytotoxic in this cell line. We propose that these changes 

induced by BAs on the secretory pathway contribute to the developm ent of 

carcinogenesis by BAs.
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CHAPTER SIX 

GENERAL DISCUSSION
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Traditionally BAs are known for their ability to act as solubilising agents in the gut, 

where they aid in the absorption of dietary lipids through the formation of mixed 

micelles (Hofmann, 1999). However the identification of BAs as ligands of the FXR has 

lead to the realisation that these molecules have a much greater spectrum of 

biological effects (Parks e ta /., 1999).

BAs can regulate lipid and glucose homeostasis through activation of the nuclear 

receptor, FXR and the G-protein coupled receptor, TGR5 (Claudel et al., 2005; Fiorucci 

et al., 2009; Lefebvre e t al., 2009; Pellicciari, Costantino & Fiorucci, 2005). They can 

also activate a variety of signalling pathways including apoptotic, inflammatory and 

carcinogenic cascades. On the other hand certain BAs have been shown to have 

profound anti-inflam m atory effects (Yasukawa, lida & Fujimoto, 2009). Recently BAs 

found in human cerebrospinal fluid have been shown to activate the Liver X receptor 

(Ogundare et al., 2010). Activation of this receptor can reduce symptoms of 

Alzheimer's disease.

This renaissance in BA biology has simultaneously led to the development of a variety 

of medicinal chemistry programmes with different therapeutic targets but all using BAs 

as lead structures. BA derivatives with increased efficacy and potency for FXR and 

TGR5 have been generated which hold great promise for the treatm ent o f metabolic 

disorders. The peculiar effects of BAs on cell v iability have been exploited for the 

design of selective cytocidal agents for treatm ent of various cancers (El Kihel e t al., 

2008). BA derivatives have also been screened with much success for anti-m icrobial 

and anti-fungal properties (Aher et al., 2009; Vatmurge et al., 2008). Recently BA 

derivatives have also been shown to be inhibitors o f carbonic anhydrase, opening up 

the possibility for the ir use in the treatm ent of glaucoma (Bulbul et al., 2002).

Our interest in BAs in itially arose from the recent studies showing that the BA UDCA 

could induce translocation of the GR (Miura et al., 2001; Weitzel et al., 2005). 

Glucocorticoids such as dexamethasone and prednisolone are amongst the most highly 

prescribed drugs due to the ir profound anti-in flam m atory effect but their chronic use 

is limited due to extensive side effects. Taking into account UDCAs excellent safety 

profile during its clinical use for hepatic inflammatory conditions coupled with the 

recent studies showing its effects on the GR we fe lt that it would make an excellent 

candidate for developing a novel anti-inflam matory agent (Angulo & Lindor, 1998; 

Miura e ta l., 2001; Tanaka et al., 1996).

The concentrations at which UDCA causes translocation of the GR and 

immunosuppression are very high (Miura et al., 2001; Sola et al., 2005; Sola e t al., 

2004; Weitzel et al., 2005). The enterohepatic recycling of UDCA means that these 

high concentrations are only reached in the liver and bile duct during UDCA therapy 

(Setchell et al., 1997) but concentrations in the blood serum remain low (Ewerth et
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a/., 1985). Thus our decision to  make UDCA derivatives was driven by the desire to 

produce analogs w ith  increased potency and efficacy fo r GR translocation which would 

also serve as useful too ls for fu rthe r characterising UDCA's mechanism of action and 

understanding its interactions w ith  the GR. We carried th is work out in an esophageal 

model w ith  the hope o f finding a novel agent which could ta rge t esophageal a n ti­

in flam m atory disorders. Esophageal in flam m ation has been linked to the pathogenesis 

o f esophageal adenocarcinoma (Fitzgerald e ta l . ,  2002; Fitzgerald e ta l . ,  2001).

This work has led to  the discovery o f a series o f UDCA derivatives which can induce 

GR translocation w ith  increased efficacy and potency to UDCA. A series o f structure 

ac tiv ity  re lationships fo r GR translocation have emerged as a resu lt o f th is study which 

can now be used fo r synthesis of a larger compound library. Furtherm ore we have 

shown tha t one o f the more potent derivatives, CPA (77) is capable o f activating the 

GR and inducing transrepression o f TNF-a stim ula ted NF-kB activ ity . We found tha t 

th is effect was determ ined by the BA nucleus as both DCA and CDCA amides (88-91) 

could not induce GR translocation. Crucially we found tha t th is derivative, in a s im ilar 

vein to UDCA, is not able to displace dexamethasone from  the GR LBD. CPA is 

however able to induce a conform ational change in the GR LBD allowing for 

recru itm ent o f co-activators. The m anner in which these derivatives in teract w ith the 

GR is not known although potentia l mechanisms have been proposed in Chapter 4. 

CPA represents a novel mode o f action fo r a GR m odulator as all known GR 

m odulators bind to the conventional glucocorticoid binding site in the LBD. Mechanistic 

studies in to the binding mode o f these molecules could lead to a new class o f a n ti­

in flam m atory agents.

We were also interested in the chem opreventative effects o f UDCA in colon cancer and 

in the potentia l o f translating th is to  esophageal cancer. BAs have been much 

implicated in the pathogenesis o f colon and esophageal cancer (Bernstein e ta /. ,  2005; 

Debruyne et  a!., 2001) in particu lar the tox ic  BAs DCA, CDCA and LCA. This work 

specifically looked a t BA mediated m odulation o f the secretory pathway and its 

potentia l invo lvem ent in esophageal cancer progression. In Chapter 5 we showed tha t 

the BAs DCA, CDCA and LCA are capable o f inducing Golgi fragm entation . The Golgi 

apparatus plays an essential role in the post-transla tiona l m odification o f proteins and 

hence we believe th a t d isruptions to its arch itecture  by these BAs could be the means 

by which they induce carcinogenesis. We also dem onstrated tha t UDCA was capable of 

inh ib iting Golgi fragm entation  via the GR. In te resting ly , our BA derivatives, w ith 

increased potency fo r GR translocation were unable to s ign ificantly protect against 

DCA induced Golgi fragm entation  indicating tha t o ther mechanisms are also involved 

in UDCAs inh ib ition o f Golgi fragm entation . We went on to dem onstrate tha t these 

BAs were capable o f inducing ER stress and tha t inh ib ition o f th is stress lead to a
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reduction in BA induced Golgi fragmentation. Therefore it is possible that Golgi 

fragmentation is a sensor of BA induced stress. TUDCA has previously been shown to 

inhibit ER stress (Chen et a/., 2008), hence UDCA may be inhibiting Golgi 

fragmentation in a sim ilar manner in our model. This observation would be interesting 

to explore further. The work here demonstrates that BAs can increase expression of 

markers of ER stress which have been implicated in cancer progression. Continual 

exposure to BAs is known to induce apoptosis resistance and so increased levels of 

these ER stress proteins coupled with a disrupted Golgi architecture in an apoptosis 

resistant population would be expected to lead to abnormal cell signalling and 

carcinogenesis.

As mentioned novel cytotoxic agents have been developed using BAs as lead 

molecules. These studies have exploited the known cytotoxicity of the BAs, DCA, 

CDCA and LCA. These BAs are considered to be cytotoxic due to the ir relative 

hydrophobicity compared to other BAs such as UDCA which are relatively hydrophilic. 

During the course of our work on the GR we discovered that manipulation of the BA 

side chain produced derivatives with high hydrophobicity which were not cytotoxic. 

There is a general consensus in the literature that BA hydrophobicity is a determinant 

of cytotoxicity but few studies have been done correlating these two characteristics. 

We augmented our panel of BA derivatives through synthesis and from generous 

donations allowing us to assemble a panel of BA derivatives with a range of polarities. 

We determined relative polarity by developing a RPTLC approach and correlated this 

with cell viability using MTT assays.

This work demonstrated a relationship between hydrophobicity and cytotoxicity with a 

correlation of 0.6 which increased to 0.82 when only ionisable acidic compounds were 

considered. This opens up the possibility for using RPLTLC as a predictor of BA 

cytotoxicity. However hydrophobic BA derivatives are not necessarily toxic indicating 

that hydrophobicity alone does not govern cytotoxicity emphasising the need for 

specific structural requirements.

This thesis has answered interesting questions with regard to BA effects and 

mechanism but has also posed a great deal more questions which need to be 

addressed in the future. The correlation between hydrophobicity and toxicity needs to 

be explored in other cell lines. Differences in toxicity patterns of these derivatives 

across various cell lines could establish interesting model systems to explore 

differences in protein targeting of the compounds allowing for elucidation of 

mechanisms. A number of derivatives should be developed further in particular the 

azide derivatives with a view to honing down on SAR and rationally designing BA 

based cytotoxic agents.
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The study in Chapter 4 has probably posed the biggest question in this work. The 

binding mode of the UDCA amides to the GR needs to be investigated using various 

structural biology and biophysical techniques. I t  is first of all im portant to validate if 

these derivatives bind to the GR using an isothermal titration calorimetry approach. 

This is based on the idea that a binding event is accompanied by a change in the free 

energy of the system. A number of GR mutants could then be developed in order to 

characterise the specific binding site. An isotopically labelled GR would allow for 

identification of protein-ligand interactions potentially through NMR, although the size 

of the GR protein may prove a limitation. Another approach would synthesis of a 

biotinylated GR derivative which could then be attached on to beads and potential 

proteins that the compound is interacting with could be isolated and identified through 

the use of affinity chromatography and mass spectroscopy. Work also needs to be 

done to investigate TCAs mechanism of inducing GR translocation.

Our investigations in to the golgi apparatus also need to be followed up studies which 

further elucidate the mechanism by which GUDCA inhibits golgi fragm entation. I t  is 

also im portant to study the mechanism of golgi fragm entation downstream of ER 

stress in greater detail. It  would also be interesting to see if inhibiting BA induced ER 

stress leads to a decrease in pro cancerous transcription factors such as AP-1 and NF- 

k B.

BAs have been described as regulators of diverse cellular functions. We have 

combined a medicinal chemistry and cellular biology approach to explore the effect of 

a panel of BAs on three different biological phenomena. These studies have made 

interesting conclusions regarding the anti-inflam m atory, cytotoxic and carcinogenic 

behaviour of these enigmatic substances. The thesis underlines the importance of 

chemical structure in understanding the vast biological effects of these molecules. It  

has also laid a strong foundation for the developm ent of BA based drug discovery 

programmes which can potentially lead to novel cytocidal and novel anti-inflam m atory  

agents.
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CHAPTER SEVEN 

EXPERIMENTAL
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Uncorrected melting points were obtained using a Stuart® melting point S M P ll melting 

point apparatus. Spectra were obtained using a Perking Elmer 205 FT Infrared 

Paragon 1000 spectrometer. Band positions are given in cm ^ Solid samples were 

obtained by KBr disk; oils were analyzed as neat films on NaCI plates. and 

spectra were recorded at 27 °C on a Bruker Advance I I  600 MHz spectrometer (600.13  

MHz ^H, 150.91 MHz and Bruker DPX 400MHz FT NMR spectrometer (400.13 MHz 

^H, 100.16 MHz ^^C), in either CDCI3 or CD3OD, (tetramethylsilane as internal 

standard).

For CDCI3, “H-NMR spectra were assigned relative to the TMS peak at 0.00 Sand 

^^CNMR spectra were assigned relative to the middle CDCI3  triplet at 77.00 ppm. For 

CD3OD, 'H and '^C-NMR spectra were assigned relative to the centre peaks of the 

CD3OD multiplets at 3.30 5 and 49.00 ppm respectively. High resolution mass 

spectrometry (HRMS) was performed on a Micromass mass spectrophotometer (El 

mode) at the Department of Chemistry, Trinity College. HPLC was performed on a 

reverse phase 250 mm x 4.6 mm Waters Spherisorb ODS-2, 5 ^m column using a 

Waters Alliance 2695 chromatograph equipped with an autosampler, column oven and 

dual wavelength detector. TLC was performed on silica gel Merck F-254 plates. 

Compounds were visually detected by absorbance at 254 nm and/or vanillin staining. 

The Ĥ NMR spectra of BAs are very complex due to the large number of overlapping 

aliphatic peaks which appear between 1.0 to 2.0 ppm. As a result the characterisation 

of the Ĥ NMR spectra of compounds in this thesis only contains assignments for those 

compounds which are unambiguously assignable and are affected by the chemical 

modifications made. This is in keeping with convention and published literature.

24-Benzyl 3a, 7p-dihydroxy-5p-cholanoate (4 3 )

3a,7p-Dihydroxy-5p-cholan-24-oic acid (UDCA, 14) (1 .178 g, 3 mmol) was added to a 

mixture of benzyl bromide (393 |jl, 3 mmol) and cesium carbonate (2 .93 g, 9 mmol) 

in N,N-dimethylformamide (10 ml). The mixture was stirred at room temperature and 

monitored by TLC for disappearance of the acid. After 16 h the reaction mixture was 

filtered to remove the cesium carbonate salt. The filtrate was collected and partitioned 

between diethyl ether and water. The organic layer was washed with NaOH (2 x 20 

ml) and water (2 x 20 ml), dried (MgS0 4 ) and the solvent removed in vacuo to afford 

the benzyl ester as a white, odourless, solid (1 .2  g, 85% ).

^H-NMR 6 (CDCI3 ): 0.65 (3-H , s, I 8 -CH3 ), 0 .94 (3-H, d, J = 6.52 Hz, 2 I-C H 3 ), 0.95 (3- 

H, s, I 9 -CH3 ), 3.60 (2-H , m, 3 p-H, 7 a-H ), 5.12 (2-H , s, benzylic CH2 ), 7.37 (5-H , m, 

AromatiC'CH). ^^C-NMR ppm (CDCI3 ): 12.7 (CH3 ), 19.1 (CH3 ), 22.6 (CH2 ), 24.0 (CH3 ), 

28.1 (CH2 ), 29.7 (CH2 ), 31.3 (CH2 ), 32.2 (CH2 ), 32.4 (CH2 ), 35.3 (CH2 ), 36.1 (CM),
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36.7 (CH2), 38.2 (CH2), 38.7 (CH2), 40.1 (CH), 41.6 (CH2), 44.4 (CH), 44.8 (CH), 

44.9, 56.6 (CH), 57.8 (CH), 66.1 (Benzyl-C, CH2), 71.9 (3-C, 7-C, CH), 128.1, 129.8, 

130.4 (Aromatic-C, CH), 175.1 (C =0). HRMS: Found: (M-Na)"^ =505.3309. IR̂ max 

(KBr): 1717 (ester carbonyl), 2859, 2922, 3030 cm~\ mp: 134-136 °C.

24-M ethyl 3a, 7p-dihydroxy-5p-cholanoate (1 9 )

Dry methanol (10 ml) was added to 3a, 7p-Dihydroxy-5p-cholan-24-oic acid (UDCA, 

14) (1 g, 2.6 mmol) at 0 °C. Acetyl chloride (0.5 ml) was added drop wise to the 

mixture. When the addition was complete the reaction mixture was allowed to warm 

to room temperature. The reaction was monitored by TLC for the formation of methyl 

ester and disappearance of acid. After 3 h the methanol was removed in vacuo and 

the residue dissolved in ethyl acetate (20 ml). This was partitioned with NaHCOa (2 x 

10 ml) and water (2 x 10 ml). The organic layer was collected and dried (MgS0 4 ) and 

evaporation of solvent gave the methyl ester as a white, odourless, solid (0.92 g, 

88%).

^H-NMR 6  (CDCI3): 0.68 (3H, s, I 8 -CH3), 0.93 (3-H, d, J = 6.52 Hz, 2 I-C H 3) , 0.95 (3- 

H, s, 1 9 -CH3), 3.60 (2-H, m, 3 p-H, 7 a-H), 3.67 ( 3 -H,s,-OCH3).^^C-NMR ppm (CDCI3):

12.9 (CH3), 19.0 (CH3), 22.5 (CH2), 24.0 (CH3), 28.0 (CH2), 29.8 (CH2), 31.1 (CH2),

32.2 (CH2), 32.5 (CH2), 35.3 (CH2), 36.1 (CH), 36.9 (CH2), 38.1 (CH2), 38.9 (CH2),

40.9 (CH), 41.7 (CH2), 44.1 (CH), 44.7 (CH), 44.9, 51.1 (OCH3), 56.6 (CH), 57.8

(CH), 71.9 (3-C, 7-C, CH), 175.1 (C=0). HRMS: Found: (M-Na)-^= 429.2993. IR̂ max

(KBr); 1741 (ester carbonyl), 2864, 2937 cm \  mp: 170-175 °C. literature mp: 58.4- 

58.6 °C (Huang et al., 2009).

24-M ethyl 3a, 7a-dihydroxy-5|3-cholanoate (4 4 )

Dry methanol (10 ml) was added to 3c, 7a-dihydroxy-5(3-cholan-24-oic acid (CDCA, 

5) (1 g, 2.6 mmol) at 0 °C. Acetyl chloride (0.5 ml) was added drop wise to the 

mixture. When the addition was complete the reaction mixture was allowed to warm 

to room temperature. The reaction was monitored by TLC for the formation of methyl 

ester and disappearance of acid. After 3 h the methanol was removed in vacuo and 

the residue was dissolved in ethyl acetate (20 ml). This was partitioned with NaHC0 3  

(2 X 10 ml) and water (2 x 10 ml). The organic layer was collected and dried (MgS0 4 ) 

and the solvent removed to give the methyl ester as a white, odourless, solid (0.98 g, 

94% ).

^H-NMR 6  (CDCI3): 0.68 (3H, s, I 8 -CH3), 0.93 (3-H, d, J = 6.52 Hz, 2 I-C H 3), 0.95 (3-H, 

s, 1 9 -CH3) 3.44 (1-H, m, 3a-H), 3.83 (1-H, s, 7 c-H), 3.67 (3-H, s, -OCH3). ^^C-NMR 

ppm (CDCI3): 12.9 (CH3 ), 19.2 (CH3), 22.4 (CH2), 24.0 (CH3), 28.3 (CH2), 29.8 (CH2),
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31.1 (CH2 ), 32.4 (CH2 ), 32.5 (CH2 ), 35.3 (CH2 ), 36.3 (CH), 36.9 (CH2 ), 38.1 (CH2 ), 

38.9 (CH2 ), 40.9 (CH), 41.7 (CH2 ), 44.1 (CH), 44.7 (CH), 44.9, 51 (-C = 0 CH3 ), 56.3 

(CH), 57.4 (CH), 68.1 (7-C, CH), 71.9 (3-C, CH), 175.0 (C =0). IRvmax (KBr): 1741 

(ester carbonyl), 2864, 2937 c m m p :  171-172 °C. literature mp: 85.2-86.0 °C 

(Huang et a/., 2009).

24-Benzyl 3a, 7a-d ihydroxy-5p-cholanoate (5 2 )

CDCA (5) (4.7g, 12 mmol) was added to a mixture of benzyl bromide (1.6 ml, 13 

mmol) and cesium carbonate (12 g, 36 mmol) in N,N-dimethylformamide (40 m l). The 

m ixture was stirred at room temperature and monitored by TLC for disappearance of 

the acid. After 16 h the reaction mixture was filtered to remove the cesium carbonate 

salt. The filtra te was collected and partitioned between diethyl ether and water. The 

organic layer was washed with NaOH (2 x 30 ml) and water (2 x 30 m l), dried 

(MgS0 4 ) and the solvent removed to afford the benzyl ester as a white, odourless, 

solid (5.02 g, 87%).

^H-NMR 6  (CDCI3 ): 0.64 (3-H, s, I 8 -CH3 ), 0.89 (3-H, s, I 9 -CH3 ), 0.90 (3-H, d, J = 6.53 

Hz, 2 I-CH 3 ), 3.44 (1-H, m, 3a-H), 3.83 (1-H, s, 7 a-H), 5.10 (2-H, s, benzylic CH2 ), 

7.35 (5-H, m, Aromatic-CH). ^^C-NMR ppm (CDCI3 ): 12.8 (CH3 ), 19.2 (CH3 ), 22.1 

(CH2 ), 24.2 (CH3 ), 28.3 (CH2 ), 29.7 (CH2 ), 31.2 (CH2 ), 32.4 (CH2 ), 32.5 (CH2 ), 35.3 

(CH2 ), 36.1 (CH), 36.9 (CH2 ), 38.1 (CH2 ), 38.9 (CH2 ), 40.9 (CH), 41.7 (CH2 ), 44.0 

(CH), 44.7 (CH), 44.9 (13-C), 56.7 (CH), 57.7 (CH), 66.2 (benzyl-C, CH2 ), 68.0 (7-C, 

CH), 71.9 (3-C, CH), 128.1, 129.3, 130.4 (Aromatic-C, CH), 174.2 (C =0). mp: 139- 

143 °C (Huang e t a!., 2009).

24-Benzyl 3a-acetoxy-7a-hydroxy-5  p-cholanoate (4 9 )

The benzyl CDCA ester (52) (770 mg, 1.5 mmol) was dissolved in DCM (5 ml) at 0 °C. 

Acetic anhydride (1 ml) and dry pyridine (2 ml) were added to this mixture, warmed 

to room temperature and stirred for 16 h. After 16 h methanol (0.5 ml) was added to 

stop the reaction and the m ixture was washed with water ( 2 x 5  ml), HCI ( 2 x 5  ml) 

and NaHCOs ( 1 x 5  ml). The organic layer was collected and dried (MgS0 4 ). TLC 

analysis revealed a m ixture of products (90% monoacetoxy, 10% diacetoxy). Column 

chromatography of the m ixture with gradient elution (hexane-1 : 2  ethyl acetate: 

hexane) afforded the pure monoacetate (524 mg, 6 6 %) as a white odourless solid 

which was recrystallised from ethanol (460 mg, 53%). Subsequent reactions were 

carried out on a larger scale. The solid collected after partitioning was recrystallised 

from ethanol seeding with the crystals collected from the small scale reaction above. 

Yields ranging from 75-85%  were achieved.
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^H-NMR 5 (CDCI3): 0.65 (3-H, s, I 8 -CH3), 0.93 (6 -H, m, I9-CH3, 2I-CH3), 2.02 (3-H, 

s, 3 -OCH3), 3.86 (1-H, s, 7 p-H), 4.59 (1-H, s, 3 |3-H), 5.13 (2-H, dd, J i=12.04 Hz, 

J2=2.51 Hz, J3= 12.55  Hz, benzylic-CH2), 7.37 (5-H, m, Aromatic-CH). ^^C-NMR ppm 

(CDCI3): 12.8 (CH3), 19.4 (CH3), 21.1 (3-0 C=0 CH3), 22.5 (CH2), 24.0 (CH3), 28.0 

(CH2), 29.8 (CH2), 31.1 (CH2), 32.3 (CH2), 32.5 (CH2), 35.3 (CH2), 36.1 (CH), 36.5 

(CH2), 38.2 (CH2), 38.9 (CH2), 40.7 (CH), 41.6 (CH2), 44.0 (CH), 44.7 (CH), 44.9 (13- 

C), 56.5 (CH), 57.9 (CH), 66.0 (benzyl-C, CH2), 68.2 (7-C, CH), 75.4 (3-C, CH), 

128.2, 129.3, 130.0 (Aromatic-C, CH), 170.1 (3-OC=OCH3), 175.4 (C=OOC7H7). 

HRMS: Found (M-Na)  ̂ =547.3399. IR ^m ax (KBr): 1734, 2814, 2957, 3045 cm ^ mp: 

184-187 oc.

24-M ethyl 3 a -acetoxy-7a-hydroxy-5  f3-cholanoate (4 5 )

The methyl CDCA ester (44) (0.7 mg, 1.7 mmol) was dissolved in DCM (5 ml) at 0 °C. 

Acetic anhydride (1 ml) and dry pyridine (2 ml) were added to this, the m ixture 

warmed to room temperature and stirred for 16 h. After 16 h methanol (0.5 ml) was 

added to stop the reaction and the m ixture was washed with water (2 x 5ml), HCI (2 

X 5ml) and NaHC0 3  ( 1 x 5  m l). The organic layer was collected and dried (MgS0 4 ). 

TLC analysis revealed a m ixture of products (90% monoacetoxy, 10% diacetoxy). 

Column chromatography of the m ixture with gradient elution (hexane-l:2  ethyl 

acetate: hexane) afforded the pure monoacetate (0.495 g, 65%) as a white odourless 

solid which was recrystallised from ethanol (0.38 g, 51%). Subsequent reactions were 

carried out on a larger scale. The solid collected after partitioning was recrystallised 

from ethanol seeding with the crystals collected from the small scale reaction above. 

Yields ranging from 75-85% were achieved.

^H-NMR 6  (CDCI3): 0.65 (3-H, s, I 8 -CH3), 0.93 (6 -H, m, I 9 -CH3 , 2 I-C H 3), 2.02 (3-H, 

s, 3 -OCH3), 3.65 (3-H, s, 2 4 -CH3,), 3.87 (1-H, s, 7 p-H), 4.59 (1-H, s, 3 p-H). ^^C- 

NMR ppm (CDCI3): 12.6 (CH3), 19.1 (CH3), 21.0 (3-OC=OCH3), 22.5 (CH2), 24.2 

(CH3), 28.1 (CH2), 29.8 (CH2), 31.1 (CH2), 32.3 (CH2), 32.7 (CH2), 35.3 (CH2), 36.0 

(CH), 36.9 (CH2), 38.1 (CH2), 38.9 (CH2), 40.9 (CH), 41.8 (CH2), 44.1 (CH), 44.7 

(CH), 44.9 (13-C), 51.1 (OCH3), 56.6 (CH), 57.8 (CH), 68.1 (7-C, CH), 71.1 (3-C, 

CH), 170.0 ( 3 -0 C=0 CH3), 175.3 (C=0 CH3). mp: 145-148 °C. literature mp: 79.5-80 

OC (Mukhopadhyay & Maitra, 2004).

3 a-hydroxy-7p -azido -5  p-cholan-24-oic acid (4 0 )

Methyl monoacetate (45) (2.09 g, 4.66 mmol) was dissolved in dry pyridine (20 ml) 

and cooled to 0 °C. To this methane sulfonyl chloride (1.92 ml, 24.8 mmol) was added 

drop wise. The m ixture was allowed to warm to room temperature and then the
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reaction was left overnight (16 h). A clear dark solution had formed. TLC analysis 

showed formation of two products one with a lower Rf of 0.4 compared to 0.6 of the 

starting material and one with an Rf of 0.8 (mobile phase ethyl acetate: hexane 

(1 :2 )). The dark solution was dripped into cold water and then extracted w ith ethyl 

acetate (2 x 20ml). The organic layers were combined and washed with HCI ( 6  x 15 

ml) to neutralize the pyridine. The organic layer was retrieved, dried (MgS0 4 ) and the 

solvent removed in vacuo to yield an orange residue. Column chromatography of the 

m ixture with gradient elution (h e xa n e -l : 2  ethyl acetate: hexane) gave a white 

product (1.54 g, 63%). The mesylate was the spot with lower Rf. The mesylate (1.4 g, 

2.7 mmol) was dissolved in DMSO (10 ml). This solution was then saturated with 

sodium azide and the mixture left at room temperature for 7 days. TLC analysis 

revealed formation of the azide with some remaining starting material. The mixture 

was partitioned between ethyl acetate and water. The organic layer was retrieved and 

dried (MgS0 4 ). Column chromatography of the residue eluting with ethyl acetate: 

hexane (1 :4 ) afforded a white odourless solid (0.9039 g, 72%). The protected azide 

(800 mg, 1.7 mmol) was dissolved in methanol/NaOH (20 ml, pH 14) and stirred for 

16 h at room temperature. The solvent was removed by evaporation and the 

remaining water solution was acidified with HCI to pH 1. This was then partitioned 

between ethyl acetate and water to yield a residue containing azide acid as the main 

product with contamination form partially hydrolysed compounds and benzyl alcohol. 

Column chromatography using gradient elution (ethyl acetate: DCM (1:1 ) to

methanol) afforded the pure azide acid from the methanol fractions (367 mg, 52%). 

^H-NMR 5 (CD3OD): 0.69 (3H, s, I 8 -CH3 ), 0.94 (3-H, d, J = 6.52 Hz, 2 I-C H 3 ), 0.95 (3- 

H, s, I 9 -CH3 ), 3.05 (1-H, m, 7 a-H), 3.64 (1-H, m, 3 (3-H). ^^C-NMR ppm (CD3OD):

13.0 (CH3 ), 18.9 (CH3 ), 22.4 (CH2 ), 24.1 (CH3 ), 28.1 (CH2 ), 29.7 (CH2 ), 31.0 (CH2 ),

32.1 (CH2 ), 32.4 (CH2 ), 35.3 (CH2 ), 36.2 (CH), 36.9 (CH2 ), 38.0 (CH2 ), 38.9 (CH2 ), 

40.5 (CH), 41.7 (CH2 ), 44.2 (CH), 44.6 (CH), 44.9 (13-C), 56.5 (CH), 57.8 (CH), 61.0 

(7-C, CH), 71.1 (3-C, CH), 178.0 (-0=C 0H ). HRMS: Found (M-Na)  ̂ =440.2889. 

IRvmax (KBr): 1702 (C =0), 2867, 2932, 3429cm \  mp: 58-60 °C.

24-Benzyl 3 a -ace toxy-7 -ke to -5  p-cholanoate (5 0 )

24-Benzyl 3 a-acetoxy-7a-hydroxy-5 p-cholanoate (49) (1 g, 1.9 mmol) was dissolved 

in DCM (10 ml). To this pyridinium chlorochromate (0.412 g, 1.9 mmol) was added 

and the reaction was left to stir for 16 h. After 16 h the brown solution of DCM was 

pushed through a small plug of silica to remove the reduced PCC. Ether (5 x 10 ml) 

was added to the flask until the brown PCC residue crumbled up. These ether 

washings were added to the plug of silica. The compound was then eluted with ethyl
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acetate. The organic fractions were combined and the solvent removed to give a 

white odourless solid (1 g, 99%).

^H-NMR 5 ( C D C I 3 ) :  0.64 (3H, s, I 8 - C H 3 ) ,  0.93 (6 -H, m, I9-CH3, 2 I-C H 3 ), 2.01 (3-H, s, 

3 - O C H 3 ) ,  4.70 (1-H, m, 3 p-H), 5.12 (2-H, dd, dd, Ji=12.04 Hz, J2=2.51 Hz, J3 = 1 2 . 5 5  

Hz, benzylic-CHz), 7.37 (5-H, m, Aromatic-CH).^^C-NMR ppm ( C D C I 3 ) :  12.9 ( C H 3 ) ,  

18.9 ( C H 3 ) ,  21.1 ( 3 -0 C=0 CH3 ), 22.5 (CH2), 24.0 ( C H 3 ) ,  28.0 (CH2 ), 29.8 (CH2 ), 31.1 

(CH2 ), 32.2 (CH2), 32.5 (CH2 ), 35.3 (CH2 ), 36.1 (CH), 36.9 (CH2), 38.1 (CH2 ), 38.9 

(CH2 ), 40.9 (CH), 41.7 (CH2 ), 44.1 (CH), 44.7 (CH), 44.9 (13-C), 56.6 (CH), 57.7 

(CH), 66.1 (benzyl-C, CH), 75.2 (3-C, CH), 128.1, 129.2, 130.4 (Aromatic-C, CH), 

170.1 ( 3 - 0 C= 0 CH3 ), 175.0 (C=OOC7 H7), 212.2 (7-C =0). HRMS: Found (M-Na) = 

545.3243. IRvmax (KBr): 1722, 2798, 2937, 3105 c m m p :  161-166 °C.

3 a -h yd ro xy-7 -ke to -5  p-cholan-24-oic acid (3 6 )

The protected ketone (50) (800 mg, 1.5 mmol) was dissolved in methanol/NaOH (pH 

14) and the reaction left to stir for 16 h. After 16 h, the methanol was removed in 

vacuo and the remaining solution acidified with HCI (pH 1). The precipitated acid was 

then extracted with ethyl acetate (2 x 20 ml). The solvent was removed to give a 

yellow residue. Column chromatography using gradient elution (ethyl acetate: 

dichloromethane 1 : 1  to methanol) afforded the keto acid in the methanol fractions 

(339 mg, 58%).

^H-NMR 5 (CD3OD): 0.73 (3H, s, I 8 -CH3 ), 0.97 (3-H, d, J=6.54 Hz, 2 I-C H 3), 1.25 (3- 

H, s, I 9 -CH3 ), 3.5010 (1-H, m, 3 p-H). ^^C-NMR ppm (CD3OD): 12.7 (CH3 ), 19.0

(CH3 ), 22.5 (CH2 ), 24.0 (CH3 ), 28.0 (CH2 ), 29.8 (CH2), 31.1 (CH2), 32.2 (CH2 ), 32.5

(CH2 ), 35.5 (CH2 ), 36.1 (CH), 36.7 (CH2 ), 38.1 (CH2 ), 38.9 (CH2 ), 40.9 (CH), 41.7

(CH2 ), 44.1 (CH), 44.7 (CH), 44.9 (13-C), 56.4 (CH), 57.8 (CH), 70.1 (3-C, CH),

176.3 (-0=C 0H ), 215.4 (7-C). HRMS; Found (M-Na) 413.2668. IRvmax (KBr): 1703 

(C =0), 2942, 3430 cm'^ mp: 190-196 °C, literature mp: 198-201 °C (Ishida & 

Kikuchi, 1967).

3 a -ace to xy-7 -ke to -5  p-cholan-24-oic acid (3 7 )

The protected ketone (50) (400 mg, 0.75 mmol) was dissolved in ethyl acetate. 

Palladium on carbon was added to this and the compound was reduced with hydrogen 

for 8  h. The mixture was filtered through silica to remove the palladium. The silica was 

washed with methanol to elute the acid. The solvent was removed to produce a white 

odourless compound (300 mg, 92%).

^H-NMR 6  ( C D 3 O D ) :  0.73 (3H, s, I 8 -CH3 ), 1.00 (3-H, d, J = 6.52 Hz, 2 I-C H 3), 1.28 (3- 

H, s, 19-CH3), 2.01 (3-H, s, 3 -OCH3 ), 3.08, 4.69 (1-H, m, 3 p-H). ^^C-NMR ppm
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(CD3OD): 13.0 (CHs), 19.1 (CHs), 21.1 ( 3 -OC=OCH3 ), 22.5 (CH2 ), 24.2 (CH3 ), 28.1 

(CH2 ), 29.5 (CH2 ), 31.3 (CH2 ), 32.2 (CH2 ), 32.7 (CH2 ), 35.4 (CH2 ), 36.1 (CH), 36.6 

(CH2 ), 38.1 (CH2 ), 38.7 (CH2 ), 40.9 (CH), 41.2 (CH2 ), 44.1 (CH), 44.7 (CH), 44.9 (13- 

C), 56.4 (CH), 57.7 (CH), 75.3 (3-C, CH), 170.4 (3-OC=OCH3), 215.0 (7 -C =0). 

HRMS: Found (M-Na)  ̂ = 455.2770. IR̂ max (KBr): 1705 (7-C =0), 1738 f3 -0 C = 0CH^1. 

2870, 2937, 3425 cm ^ mp: 157-160 oc (Snopek eta !.,  1988).

24-Benzyl 3 a -hydroxy-7 -keto -5  ^-cholanoate (5 1 )

The protected ketone (50) (400 mg, 0.75 mmol) was dissolved in methanol/NaHC0 3  

(pH 10). This was left overnight. The mild basic conditions resulted in selective 

removal of the acetate group monitored by TLC analysis. The methanol was removed 

in vacuo. The residue was extracted with ethyl acetate (2 x 20 ml). This was then 

washed with HCI and water to neutrality. The organic layer was dried (MgS0 4 ) and the 

solvent removed to leave a residue. The titled product was obtained after 

chromatographic elution with (ethyl acetate: hexane 1 : 1 ).

^H-NMR 5 (CD3OD): 0.68 (3H, s, I 8 -CH3 ), 0.72 (3-H, s, I 9 -CH3 ), 0.98 (3-H, d, J = 

6.53 Hz, 2 I-C H 3 ), 3.01, 3.37 (1-H, m, 3 |3-H), 5.12 (2-H, dd, Ji = 12.04 Hz, J2=2.51 

Hz, Js=12.55 Hz, benzylic-CH2 ), 7.37 (5-H, m. Aromatic^ CH). ^^C-NMR ppm 

(CD3OD): 12.8 (CH3 ), 18.9 (CH3 ), 22.4 (CH2 ), 24.0 (CH3 ), 28.2 (CH2 ), 29.8 (CH2 ), 

31.1 (CH2 ), 32.2 (CH2 ), 32.5 (CH2 ), 35.5 (CH2 ), 36.3 (CH), 36.9 (CH2 ), 38.1 (CH2 ),

38.5 (CH2 ), 40.9 (CH), 41.7 (CH2 ), 44.1 (CH), 44.5 (CH), 44.9 (13-C), 57.0 (CH),

57.5 (CH), 66.1 (benzyl-C, CH2 ), 71.2 (3-C, CH), 128.1, 129.0, 130.2 (Aromatic-C, 

CH), 175.0 (C= 0 0 C7 H7 ), 215.1 (7 -C =0). HRMS: Found (M-Na)  ̂ = 503.3137. IR̂ max 

(KBr): 1709 (7 -C -O ), 1738 (ester carbonyl), 2870, 2937, 3425 cm ^ mp: 30-35 °C.

3, 7 -D ike to -5  p-cholan-24-oic acid (3 9 )

The benzyl CDCA ester (52) (1.5 g, 3 mmol) was dissolved in DCM and pyridinium 

chlorochromate (1.684 g, 7.8 mmol) was added to this. The reaction was left to stir at 

room temperature for 16 h. After 16 h the brown solution of DCM was pushed through 

a small plug of silica to remove the reduced PCC. Ether (5 x 10 ml) was added to the 

flask until the brown PCC residue crumbled up. These ether washings were added to 

the plug of silica. The compound was then eluted with ethyl acetate. The organic 

fractions were combined and the solvent removed to give a white odourless solid (1.3 

g, 92% ). The protected ketone (500 mg, 1 mmol) was dissolved in ethyl acetate. 

Palladium on carbon was added to this and the compound was reduced with hydrogen 

for 8  h. The mixture was filtered through silica to remove the palladium. The silica was
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washed with methanol to elute the acid. The solvent was removed to produce a white 

odourless compound (382 mg, 94%).

^H-NMR S (CD3OD): 0.77 (3H, s, I 8 -CH3 ), 0.99 (3-H, d, J = 6.52 Hz, 21-CH3), 1.36

(3H, s, I 9 -CH3 ). ^^C-NMR ppm (CD3 OD): 12.9 (CH3 ), 19.1 (CH3 ), 22.5 (CH2 ), 24.0

(CH3 ), 28.0 (CH2 ), 29.8 (CH2 ), 31.1 (CH2 ), 32.2 (CH2 ), 32.5 (CH2 ), 35.3 (CH2 ), 36.1

(CH), 36.9 (CH2 ), 38.2 (CH2 ), 38.9 (CH2 ), 40.8 (CH), 41.5 (CH2 ), 44.1 (CH), 44.6

(CH), 44.9 (13-C), 56.5 (CH), 57.8 (CH), 176.2 (0=C 0H ), 212.0 (7 -C =0), 215.1 (3- 

C=0). HRMS: Found (M-Na) = 411.2511. IRvmax (KBr): 1436, 1710, 2960, 3473 cm' 

\  mp: 152-154 °C, literature mp: 152-154 °C (Kitahara & Sato, 1964).

3a, 7P -d iform yloxy-5 p-cholan-24-oic acid (5 4 )

UDCA (14) (5 g, 12 mmol) was dissolved in form ic acid (96% ). Perchloric acid (0.5 

ml) was added to this drop wise and the reaction was stirred for 3 h at 47-50 °C. After 

3 h the temperature was reduced to 40 °C and acetic anhydride was added drop wise 

to the reaction mixture until bubbles were produced (approx. 1 0  ml, over 1 0  min). 

This was then left to stir for another 10 min. The mixture was cooled to room 

temperature and added to 100 ml water. The precipitated acid was collected through 

Buchner filtration and then dissolved in diethyl ether. The organic fraction was 

successively washed with NaCI solution (20% ) and water to neutrality. The diethyl 

ether was dried (MgS0 4 ) and the solvent removed in vacuo to yield a white solid (5.44 

g, 96% ). This was then recrystallised from hot ethanol to give white needle like 

crystals (4.896 g, 90% ).

^H-NMR 6  (CD3 OD): 0.70 (3-H, s, I 8 -CH3 ), 0.93 (3-H, d, J = 6.02 Hz, 2 I-C H 3 ), 1.00 (3- 

H, s, I 9 -CH3 ), 4.83-4.95 (2-H, m, 3-|3 H, 7-a H), 8.03 (2-H, s, OCOH). ^^C-NMR ppm 

(CD3 OD): 12.7 (CH3 ), 19.0 (CH3 ), 22.4 (CH2 ), 24.0 (CH3 ), 28.0 (CH2 ), 29.8 (CH2 ), 

31.0 (CH2 ), 32.5 (CH2 ), 32.5 (CH2 ), 35.5 (CH2 ), 36.1 (CH), 36.9 (CH2 ), 38.1 (CH2 ), 

38.9 (CH2 ), 40.9 (CH), 41.5 (CH2 ), 44.1 (CH), 44.7 (CH), 44.9 (13-C), 56.6 (CH), 

57.8 (CH), 79.1 (3-C, 7-C, CH), 161.5, 162.0 (-O C-OH), 180.4 (24-C=OOH). mp: 

145-148 oc, literature mp: 170-171 oc (Babu & Maitra, 2005).

3a, 7^ -d iform yloxy-5 p -cho ian-23-n itriie  (9 3 )

The reaction was carried out in a round bottomed flask with an air condenser fitted 

with a moisture trap. Formyl protected UDCA (54) (5.06 g, 12.9 mmol) was stirred in 

trifluoroacetic acid (4 ml) and trifluoroacetic anhydride (1 ml) at 0-5 °C until 

dissolution was complete. Sodium nitrite (0.786 g) was then added in small portions, 

waiting for the salt to react between additions. After addition the m ixture was stirred 

at 0-5 °C for 1 h. The m ixture was then warmed to 38-40 °C and left to stir for 

another 2 h. The brown solution was cooled to room temperature and added to a
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mixture of water/ IM NaOH (100 ml each). The nornitrile was extracted with ethyl 

acetate and washed with NaOH (4 x 20 ml) and water to neutrality. The ethyl acetate 

was dried (MgS0 4 ) and removed by evaporation to yield an off white solid. The 

compound was characterised in the next step as washing with NaOH yielded a mixture 

of hydrolysis products.

3a, 7p -d ihydroxy-24-nor-5p -cho lane-23-n itrile  (5 5 )

Sodium (1 g) was added to methanol (50 ml) to form an excess of sodium methoxide. 

The formyl nitrile (93) obtained in the above reaction was added to this solution and 

refluxed for 2 h. After 2 h the reaction was cooled to room temperature and added to 

water (100 ml). The nornitrile was extracted with ethyl acetate. The organic layer was 

then washed with water (3 x 20 ml) and dried (MgS0 4 ). The solvent was removed by 

evaporation to yield a yellow solid (4.39 g, 95%).

^H-NMR 6  (CDCI3): 0.72 (3-H, s, I 8 -CH3 ), 0.97 (3-H, s, I 9 -CH3 ), 1.18 (3-H, d, J=6.02 

Hz, 2 I-C H 3 ), 2.24 (1-H, m, 2 2 - 0  (p) CH2 ), 2.36 (1-H, m, 22-a (P) CH2 ), 3.61 (2-H, 

m, 3- p H, 7 - 0  H). ^^C-NMR ppm (CDCI3): 12.5 (CH3 ), 19.1 (CH3 ), 22.5 (CH2 ), 24.0 

(CH3 ), 28.0 (CH2 ), 29.8 (CH2 ), 31.1 (CH2 ), 32.5 (CH2 ), 35.5 (CH2 ), 36.1 (CH), 36.5 

(CH2 ), 38.1 (CH2 ), 38.5 (CH2 ), 40.9 (CH), 41.7 (CH2 ), 44.1 (CH), 44.7 (CH), 44.9 (13- 

C), 56.6 (CH), 57.8 (CH), 71.5 (3-C,7-C, CH), 118.6 (-CEN). HRMS: Found: (M-H) = 

358.2746. IRvmax (KBr): 2243, 3026, 3452 (nitrile peak) c m ' \  mp: 215-217 °C, 

literature mp: 232-233.5 °C (Schteingart & Hofmann, 1988).

3a, 7p -d ihydroxy-24-nor-5|3-cholane-23-oic acid (2 4 )

3o, 7P -dihydroxy-24-nor-5p-cholane-23-nitrile (55) (4 g, 11.1 mmol) was refluxed 

with 10% KOH in 50 ml ethanol: water (1:1) for 96 h. The ethanol was evaporated 

and the solution was extracted with diethyl ether until TLC examination showed no 

more basic compounds in the organic layer. The aqueous layer was then acidified with 

6 M HCI and the norbile acid was extracted with ethyl acetate (3 x 20 ml). The 

combined organic layers were then washed with 20% NaCI to neutrality, dried 

(MgS0 4 ) and evaporated which after column chromatography with ethyl acetate: 

hexane 4:1 produced a white solid (3.318 g, 79%).

‘H-NMR 5 (CD3 OD): 0.77 (3-H, s, I 8 -CH3 ), 0.98 (3-H, s, I 9 -CH3 ), 1.02 (3-H, d, 

J = 5.53 Hz, 2 I-C H 3 ,), 2.06 (1-H, m, 22a(P)-C), 2.39 (1-H, m, 22o (P)-C), 3.50 (2- 

H,m, 3- p H, 7 - 0  H). ^^C-NMR ppm (CD3 OD): 12.8 (CH3 ), 19.1 (CH3 ), 22.4 (CH2 ), 24.1 

(CH3 ), 28.0 (CH2 ), 29.8 (CH2 ), 31.1 (CH2 ), 32.5 (CH2 ), 35.3 (CH2 ), 36.1 (CH), 36.9 

(CH2 ), 38.1 (CH2 ), 38.5 (CH2 ), 40.9 (CH), 41.7 (CH2 ), 44.5 (CH), 44.7 (CH), 44.9 (13- 

C), 56.5 (CH), 57.8 (CH), 71.1 (3-C, 7-C, CH), 182.3 (23-C=OOH). HRMS: Found (M-
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H)- =377.2692. IR̂ max (KBr): 1708, 3021, 3320 cm ^ mp: 250-253 °C, literature mp: 

248-250 °C (Schteingart & Hofmann, 1988).

3a, ?p -d iform yloxy-5 p-cholan-23-oic acid (9 4 )

3a, 7p -dihydroxy-24-nor-5p-cholane-23-oic acid (24) (3.2 g, 8.4 mmol) was 

dissolved in form ic acid (96% ). To this perchloric acid (0.5 ml) was added drop wise 

and the reaction was stirred for 3 h at 47-50 °C. After 3 h the temperature was 

reduced to 40 °C and acetic anhydride was added drop wise to the reaction m ixture 

until bubbles were produced (approx. 10 ml, over 10 min). This was then left to stir 

for another 10 min. The m ixture was cooled to room temperature and added to 100 ml 

water. The precipitated acid was collected through Buchner filtration and then 

dissolved in diethyl ether. The organic fraction was successively washed with sodium 

chloride (20% ) and water to neutrality. The diethyl ether was dried (MgS0 4 ) and the 

solvent removed to yield a white solid (3.6 g, 98%).

^H-NMR 5 (CDCI3 ): 0.77 (3-H, s, I 8 -CH3 ), 0.98 (3-H, s, I 9 -CH3 ), 1.02 (3-H, d, J = 5.53 

Hz, 2 I-C H 3 ,), 4.83, 4.95 (2-H, m, 3-p H, 7 - 0  H), 8.03 (2-H, s, OCOH) ^^C-NMR ppm 

(CDCI3 ): 12.7 (CH3 ), 19.2 (CH3 ), 22.4 (CH2 ), 24.1 (CH3 ), 28.2 (CH2 ), 29.0 (CH2 ), 31.0 

(CH2 ), 32.5 (CH2 ), 35.3 (CH2 ), 36.1 (CH), 36.9 (CH2 ), 38.5 (CH2 ), 38.8 (CH2 ), 40.9 

(CH), 41.5 (CH2 ), 44.1 (CH), 44.7 (CH), 44.9 (13-C), 56.6 (CH), 57.7 (CH), 79.1 (3-C, 

7-C, CH), 161.5, 162.7 (-OC=OH), 180.1 (23-C=OOH).

3a, 7P -d iform yloxy-5 p-cho lan-22-n itrile  (9 5 )

The reaction was carried out in a round bottomed flask with an air condenser fitted 

with a moisture trap. Formyl protected norUDCA (94) (3.5 g, 8  mmol) was stirred in 

trifluoroacetic acid (4 ml) and trifluoroacetic anhydride (1 ml) at 0-5 °C until 

dissolution was complete. Sodium nitrite (0.786 g) was then added in small portions, 

waiting for the salt to react between additions. After addition the m ixture was stirred 

at 0-5 °C for 1 h. The m ixture was then warmed to 38-40 °C and left to stir for 

another 2 h. The brown solution was cooled to room temperature and added to a 

m ixture of water/ IM NaOH (100 ml each). The bisnornitrile was extracted with ethyl 

acetate and washed with NaOH (4 x 20 ml) and water to neutrality. The ethyl acetate 

was dried (MgS0 4 ) and removed by evaporation to yield an off white solid. The 

compound was characterised in the next step as washing with NaOH yielded a mixture 

of hydrolysis products.

3a, 7p -d ih ydroxy-24-b isnor-5p-choiane-22-n itriie  (2 7 )
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Sodium (1 g) was added to methanol (50 ml) to form an excess of sodium methoxide. 

The formyl bisnornitrile (95) obtained in the above reaction was added to this solution 

and refluxed for 2 h. After 2 h the reaction was cooled to room temperature and 

added to water (100 ml). The bisnornitrile was extracted with ethyl acetate. The 

organic layer was then washed with water (3 x 20 ml) and dried (MgS0 4 ). The solvent 

was removed by evaporation to yield a yellow solid (2.6 g, 94%).

^H-NMR 5 (CDCI3); 0.75 (3-H, s, I 8 -CH3 ), 0.99 (3-H, s, I 9 -CH3 ), 1.34 (3-H, d, J=7.02 

Hz, 2 I-C H 3 ,), 2.81 (1-H, m, 20-CH), 3.48 (2-H, m, 3- p H, 7-a H). ^^C-NMR ppm 

(CDCI3 ): 12.7 (CH3 ), 19.2 (CH3 ), 22.4 (CH2 ), 24.2 (CH3 ), 28.1 (CH2 ), 29.9 (CH2), 31.1 

(CH2 ), 35.3 (CH2), 36.1 (CH), 36.9 (CH2 ), 38.1 (CH2 ), 38.9 (CH2 ), 40.9 (CH), 41.7 

(CH2 ), 44.5 (CH), 44.7 (CH), 44.9 (13-C), 56.5 (CH), 57.8 (CH), 71.5 (3-C, 7-C, CH), 

124.5 (-CEN). HRMS: Found (M-H) ' =344.2590. IR̂ max (KBr): 2238 (nitrile peak), 

3054, 3326 cm ^ mp: 75-78 oc.

3a, 7(3 -d ih ydroxy-24-nor-5p-cholane-22-o ic  acid (2 5 )

3a, 7(3 -dihydroxy-24-nor-5p-cholane-23-nitrile (27) (2.5 g, 7.2 mmol) was refluxed 

with 10% KOH in 50ml ethanol: water (1:1) for 96 h. The ethanol was evaporated and 

the solution extracted with diethyl ether until TLC examination showed no more basic 

compounds in the organic layer. The aqueous layer was then acidified with 6 M HCI and 

the bisnorbile acid was extracted with ethyl acetate (3 x 20 ml). The combined 

organic layers were then washed with 20% NaCI to neutrality, dried (MgS0 4 ) and 

evaporated to give bisnorUDCA which after column chromatography with ethyl 

acetate: hexane 4:1 presented as a white solid (1.86 g, 72%).

^H-NMR 5 (CD3OD): 0.76 (3-H, s, I 8 -CH3 ), 0.98 (3-H, s, I 9 -CH3 ), 1.02 (3-H, d, 

J = 7.03 Hz, 2 I-C H 3 ,), 2.22, 3.50 (2-H, m, 3- 3 H, 7-a H). ^^C-NMR ppm (CD3OD): 12.8 

(CH3 ), 19.0 (CH3 ), 22.5 (CH2 ), 24.0 (CH3 ), 28.0 (CH2 ), 29.8 (CH2 ), 31.5 (CH2), 35.3 

(CH2 ), 36.1 (CH), 36.5 (CH2 ), 38.1 (CH2 ), 38.9 (CH2 ), 40.9 (CH), 41.7 (CH2 ), 44.5 

(CH), 44.7 (CH), 44.9 (13-C), 56.6 (CH), 57.5 (CH), 71.1 (3-C, 7-C, CH), 182.2 (22- 

C=OOH). HRMS: Found: (M-H) = 363.2538. IRvmax(KBr): 1708 cm'^(C=0). mp: 88-90 

°C, literature mp: 177-180 °C (Batta et al., 1999).

3a,7P  -d iform yioxy-5 p-choian-24-oyl chloride (7 6 )

3a, 7p-diformyloxy-5 p-cholan-24-oic acid (54) was (1 g, 2 mmol) was dissolved in 

thionyl chloride (5 ml) and refluxed at 90 °C for 2 h. After 1 h the reaction was cooled 

to room temperature and the thionyl chloride was removed in vacuo, to leave a sticky 

solid which was the acid chloride (1 g, 97%).

^H-NMR 6  (CDCI3 ): 0.70 (3-H, s, I 8 -CH3), 0.93 (3-H, d, J=6.52 Hz, 2 I-C H 3 ), 1.00 (3- 

H, s, I 9 -CH3 ), 4.95 (2-H, m, 3-|3 H, 7-a H), 8.03 (2-H, s, OCOH). ^^C-NMR ppm
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(CDCb): 12.9 (CH3 ), 19.0 (CH3 ), 22.4 (CH2 ), 24.0 (CH3 ), 28.0 (CH2 ), 29.8 (CH2 ), 31.2 

(CH2 ), 32.2 (CH2 ), 32.5 (CH2 ), 35.3 (CH2 ), 36.1 (CH), 36.9 (CH2 ), 38.1 (CH2 ), 38.9 

(CH2 ), 40.9  (CH), 41.7 (CH2 ), 44.1 (CH), 44.7 (CH), 44.9  (13-C ), 56.6 (CH), 57.8 

(CH), 79.1 (3-C, 7-C, CH), 161.0 (-OC=OH), 162.5 (-OC=OH), 172.1 (24-C =0C I).

за , ?p, 2 4 -T rih y d ro x y -5  p -cho lane (2 8 )

UDCA (1 4 ) (2 g, 5 m m ol) was dissolved in dry THF (20 m l) and added drop wise to a 

solution o f lith ium  alum inium  hydride ( 0.39 g, 10 m m ol) in dry THF in a 2-neck round 

bottom ed flask under Inert atm osphere conditions. The reaction m ixture  was refluxed 

for 3 h a t 70 °C. A fte r 3 h w ater was added to quench the reaction. The alum inium  

salts were removed by filtra tion  through a cellite  column. The alcohol was then 

extracted w ith  e thyl acetate and the organic layer washed w ith  (3 x 20 ml HCI) and 

water (3 x 20 m l) and dried over (MgS0 4 ). The solvent was removed in vacuo to yield 

a white odourless solid (1.7 g, 89% ).

^H-NMR 5 (CDCI3 ); 0.70 (3H, s, I 8 -CH3 ), 0.95 ( 6 -H, m, 19- CH3 , 2 I-C H 3 ), 3.63 (4-H , 

m, 3 -3 H, 7-a H, 23-CH2). ^^C-NMR ppm (CDCI3): 12.6 (CH3), 18.7 (CH3), 22.3 (CH2), 

24.0 (CH3), 25.2 (CH2), 25.5 (CH2), 28.0 (CH2), 29.8 (CH2), 31.1 (CH2), 35.3 (CH2),

зб.1 (CH), 36.4 (CH2 ), 38.1 (CH2 ), 38.9 (CH2 ), 40.3 (CH), 41.7 (CH2 ), 44.1 (CH), 44.7 

(CH), 44.8  (13-C ), 56.2 (CH), 57.8 (CH), 63.1 (24-C, CH2 ), 71.2 (3-C, 7-C, CH). 

IRvmax (KBr): 2864, 2927, 3338.27 cm ^  mp: 152 °C, lite ra ture  mp: 163-164 °C 

(K ihira et a!., 1990).

24-C yc lo p ro p y l-3a , 7 p -d ifo rm y lo xy -5  p -cho lanam ide  (9 6 )

3a, 7p-d ifo rm yloxy-5  |3-cholan-24-oyl chloride (7 6 ) (1 g, 1.9 m m ol) was dissolved in 

dry DCM (10 m l). Cyclopropylam ine (131 pL, 1.9 m m ol) and trie thy lam ine  (244 pL, 

1.9 m m ol) were added on ice. The reaction m ixtu re  was allowed to warm to room 

tem pera ture  and stirred m onitoring fo r disappearance o f the starting  m ateria l by TLC. 

A fte r 24 h the solvent was removed in vacuo. The residue was dissolved in ethyl 

acetate (20 m l) and washed w ith  HCI (3 x 20 m l) fo r removal o f unreacted amines, 

w ater (2 x 20 m l) and brine solution (2 x 20 m l). The organic layer was dried and 

evaporation o f so lvent gave the cyclopropylam ide a fte r chrom atographic elution 

(Hexane: e thyl acetate 1 :1) (0 .72 g, 76% ).

^H-NMR 6  (CDCI3 ): 0.68 (3-H, s, I 8 -CH3 ), 0.91 (3-H , d, J=6 .52  Hz, 2 I-C H 3 ), 0.99 (3- 

H, s, I 9 -CH 3 ), 2.70 (1-H, m, 25-CH) 4 .83, 4.95 (2-H, m, 3-|3 H, 7-a H), 5.62 (1-H, 

broad, -NH), 8.03 (2-H, s, OCOH). ^^C-NMR ppm (CDCI3 ): 5.1 (26-C, 27-C, CH2 ), 12.9 

(CH3 ), 19.0 (CH3 ), 22.5 (CH2 ), 24.0 (CH3 ), 25.2 (CH2 ), 25.5 (CH2 ), 28.0 (CH2 ), 29.8 

(CH2 ), 31.6 (CH2 ), 35.6 (CH2 ), 36.1 (CH), 36.9 (CH2 ), 38.6 (CH2 ), 38.9 (CH2 ), 40.9
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(CH), 41.8 (CH2 ), 44.1 (CH), 44.7 (CH), 44.8 (13-C), 56.6 (CH), 57.8 (CH), 79.1 (3-C, 

7-C, CH), 161.2 (-OC=OH), 162.4 (-OC=OH), 175.0 (24-C=ONH).

24-Cyclopropyl-3a, ?p -d ihydroxy-5 p-cholanam ide (7 7 )

Sodium (0.1 g) was added to hpic grade methanol (10 ml) to form an excess of 

sodium methoxide. The formyl cyclopropylamide (96) (0.5 g, 1 mmol) obtained in the 

above reaction was added to this solution and refluxed for 2 h. After 2 h the reaction 

was cooled to room temperature and added to water (100 ml). The amide was 

extracted with ethyl acetate. The organic layer was then washed with water (3 x 20 

ml) and dried (MgS0 4 ). The solvent was removed in vacuo and after chromatographic 

elution with ethyl acetate afforded a white solid (0.4 g, 92%).

^H-NMR 6  (CD3 OD): 0.49 (2-H, m, 26-CH2(27)), 0.65 (3-H, s, I 8 -CH3 ), 0.92 (3-H, d, 

J = 6.52 Hz, 2 I-C H 3 ,), 0.97 (3-H, s, 19-CHs), 2.75 (1-H, m, 25-CH) 3.61 (2-H, m, 3-(3 

H, 7 - 0  H), 5.32 (1-H, broad, -NH). ^^C-NMR ppm (CD3 OD): 8.4 (26-C, 27-C, CH2 ), 

12.4 (CH3 ), 18.8 (CH3 ), 22.4 (CH2 ), 24.0 (CH3 ), 25.2 (CH2 ), 25.5 (CH2 ), 28.0 (CH2 ),

29.8 (CH2 ), 31.1 (CH2 ), 35.3 (CH2 ), 36.5 (CH), 36.9 (CH2 ), 38.1 (CH2 ), 38.8 (CH2 ),

40.9 (CH), 41.7 (CH2 ), 44.1 (CH), 44.6 (CH), 44.9 (13-C), 56.5 (CH), 57.8 (CH) 24.1 

(25-C, CH), 71.1 (3-C, 7-C), 175.2 (24-C=ONH). HRMS: Found (M-Na)  ̂ =454.3297. 

Elemental Analysis- Required C75.13 H 10.51 N 3.24 Obtained C 74.17 H 10.53 N 

3.24. IRvmax (KBr): 1717, 2864, 2922, 3234, 3501 c m '\  mp: 124 °C

24-D iphenyl-3a , 7p-d iform yloxy-5 p-cholanam ide (9 7 )

3a, 7(3 -diformyloxy-5 p-cholan-24-oyl chloride (76) (1 g, 1.9 mmol) was dissolved in 

dry DCM (10 ml). Diphenylamine (0.321 g, 1.9 mmol) and triethylam ine (244 |j L , 1.9 

mmol) were added on ice. The reaction mixture was allowed to warm to room 

temperature and stirred monitoring for disappearance of the starting material by TLC. 

After 48 h the solvent was removed in vacuo. The residue was dissolved in ethyl 

acetate (20 ml) and washed with HCI (3 x 20 ml) for removal of unreacted amines, 

water (2 x 20 ml) and brine solution (2 x 20 ml). The organic layer was dried and the 

solvent removed by evaporation to produce the diphenylamide after column 

chromatography (Hexane: ethyl acetate 1:1). (0.9 g, 80%).

^H-NMR 6  (CDCI3 ): 0.67 (3-H, s, I 8 -CH3 ), 0.7990 (3-H, d, J = 5.52 Hz, 2 I-CH 3 ,), 1.00 

(3-H, s, I 9 -CH3 ), 4.88 (2-H, m, 3-(3 H, 7-a H), 7.11 (10-H, m, Aromatic-CH) 8.03 (2- 

H, s, OCOH). ^^C-NMR ppm (CDCI3 ): 12.9 (CH3 ), 19.0 (CH3 ), 22.5 (CH2 ), 24.0 (CH3 ), 

25.2 (CH2 ), 25.5 (CH2 ), 28.0 (CH2 ), 29.8 (CH2 ), 31.1 (CH2 ), 35.3 (CH2 ), 36. (CH),

36.9 (CH2 ), 38.1 (CH2 ), 38.9 (CH2 ), 40.9 (CH), 41.5 (CH2 ), 44.1 (CH), 44.7 (CH), 44.9
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(13-C), 56.6 (CH), 57.8 (CH), 79.1 (3-C, 7-C, CH), 125-128 (Aromatic-C, CH), 142.1 

(Aromatic-C), 161.0 (-OC=OH), 162.1 (-OC=OH), 171.1 (24-C=0NH).

24-D iphenyl-3a , 7p-hydroxy-5 p-cholanamide (8 6 )

Sodium (0.1 g) was added to hpic grade methanol (10 ml) to form an excess of 

sodium methoxide. The formyl diphenylamide (97) (0.8 g, 1.3 mmol) obtained in the 

above reaction was added to this solution and refluxed for 2 h. After 2 h the reaction 

was cooled to room temperature and added to water (100 ml). The amide was 

extracted with ethyl acetate. The organic layer was then washed with water (3 x 20 

ml) and dried (MgS0 4 ). The solvent was removed in vacuo and after chromatographic 

elution with ethyl acetate afforded a white solid (0.54 g, 76%).

^H-NMR 5 (CD3OD): 0.65 (3-H, s, I 8 -CH3 ), 0.77 (3-H, d, J = 5.52 Hz, 2 I-C H 3 ,), 1.02 

(3-H, s, I 9 -CH3 ), 3.62 (2-H, m, 3-p H, 7-a H), 7.11 (10-H, m, Aromatic-CH). ^^C-NMR 

ppm (CD3OD): 12.9 (CH3 ), 19.0 (CH3 ), 22.5 (CH2 ), 24.1 (CH3 ), 25.2 (CH2 ), 25.5 

(CH2 ), 28.8 (CH2 ), 29.8 (CH2 ), 31.1 (CH2 ), 35.2 (CH2 ), 36.3 (CH), 36.9 (CH2 ), 38.4 

(CH2 ), 38.9 (CH2 ), 40.9 (CH), 41.7 (CH2 ), 44.1 (CH), 44.7 (CH), 44.9 (13-C), 56.6 

(CH), 57.8 (CH), 71.1 (3-C, 7-C), 125.7 (Aromatic-C, CH), 142.1 (Aromatic-C), 171.0 

(24-C=ONH). HRMS: Found (M-Na) = 566.3621. IR̂ max (KBr): 1720 (C =0), 2948, 

3423 cm V mp: 102-104 °C.

24-Phenylethyl-3a , 7p-d iform yloxy-5 p-cholanam ide (9 8 )

3o, 7 3  -diformyloxy-5 |3-cholan-24-oyl chloride (76) (1 g, 1.9 mmol) was dissolved in 

dry DCM (10 ml). Phenethylamine (240 pL, 1.9 mmol) and triethylam ine (244 pL, 1.9 

mmol) were added on ice. The reaction m ixture was allowed to warm to room 

temperature and stirred monitoring for disappearance of the starting material by TLC. 

After 16 h the solvent was removed in vacuo. The residue was dissolved in ethyl 

acetate (20 ml) and washed with HCI (3 x 20 ml) for removal of unreacted amines, 

water (2 x 20 ml) and brine solution (2 x 20 ml). The organic layer was dried and the 

solvent removed in vacuo which gave the phenethylamide after column 

chromatography (Hexane: ethyl acetate 1:1) (0.97 g, 93%).

^H-NMR 5 (CDCI3 ): 0.69 (3-H, s, I 8 -CH3 ), 0.92 (3-H, d, J= 6.53 Hz, 2 I-C H 3 ), 0.97 (3- 

H, s, I 9 -CH3 , ), 2.86 (2-H, t, J = 6.78 Hz , 2 6 -CH2 ,), 3.55 (2-H, dd, Ji=6.03 Hz, J2 = 6 . 7 7  

Hz, 2 5 -CH2 ), 4.88 (2-H, m, 3-p H, 7-a H), 7.11 (5-H, m, Aromatic-CH), 8.03 (2-H, s, 

OCOH). i^C-NMR ppm (CDCI3 ): 12.6 (CH3 ), 19.1 (CH3 ), 22.5 (CH2 ), 24.0 (CH3 ), 25.2 

(CH2 ), 25.5 (CH2 ), 28.5 (CH2 ), 29.8 (CH2 ), 31.1 (CH2 ), 35.5 (CH2 ), 36.1 (CH), 36.3 

(26-C, CH2 ), 36.9 (CH2 ), 38.1 (CH2 ), 38.9 (CH2 ), 39.1 (25-C, CH2 ), 40.9 (CH), 41.7
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(CH2), 44.1 (CH), 44.7 (CH), 44.9 (13-C), 56.6 (CH), 57.8 (CH), 79.2 (3-C, 7-C, CH), 

126.1 (Aromatic para-C, CH), 129.4 (Aromatic, ortho and meta-C, CH), 139.0 

(Aromatic-C, CH) 161.5 (-OC=OH), 162.5 (-OC=OH), 171.4 (24-C=ONH).

24-Phenylethyl-3a , 7p-dihydroxy-5 p-cholanam ide (8 4 )

Sodium (0.1 g) was added to hpic grade methanol (10 ml) to form an excess of 

sodium methoxide. The formyl phenethylamide (98) (0.83 g, 1.5 mmol) obtained in 

the above reaction was added to this solution and refluxed for 2 h. After 2 h the 

reaction was cooled to room temperature and added to water (100 ml). The amide 

was extracted with ethyl acetate. The organic layer was then washed with water (3 x 

20 ml) and dried (MgS0 4 ). The solvent was removed in vacuo and after 

chromatographic elution with ethyl acetate afforded a white solid (0.67 g, 90%). 

^H-NMR 6  (CD3OD): 0.65 (3-H, s, I 8 -CH3 ), 0.92 (3-H, d, J= 6.53 Hz, 2 I-C H 3 ), 0.97 

(3-H, s, I 9 -CH3, ), 2.83 (2-H, t, J=6.78 Hz, 2 6 -CH2 ,), 3.51 (2-H, q, Ji = 6.03 Hz,

6.77 Hz, 2 5 -CH2 ,) 3.62 (2-H, m, 3-(3 H, 7-a H), 7.12 (5-H, m, Aromatic-CH). ^^C-NMR 

ppm (CD3OD): 12.8 (CH3 ), 19.0 (CH3), 22.4 (CH2 ), 24.0 (CH3), 25.2 (CH2 ), 25.5 

(CH2 ), 28.0 (CH2 ), 29.8 (CH2 ), 31.1 (CH2 ), 35.3 (CH2 ), 36.1 (CH), 36.5 (26-C), 36.9 

(CH2 ), 38.2 (CH2 ), 38.9 (CH2 ), 39.2 (25-C), 40.3 (CH), 41.7 (CH2 ), 44.1 (CH), 44.7 

(CH), 44.9 (13-C), 56.6 (CH), 57.8 (CH), 71.2 (3-C, 7-C), 126.2 (Aromatic para-C, 

CH), 128.1, (Aromatic ortho and meta-C, CH), 140.4 (Aromatic-C), 171.0 (24- 

C=ONH). HRMS: Found (M-Na)  ̂ = 518.3265. Elemental analysis-required C 77.53, H 

9.96, N 2.83 Found C 77.30 H 9.89 N 2.83. IRvmax (KBr): 1551, 1647, 2863, 3927, 

3086, 3319 cm ^ mp: 100-103 °C.

24-A n ilin -3a , 7p-d iform yloxy-5 p-cholanam ide (9 9 )

3a, 7(3 -diformyloxy-5 (3-cholan-24-oyl (76) (1 g, 1.9 mmol) was dissolved in dry DCI  ̂

(10 ml). Aniline (173 pL, 1.9 mmol) and triethylamine (244 |jL, 1.9 mmol) were added 

on ice. The reaction mixture was allowed to warm to room temperature and stirred 

monitoring for disappearance of the starting material by TLC. After 16 h the solvent 

was removed in vacuo. The residue was dissolved in ethyl acetate (20 ml) and washed 

with HCI (3 X 20 ml) for removal of unreacted amines, water (2 x 20 ml) and brine 

solution (2 X 20 ml). The organic layer was dried and the solvent removed in vacuo 

which gave the anilinamide on column chromatography (Hexane; ethyl acetate 1:1) 

(0.944 g, 95%).

^H-NMR 5 (CDCI3): 0.74 (3-H, s, I 8 -CH3 ), 0.98 (3-H, s, I 9 -CH3 ), 1.03 (3-H, d, J = 6.52 

Hz, 2 I-C H 3 ), 4.88 ( 2-H, m, 3-(3 H, 7-a H), 7.09 (1-H, t, Ji=7.53 Hz, J2 = 7 . 0 2  Hz
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Aromatic para-H) , 7.31 (2-H, t, J=7.53 Hz, J2=8.53 Hz, Aromatic meta-H) 7.54 (2-H, 

d, J=8.53 Hz , Aromatic ortho-H) , 8.03 (2-H, s, OCOH). ^^C-NMR ppm (CDCI3 ): 12.6 

(CHs), 19.1 (CH3 ), 22.3 (CH2 ), 24.1 (CH3 ), 25.1 (CH2 ), 25.7 (CH2 ), 28.1 (CH2 ), 29.8 

(CH2 ), 31.1 (CH2 ), 35.3 (CH2 ), 36.1 (CH), 36.9 (CH2 ), 38.1 (CH2 ), 38.9 (CH2 ), 40.9 

(CH), 41.8 (CH2 ), 44.1 (CH), 44.7 (CH), 44.9 (13-C), 56.6 (CH), 57.4 (CH), 79.1 (3-C, 

7-C, CH), 120.5 (Aromatic ortho carbon, CH), 124.3 (Aromatic para-C, CH), 129.1 

(Aromatic meta-C, CH), 140.0 (Aromatic-C) 161.2 (-OC=OH), 162 (-OC=OH), 171 

(24-C-ONH).

24-A n ilin -3a , 7p-dihydroxy-5 p-cholanam ide (8 1 )

Sodium (0.1 g) was added to hpic grade methanol (10 ml) to form an excess of 

sodium methoxide. The formyl anilinamide (99) (0.85 g, 1.6 mmol) obtained in the 

above reaction was added to this solution and refluxed for 2 h. After 2 h the reaction 

was cooled to room temperature and added to water (100 m l). The amide was 

extracted with ethyl acetate. The organic layer was then washed with water (3 x 20 

ml) and dried (MgS0 4 ). The solvent was removed in vacuo and after chromatographic 

elution with ethyl acetate afforded a white solid (0.7 g, 93%).

^H-NMR 6 (CD3OD): 0.74 (3-H, s, I 8 -CH3 ), 0.97 (3-H, s, I 9 -CH3 ), 1.04 (3-H, d, 

J = 6.53 Hz, 2 I-CH 3 , ), 3.51 (2-H, m, 3-p H, 7-c H), 7.12 (1-H, t, J l= 7 .5 3  Hz, J2=7.02 

Hz Aromatic para H) , 7.29 (2-H, t, J = 7.53 Hz, J2=8.53 Aromatic meta-H) 7.63 (2-H, 

d, 8.53 Hz, Aromatic ortho H). ^^C-NMR ppm (CD3OD): 12.4 (CH3 ), 19.1 (CH3 ),

2 2 . 2  (CH2 ), 24.4 (CH3 ), 25.2 (CH2 ), 25.5 (CH2 ), 28.0 (CH2 ), 29.8 (CH2 ), 31.1 (CH2 ),

35.3 (CH2 ), 36.1 (CH), 36.5 (CH2 ), 38.4 (CH2 ), 38.9 (CH2 ), 40.9 (CH), 41.7 (CH2 ), 

44.1 (CH), 44.7 (CH), 44.9 (13-C), 56.4 (CH), 57.9 (CH), 71.1 (3-C, 7-C, CH), 120.8 

(Aromatic ortho-C, CH), 125.3 (Aromatic para-C), 129.0 (Aromatic meta-C), 140.5 

(Aromatic-C) ,171.2 (24-C=ONH). HRMS: Found (M-Na)  ̂ = 490.3297. Elemental 

Analysis- Required C77.04 H 9.7 N 2.98 Obtained C 76.95 H 9.84 N 2.96. IR̂ max (KBr): 

1660, 1706, 1794, 1860, 1934, 2922, 3262cm \  mp: 210-212 °C.

24-a-m ethy lbenzy l-3a , 7f3-diform yloxy-5 p-cholanam ide (1 0 0 )

3a, 7p -diformyloxy-5 |3-cholan-24-oyl chloride (76) (1 g, 1.9 mmol) was dissolved in 

dry DCM (10 ml). Alphamethylbenzylamine (247 |jL, 1.9 mmol) and triethylam ine (244 

pL, 1.9 mmol) were added on ice. The reaction m ixture was allowed to warm to room 

temperature and stirred monitoring for disappearance of the starting material by TLC. 

After 16 h the solvent was removed. The residue was dissolved in ethyl acetate (20 

ml) and washed with HCI (3 x 20 ml) for removal of unreacted amines, water (2x20 

ml) and brine solution (2 x 20 ml). The organic layer was dried and the solvent
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removed in vacuo which gave the title compound after column chromatography 

(Hexane: ethyl acetate 1:1) (0.75 g, 72%).

^H-NMR 5 (CDCI3): 0.68 (3-H, s, I 9 -CH3 ), 0.94 (3-H, d, 3= 6.02 Hz, 2 I-C H 3 ), 1.00 (3- 

H, s, I 8 -CH3 ), 1.49 (3-H, m, 2 6 -CH3 ,) 4.81 (2-H, m, 3-p H, 7-a H), 5.14 (1-H, m, 25- 

H), 7.33 (5-H, m, Aromatic-CH), 8.00 (2-H, s, OCOH). ^^C-NMR ppm (CDCI3): 12.8 

(CH3), 19.0 (CH3 ), 22.0 (26-C), 22.5 (CH2 ), 24.0 (CH3), 28.0 (CH2 ), 29.8 (CH2 ), 31.8 

(CH2), 35.3 (CH2 ), 36.1 (CH), 36.8 (CH2 ), 38.1 (CH2), 38.9 (CH2 ), 40.9 (CH), 41.7 

(CH2 ), 44.1 (CH), 44.7 (CH), 44.8 (13-C), 48.1 (25-CH), 56.6 (CH), 57.8 (CH), 73.2 

(3-C, 7-C), 125-130 (Aromatlc-C, CH and C), 161.8 (-OC=OH) ,162.5 (-OC=OH), 

173.4 (24-C=0NH).

24-a -m ethy lbenzy l-3a , 7 p-dihydroxy-5 p-cholanam ide (8 3 )

Sodium (0.1 g) was added to hpic grade methanol (10 ml) to form an excess of 

sodium methoxide. The formyl alphamethylbenzylamide (100) (0.5 g, 0.9 mmol) 

obtained in the above reaction was added to this solution and refluxed for 2 h. After 2 

h the reaction was cooled to room temperature and added to water (100 ml). The 

amide was extracted with ethyl acetate. The organic layer was then washed with 

water (3 x 20 ml) and dried (MgS0 4 ). The solvent was removed in vacuo and after 

chromatographic elution with ethyl acetate afforded a white solid (0.4 g, 91%).

^H-NMR 6  (CD3OD): 0.70 (3-H, s, I 9 -CH3 ), 0.96 (3-H, d, J=6.02 Hz, 2 I-C H 3 ), 1.00 (3- 

H, s, I 8 -CH3 ), 1.51 (3-H, m , 2 6 -CH3 ,) 3.52 ( 2-H, m, 3-p H, 7-o H), 5.13 (1-H, m,

25-CH), 7.33 (5-H, m, Aromatics-CH). ^^C-NMR ppm (CD3OD): 12.6 (CH3 ), 19.1 

(CH3), 21.3 (26-C, CH3), 22.5 (CH2), 24.0 (CH3), 28.0 (CH2), 29.8 (CH2), 31.1 (CH2), 

32.2 (CH2), 32.5 (CH2), 35.5 (CH2), 36.1 (C H), 36.9 (CH2), 38.1 (CH2), 38.9 (CH2), 

40.9 (CH), 41.7 (CH2 ), 44.1 (CH), 44.7 (CH), 44.9 (13-C), 48.5 (25-C, CH), 56.5 

(CH), 57.4 (CH), 71.1 (3-C, 7-C, CH), 125.0-130.1 (Aromatic-C, CH), 173.4 (24- 

C=ONH). HRMS: Found (M-Na) -  518.3591. Elemental Analysis- Required C 77.53 H 

9.96 N 2.83 Obtained C 76.35 H 10.05 N 2.82. IR̂ max (KBr): 1547, 1651, 1706, 2865, 

2942, 3320 cm ^ mp: 118-120 OC.

24-B enzyl-3a, 7p-d iform yloxy-5 p-cholanam ide (1 0 1 )

3a, 7P -diformyloxy-5 p-cholan-24-oyl chloride (76) (1 g, 1.9 mmol) was dissolved in 

dry DCM (10 ml). Benzylamine (207 pL, 1.9 mmol) and triethylamine (244 pL, 1.9 

mmol) were added on ice. The reaction mixture was allowed to warm to room 

temperature and stirred monitoring for disappearance of the starting material by TLC. 

After 16 h the solvent was removed in vacuo. The residue was dissolved in ethyl 

acetate (20 ml) and washed with HCI (3 x 20 ml) for removal of unreacted amines.
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water (2 x 20 ml) and brine solution (2 x 20 ml). The organic layer was dried and the 

solvent removed which gave the title compound after column chromatography 

(Hexane: ethyl acetate 1:1) (0 .80  g, 78.4% ).

^H-NMR 5 (CDCI3): 0.68 (3-H , s, I 8 -CH3 ), 0 .94 ( 6 -H, m, I 9 -CH3 , 2 I-C H 3 ), 4 .36  (2-H, 

d, J=6.04 Hz, 2 5 -CH2 ), 4.81 (2-H , m, 3-p H, 7-a H), 7.27 (5-H , m, Aromatic-CH) 8.00  

(2-H , s, OCOH). ^^C-NMR ppm (CDCI3): 12.5 (CH3 ), 19.1 (CH3 ), 22.2 (CH2 ), 24.0  

(CH3 ), 28.0 (CH2 ), 29.5 (CH2 ), 31.1 (CH2 ), 32.2 (CH2 ), 32.5 (CH2 ), 35.3 (CH2 ), 36.1 

(CH), 36.9 (CH2 ), 38.2 (CH2 ), 38.9 (CH2 ), 40.9 (CH), 41.7 (CH2 ), 44.1 (CH), 44.5  

(CH), 44.9 (13-C), 45.1 (25-C, CH2 ), 56.6 (CH), 57.8 (CH) 73 (3-C, 7-C, CH), 122.0, 

123.1, 124.2 (Aromatic-CH), 140.1 (Aromatic-C), 161.4 (-OC=OH), 162.5 (-OC=OH), 

173.3 (24-C -O N H ).

2 4 -B e n zy l-3 a , 7 p -h y d ro xy -5  p -cho lanam ide  (8 2 )

Sodium (0.1 g) was added to hpic grade methanol (10 ml) to form an excess of 

sodium methoxide. 101 (0 .65 g, 1.2 mmol) obtained in the above reaction was added 

to this solution and refluxed for 2 h. After 2 h the reaction was cooled to room 

temperature and added to water (100 ml). The amide was extracted with ethyl 

acetate. The organic layer was then washed with water (3 x 20 ml) and dried 

(MgS0 4 ). The solvent was removed in vacuo and after chromatographic elution with 

ethyl acetate afforded a white solid (0 .4  g, 70% ).

^H-NMR 6  (CD3OD): 0.71 (3-H , s, I 8 -CH3 ), 0 .98 ( 6 -H, m, I 9 -CH3, 2 I-C H 3 ), 3.50 (2-H, 

m, 3-p H, 7-a H), 4.36 (2-H, d, J = 6.04 Hz, 2 5 -CH2 ), 7.21 (5-H , m, Aromatic-CH). ^̂ C- 

NMR ppm (CD3OD): 12.7 (CH3 ), 19.1 (CH3 ), 22.2 (CH2 ), 24.0 (CH3 ), 28.0 (CH2 ), 29.8 

(CH2 ), 31.1 (CH2 ), 32.2 (CH2 ), 32.5 (CH2 ), 35.2 (CH2 ), 36.1 (CH), 36.9 (CH2 ), 38.1 

(CH2 ), 38.4 (CH2 ), 40.5 (CH), 41.7 (CH2 ), 44.1 (CH), 44.2 (CH), 44.9  (13-C ), 45.3  

(25-C, CH2 ), 56.5 (CH), 57.9 (CH), 71.2 (3-C, 7-C, CH), 122.1, 123.4, 124.1 

(Aromatic-CH), 140.0 (Aromatic-C), 173.1 (24-C=O NH). HRMS: Found (M-Na)  ̂ = 

504.3460. IRvmax (KBr): 1151, 1651, 1706, 2241, 2862, 3087, 3311 cm ^ mp: 100- 

102 °C (Fini e taL ,  1990).

2 4 -P h e n y lp ro p y l-3 a , 7 p -d ifo rm y lo x y -5  p -cho lanam ide  (1 0 2 )

3a, 7 3  -diformyloxy-5 (3-cholan-24-oyl chloride (7 6 ) (1 g, 1.9 mmol) was dissolved in 

dry DCM (10 ml). Phenylpropylamine (271 pL, 1.9 mmol) and triethylamine (244 pL, 

1.9 mmol) were added on ice. The reaction mixture was allowed to warm to room 

temperature and stirred monitoring for disappearance of the starting material by TLC. 

After 16 h the solvent was removed in vacuo. The residue was dissolved in ethyl 

acetate (20 ml) and washed with HCI (3 x 20 ml) for removal of unreacted amines, 

water (2 x 20 ml) and brine solution (2 x 20 mi). The organic layer was dried and the
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solvent removed to give the phenylpropylamide after column chromatography 

(Hexane: ethyl acetate 1:1) (0.70 g, 6 6 %).

^H-NMR 6  (CDCI3): 0.69 (3-H, s, I 8 -CH3 ), 0.95 (3-H, d, J^6.52 Hz, 2 I-C H 3 ), 0.97 (3- 

H, s, 2 I-C H 3 ,), 2.68 (2-H, t, J i=7.78 Hz , J2=7.28 Hz, 2 7 -CH2 ), 3.3474 (2-H, dd, h =

7.02 Hz, J2 - 6 .O3  Hz, 2 5 -CH2), 4.81 (2-H, m, 3-p H, 7-a H), 7.21-7.43 (5-H, m, 

Aromatic-CH), 8.00 (2-H, s, OCOH). ^^C-NMR ppm (CDCI3 ): 12.6 (CH3 ), 19.0 (CH3 ), 

22.3 (CH2 ), 24.0 (CH3 ), 28.0 (CH2), 29.8 (CH2 ), 31.1 (CH2 ), 32.2 (CH2 ), 32.5 (CH2 ),

34.0 (26-C, 27-C, CH2 ), 35.3 (CH2 ), 36.1 (CH), 36.8 (CH2), 38.1 (CH2 ), 38.9 (CH2 ), 39 

(25-C, CH2 ), 40.5 (CH), 41.7 (CH2 ), 44.1 (CH), 44.4 (CH), 44.8 (13-C), 56.4 (CH), 

57.9 (CH) , 73.5 (3-C, 7-C, CH), 126.1 (Aromatic meta-C), 129.0 (Aromatic ortho-C, 

para-C, CH), 141.1 (Aromatic-C) 161.1 (-OC=OH), 162.3 (-OC=OH), 174.5 (24- 

C=ONH).

24-Phenpropyl-3a, 7p-dihydroxy-5 3-cholanam ide (8 5 )

Sodium (0.1 g) was added to hpic grade methanol (10 ml) to form an excess of 

sodium methoxide. 102 (0.5 g, 0.8 mmol) obtained in the above reaction was added 

to this solution and refluxed for 2 h. After 2 h the reaction was cooled to room 

temperature and added to water (100 m l). The amide was extracted with ethyl 

acetate. The organic layer was then washed with water (3 x 20 ml) and dried 

(MgS0 4 ). The solvent was removed in vacuo and after chromatographic elution with 

ethyl acetate afforded a white solid (0.35 g, 87.5%).

^H-NMR 6  (CDCI3): 0.69 (3-H, s, I 8 -CH3 ), 0.95 (3-H, d, J = 6.52 Hz, 2 I-C H 3 ) 0.97 (3- 

H, s, 2 I-C H 3 ), 2.68 (2-H, t, J i=7.78 Hz , J2 = 7.28 Hz , 2 7 -CH2 ) 3.3465 (2-H, dd,

7.02 Hz, J2=6.03 Hz, 2 5 -CH2 ), 4.54 (2-H, m, 3-p H, 7-a H), 7.22-7.41 (5-H, m, 

Aromatic-CH). ^^C-NMR ppm (CDCI3 ): 12.4 (CH3 ), 19.1 (CH3 ), 22.3 (CH2 ), 24.0 (CH3 ),

28.0 (CH2), 29.8 (CH2 ), 31.1 (CH2), 32.2 (CH2 ), 32.5 (CH2 ), 34.1 (26-C, 27-C), 35.3 

(CH2 ), 36.5 (CH), 36.9 (CH2 ), 38.1 (CH2 ), 38.9 (CH2 ), 40.0 (25-C), 40.9 (CH), 41.7 

(CH2 ), 44.1 (CH), 44.7 (CH), 44.9 (13-C), 56.6 (CH), 57.8 (CH), 71.1 (3-C, 7-C), 

126.1 (Aromatic meta-C, CH), 128.0 (Aromatic ortho and para-C, CH), 141.5 

(Aromatic-C), 174.3 (24-C=ONH). HRMS: Found (M-Na)  ̂ = 532.3767. Elemental 

Analysis- Required C 77.75 H 10.08 N 2.75 Obtained C 77.27 H 9.98 N 2.75. IRvmax 

(KBr): 1154, 1648, 2803, 3026, 3085, 3310 cm ^ mp: 8 6 - 8 8  OC.

24-M orpholine-3a, 7p-d iform yloxy-5 p-cholanam ide (1 0 3 )

3a, 7P -diform yloxy-5 p-cholan-24-oyl chloride (76) (1 g, 1.9 mmol) was dissolved in 

dry DCM (10 m l). Morpholine (167 pL, 1.9 mmol) and triethylam ine (244 pL, 1.9 

mmol) were added on ice. The reaction m ixture was allowed to warm to room 

temperature and stirred monitoring for disappearance of the starting material by TLC.
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After 16 h the solvent was removed in vacuo. The residue was dissolved in ethyl 

acetate (20 ml) and washed with HCI (3 x 20 ml) for removal of unreacted amines, 

water (2 x 20 ml) and brine solution (2 x 20 ml). The organic layer was dried and the 

solvent removed in vacuo which gave the morpholinamide after chromatographic 

elution (Hexane: ethyl acetate 1:1) (0 .933 g, 95% ).

^H-NMR 5 (C D C I3 ) :  0.69 ( 3-H, s, I 8 - C H 3 ) ,  0.97 (3-H , s, I 9 - C H 3 )  1.00 (3-H ,d, J = 6.52 

Hz,2 1 -CH3), 3.53 (4-H , m, morpholine-CHa), 3.71 ( 4-H , m, morpholine-CHz ), 4.81 

(2-H , m, 3-3 H, 7 - 0  H), 8 .00 (2-H, s, OCOH). ^^C-NMR ppm (C D C I3 ) :  12.5 (C H 3 ) ,  18.8 

(C H 3 ) ,  22.5 (CH2), 24.0 ( C H 3 ) ,  28.0 (CH2), 29.8 (CH2), 31.1 (CH2), 32.2 (CH2), 32.5 

(CH2), 35.3 (CH2), 36.1 (CH), 36.7 (CH2), 38.8 (CH2), 40.0 (CH2), 40.9  (CH), 41.7  

(CH2), 42.1 (morpholine-C CH2), 44.0 (CH), 44.7 (CH), 44.9 (13-C ), 46.6  

(morpholine-C CH2), 56.4 (CH), 57.8 (CH), 6 6 (morpholine-C CH2), 73.1 (3-C, 7-C, 

CH), 161.2 (-OC=OH), 162.1 (-OC=OH), 175.0 (24-C=ONH).

2 4 -M o rp h o lin e -3 a , 7 p -d ih y d ro x y -5  p -cho lanam ide  (8 0 )

Sodium (0.1 g) was added to hpic grade methanol (10 ml) to form an excess of 

sodium methoxide. The formyl morpholinamide (1 0 3 ) (0.7 g, 1.3 mmol) obtained in 

the above reaction was added to this solution and refluxed for 2 h. After 2 h the 

reaction was cooled to room temperature and added to water (100 ml). The amide 

was extracted with ethyl acetate. The organic layer was then washed with water (3 x 

20 ml) and dried (MgS0 4 ). The solvent was removed and chromatographic elution with 

ethyl acetate afforded a white solid (0 .5  g, 8 6 % ).

^H-NMR 6  ( C D 3 O D ) :  0.74 (3-H , s, I 8 -CH3), 0 .98 (3-H , s, I 9 -CH3), 1.00 (3-H , d,

J = 6.52 Hz 2 I-C H 3), 3.51 (4-H , m, morpholine-CH2, 2-H, m, 3-|3 H, 7-a H), 3.74 (4-H, 

m, morpholine-CH2). ^^C-NMR ppm ( C D 3 O D ) :  12.9 (CH3), 18.8 (CH3), 22.5 (CH2), 24.0  

(CH3), 28.0 (CH2), 29.8 (CH2), 31.1 (CH2), 32.2 (CH2), 32.5 (CH2), 35.3 (CH2), 36.1 

(CH), 36.7 (CH2), 38.8 (CH2), 40.4 (CH2), 40.9 (CH), 41.7  (CH2), 42.1 (morpholine-C 

CH2), 44.0  (CH), 44.7 (CH), 44.9 (13-C ), 46.6 (morpholine-C CH2), 56.4 (CH), 57.8 

(CH), 6 6  (morpholine-C CH2), 73.1 (3-C, 7-C, CH), 175.0 (24-C =0N H ). HRMS: Found 

(M-Na)  ̂ = 462.3583. IRvmax (KBr): 1445, 1625, 2860, 2926, 3399 cm \  mp: 72-73  

oc (Bellini e ta i. ,  1983).

2 4 - (2 )- Io d o a n ilin e -3 a , 7 p -d ifo rm y lo x y -5  p -cho ianam ide  (1 0 4 )

3a, 7(3 -diformyloxy-5 p-cholan-24-oyl chloride (7 6 ) (1 g, 1.9 mmol) was dissolved in 

dry DCM (10 ml). 2-iodoaniline (0 .416 g, 1.9 mmol) and triethylamine (244 pL, 1.9 

mmol) were added on ice. The reaction mixture was allowed to warm to room 

temperature and stirred monitoring for disappearance of the starting material by TLC. 

After 16 h the solvent was removed in vacuo. The residue was dissolved in ethyl
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acetate (20 ml) and washed with HCI (3 x 20 ml) for removal of unreacted amines, 

water (2 x 20 ml) and brine solution (2 x 20 ml). The organic layer was dried and the 

solvent removed in vacuo which gave the iodoanilinamide on column chromatography 

(Hexane: ethyl acetate 1:1) (0.9 g, 73%).

^H-NMR 5 (CDCI3 ): 0.70( 3-H, s, I 8 -CH3 ), 0.96 (3-H, s, I 9 -CH3 ), 1.0122 (3-H, d, J =

6.52 Hz, 2 I-C H 3 ), 4.78 (2-H, m, 3-p H, 7-a H), 6.548 (1-H, m, meta-H), 7.321 (1-H, 

m. Aromatic para-H) , 7.6613 (1-H, d, J= 7.53 Hz, Aromatic meta-H), 8.0019 (2-H, s, 

OCOH), 8.25 (1-H, m , Aromatic ortho-H). ^^C-NMR ppm (CDCI3 ): 12.9 (CH3 ), 19.2 

(CH3 ), 22.3 (CH2 ), 24.5 (CH3 ), 28.1 (CH2 ), 29.5 (CH2 ), 31.1 (CH2 ), 32.2 (CH2 ), 32.5 

(CH2 ), 35.3 (CH2 ), 36.1 (CH), 36.9 (CH2 ), 38.1 (CH2 ), 38.9 (CH2 ), 40.9 (CH), 41.7 

(CH2 ), 44.1 (CH), 44.7 (CH), 44.9 (13-C), 56.6 (CH), 57.8 (CH), 73.1 (3-C, 7-C, CH),

90.1 (C-I), 123.2 (Aromatic ortho-C, CH), 125.1 (Aromatic meta-C), 129.0 (Aromatic 

para-C), 140.3 (Aromatic-C) 161.1 (-OC=OH), 162.2 (-OC=OH), 175.1 (24-C=ONH).

2 4 -(2 )-Io d o a n ilin e -3 a , 7p-dihydroxy-5 p-cholanam ide (8 7 )

Sodium (0.1 g) was added to hpic grade methanol (10 ml) to form an excess of 

sodium methoxide. 104 (0.8 g, 1.2 mmol) obtained in the above reaction was added 

to this solution and refluxed for 2 h. After 2 h the reaction was cooled to room 

temperature and added to water (100 ml). The amide was extracted with ethyl 

acetate. The organic layer was then washed with water (3 x 20 ml) and dried 

(MgS0 4 ). The solvent was removed in vacuo and after chromatographic elution with 

ethyl acetate afforded a white solid (0.45 g, 63%).

^H-NMR 6  (CD3OD): 0.72 (3-H, s, I 8 -CH3 ), 0.94 (3-H, s, I 9 -CH3 ), 1.01 (3-H, d, J -

6.52 Hz, 2 I-C H 3 ), 3.53 (2-H, m, 3-|3 H, 7-a H), 6.62 (1-H, m, meta-H), 7.31 (1-H, m , 

Aromatic para-H) , 7.70 (1-H, d, J = 7.53 Hz , Aromatic meta-H) , 8.21 (1-H, m,

Aromatic ortho-H). ^^C-NMR ppm (CD3OD): 12.8 (CH3 ), 19.0 (CH3 ), 22.5 (CH2 ), 24.0

(CH3 ), 28.0 (CHz), 29.8 (CH2 ), 31.1 (CH2 ), 32.3 (CH2 ), 32.5 (CH2 ), 35.3 (CH2 ), 36.1

(CH), 36.9 (CH2 ), 38.1 (CH2 ), 38.9 (CH2 ), 40.9 (CH), 41.7 (CH2 ), 44.1 (CH), 44.7

(CH), 44.8 (13-C), 56.6 (CH), 57.8 (CH), 71.0 (3-C, 7-C, CH), 90.0 (C -I), 124.2 

(Aromatic ortho-C, CH) 125.4 (Aromatic meta-C, CH), 129.0 (Aromatic para-C, CH),

140.1 (Aromatic-C), 173.4 (24-C=ONH). HRMS: Found (M-Na) 616.2264. IR̂ max 

(KBr): 1583, 1670, 2863, 2932, 3383 cm ^ mp: 135-137 oc.

24-P iperazine-3a , 7p-d iform yloxy-5 p-cholanam ide (1 0 5 )

3a, 7p -diformyloxy-5 p-cholan-24-oyl chloride (76) (1 g, 1.9 mmol) was dissolved in 

dry DCM (10 ml). 1-BOC piperazine (0.354 g, 1.9 mmol) and triethylamine (244 pL, 

1.9 mmol) were added on ice. The reaction mixture was allowed to warm to room
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temperature and stirred monitoring for disappearance of the starting material by TLC. 

After 16 h the solvent was removed in vacuo. The residue was dissolved in ethyl 

acetate (20 ml) and washed with HCI (3 x 20 ml) for removal of unreacted amines, 

water (2 x 20 ml) and brine solution (2 x 20 ml). The organic layer was dried and the 

solvent removed in vacuo which gave the piperazinamide on column chromatography 

(Hexane: ethyl acetate 1:1) (0.8 g, 6 8 %).

^H-NMR 6  (CDCI3 ): 0.70 (3-H, s, I 8 -CH3 ), 0.96 ( 6 -H, m, I 9 -CH3 ), 1.49 (9-H, m, BOC 

group), 3.41-3.60 (8 -H, m, piperazine-H), 4.80 (2-H, m, 3-p H, 7-a H) 8.00 (2-H, s, 

OCOH). ^^C-NMR ppm (CDCI3 ): 12.6 (CH3 ), 18.9 (CH3 ), 22.5 (CH2 ), 24.0 (CH3 ), 26.1 

(BOC group carbons), 28.0 (CH2 ), 29.8 (CH2 ), 31.1 (CH2 ), 32.1 (CH2 ), 32.5 (CH2 ), 

35.3 (CH2 ), 36.1 (CH), 36.9 (CH2 ), 38.1 (CH2 ), 38.9 (CH2 ), 39.2 (piperazine-C, CH2 ),

40.9 (CH), 41.7 (CH2 ), 44.5 (CH), 44.7 (CH), 44.9 (13-C), 45.2 (piperazine ring-C, 

CH2 ), 56.6 (CH), 57.4 (CH), 71.1 (3-C, 7-C, CH), 80.0 (C -0), 161.1(-0C=0H ), 162.3 

(-OC=OH), 175.2 (24-C=0NH).

24-P iperazine-3a, 7p-dihydroxy-5 p-cholanamide (7 9 )

Sodium (0.1 g) was added to hpIc grade methanol (10 ml) to form an excess of 

sodium methoxide. 105 (0.6 g, 0.9 mmol) obtained in the above reaction was added 

to this solution and refluxed for 2 h. After 2 h the reaction was cooled to room 

temperature and added to water (100 ml). The amide was extracted with ethyl 

acetate. The organic layer was then washed with water (3 x 20 ml) and dried 

(MgS0 4 ). The solvent was removed in vacuo and after chromatographic elution with 

ethyl acetate afforded a white solid (0.35 g, 64%).

^H-NMR 5 (CD3OD): 0.72 (3-H, s, I 8 -CH3 ), 0.95 ( 6 -H, m, I 9 -CH3 ), 1.50 (9-H, m, BOC 

group), 3.41-3.60 ( 8 -H, m, piperazine-H), 3.51 (2-H, m, 3-p H, 7-o H). ^^C-NMR ppm 

(CD3OD): 12.6 (CH3 ), 19.1 (CH3 ), 22.5 (CH2 ), 24.0 (CH3 ), 26.1 (BOC group, CH3 ),

28.2 (CH2 ), 29.6 (CH2 ), 31.1 (CH2 ), 32.1 (CH2 ), 32.5 (CH2 ), 35.3 (CH2 ), 36.1 (CH),

36.9 (CH2 ), 38.1 (CH2 ), 38.9 (CH2 ), 39.2 (piperazine-C, CH2 ), 40.9 (CH), 41.7 (CH2 ),

44.3 (CH), 44.7 (CH), 44.9 (13-C), 45.1 (piperazine-C, CH2 ), 56.6 (CH), 57.8 (CH), 

71.2 (3-C, 7-C, CH), 80.4 (C -0), 175.2 (24-C=ONH). HRMS: Found (M-Na) = 

583.4097. IRvmax (KBr): 1574, 1654, 1637, 1698, 1705, 1773, 2865, 2937, 3432 cm ^ 

mp: 125-128 °C.

The BOC piperazinamide (0.25 g) was dissolved in methanol and trifluoroacetic acid 

(5eq) was added till the BOC group disappeared on monitoring by TLC. The methanol 

was evaporated to leave the solid product in 98% yield.

24-B enzylp iperazine-3a, 7p-d iform yloxy-5 p-cholanam ide (1 0 6 )
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3a, 7(3 -diform yloxy-5 3-cholan-24-oyl chloride (76) (1 g, 1.9 mmol) was dissolved in 

dry DCM (10 ml). Benzylpiperazine (0.334 g, 1.9 mmol) and triethylam ine (244 (jL,

1.9 mmol) were added on ice. The reaction mixture was allowed to warm to room 

temperature and stirred monitoring for disappearance of the starting material by TLC. 

After 16 h the solvent was removed in vacuo. The residue was dissolved in ethyl 

acetate (20 ml) and washed with HCI (3 x 20 ml) for removal of unreacted amines, 

water (2 x 20 ml) and brine solution (2 x 20 ml). The organic layer was dried and the 

solvent removed in vacuo which gave the benzylpiperazinamide after column 

chromatography (Hexane: ethyl acetate 1:1) (0.9 g, 79%).

^H-NMR 5 (CDCI3 ): 0.70 (3-H, s, I 8 -CH3 ), 0.96 ( 6 -H, m, 1 9 -CH3 ), 3.41-3.60 (8 -H, m, 

piperazine-H, CH2 ) , 4.87 (2-H, m, 3-(3 H, 7-a H) 5.585 (2-H, m, benzyl CH2 ) 7.758 

(Aromatic-C, CH), 8.0019 (2-H, s, OCOH). ^^C-NMR ppm (CDCI3 ): 12.8 (CH3 ), 19.0 

(CH3 ), 22.5 (CH2 ), 24.0 (CH3 ), 28.4 (CH2 ), 29.8 (CH2 ), 31.1 (CH2 ), 32.2 (CH2 ), 32.5

(CH2 ), 35.2 (CH2 ), 36.1 (CH), 36.9 (CH2 ), 38.1 (CH2 ), 38.5 (CH2 ), 40.9 (CH), 41.7

(CH2 ), 44.1 (CH), 44.7 (CH), 44.9 (13-C), 39 (piperazine-C, CH2 ), 45 (piperazine-C,

CH2 ), 56.6 (CH), 57.8 (CH), 71.1 (3-C, 7-C, CH), 80.2 (C -0), 130.1 (Aromatic-C, CH),

161.1 (-OC=OH), 162.2 (-OC=OH), 175.5 (24-C=ONH).

24-B enzylp iperazine-3a, 7p-d ihydroxy-5 p-cholanamide (7 8 )

Sodium (0.1 g) was added to hpic grade methanol (10 ml) to form an excess of 

sodium methoxide. 106 (0.7 g, 1.15 mmol) obtained in the above reaction was added 

to this solution and refluxed for 2 h. After 2 h the reaction was cooled to room 

temperature and added to water (100 m l). The amide was extracted with ethyl 

acetate. The organic layer was then washed with water (3 x 20 ml) and dried 

(MgS0 4 ). The solvent was removed in vacuo and after chromatographic elution with 

ethyl acetate afforded a white solid (0.5 g, 79%).

^H-NMR 6  (CD3OD): 0.70 (3-H, s, I 8 -CH3 ), 0.95 ( 6 -H, m, I 9 -CH3 , 2 I-CH 3 ), 3.41-3.60 

( 8 -H, m, piperazine-H, CH2 ), 3.52 (2-H, m, 3-p H, 7-a H). ^^C-NMR ppm (CD3OD):

12.9 (CH3 ), 19.0 (CH3 ), 22.5 (CH2 ), 24.0 (CH3 ), 28.0 (CH2 ), 29.8 (CH2 ), 31.1 (CH2 ),

32.2 (CH2 ), 32.5 (CH2 ), 35.1 (CH2 ), 36.1 (CH), 36.8 (CH2 ), 38.1 (CH2 ), 38.9 (CH2 ),

39.2 (piperazine-C, CH2 ), 40.9 (CH), 41.7 (CH2 ), 44.2 (CH), 44.7 (CH), 44.9 (13-C),

45.3 (piperazine-C, CH2 ), 56.6 (CH), 57.8 (CH), 71.1 (3-C, 7-C, CH), 80.3 (C -0), 

130.2 (Aromatic-C, CH), 175.5 (24-C=0NH). HRMS: Found (M-Na) = 573.4097. 

IRvmax (KBr): 1634, 1710, 2497, 2603, 2875, 3947, 3417 cm ^  mp: 74-76 °C.

24-A zido-3a, 7^ -d ihydroxy-5 p-cholane (2 9 )

3a, 7P, 24 -trihydroxy-5 p-cholane (28) (0.2 g, 0.54 mmol) was dissolved in dry 

pyridine (4 ml) at 0 °C followed by the addition of methane sulfonyl chloride (63 pi.
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8.1 mmol). After 20 min the reaction was quenched by adding crushed ice and the 

compound was extracted with ethyl acetate (2 x 10 m l). The organic layer was washed 

with cold water (2 x 20 m l), cold HCI (2 x 20 ml) and dried (MgS04) to afford a white 

solid. TLC of this product revealed starting material and a new product spot. 

Chromatographic elution with ethyl acetate afforded a white solid (48) (0.143 g, 

58%). The product was dissolved in DMPU and treated with an excess of NaN3 at 50 

oc for two days. The title  compound was obtained by partitioning between ethyl 

acetate and water, followed by successive acid and base wash, evaporation and flash 

chromatography (0.106 g, 84%).

^H-NMR 6 (CD3OD): 0.70 (3-H, s, I 8 -CH3), 0.99 (6 -H, m, I 9 -CH3, 2 I-C H 3), 3.26 (2-H, 

m, 2 3 -CH2), 3.51 (2-H, m, 3-p H, 7-a H). ^^C-NMR ppm (CD3OD): 12.6 (CH3), 18.9

(CH3), 22.2 (CH2), 24.2 (CH3), 28.1 (CH2), 29.7 (CH2), 31.2 (CH2), 32.4 (CH2), 32.6

(CH2), 35.3 (CH2), 36.1 (CH), 36.9 (CH2), 38.1 (CH2), 38.9 (CH2), 40.9 (CH), 41.7

(CH2), 44.1 (CH), 44.5 (CH), 44.9 (13-C), 51.1 (23-C, CH2), 56.6 (CH), 57.8 (CH),

71.2 (3-C, 7-C, CH). HRMS: Found (M-Na)  ̂ = 426.3096. IR̂ max (KBr): 1453, 2094, 

2864, 2932, 3369 cm ^  mp: 95-97 °C.

3a, 7p -d ihydroxy-5 p-cho lan-24-n itrile  (2 6 )

UDCA (14) (2.00 g, 4.8 mmol) was dissolved in DCM (20 ml). Pyridine (245 pi, 3 

mmol), BOC2O (1.4 g, 6.48 mmol) and ammonium bicarbonate (0.47 g, 6  mmol) were 

added to this m ixture and stirred at room temperature for 24 h. After 24 h the solvent 

was removed by evaporation and redissolved in ethyl acetate for work up. The m ixture 

was washed with water (2 x 20 m l), HCI (2 x 20 ml) and dried (l^gS0 4 ) to afford a 

white solid (56) (1.16 g, 57%). The formyl UDCA amide (0.42 g, 0.9 mmol) was 

dissolved in dry THF (10 ml) at 0 °C. Pyridine (150 pi, 1.9 mmol) and trifluoroacetic 

anhydride (270 pi, 1.9 mmol) were added to this mixture. After completion of the 

reaction as monitored by TLC (10 h) the solvent was removed in vacuo and 

redissolved in ethyl acetate (20 ml) and washed with HCI (3 x 20 ml) and water to 

neutrality. Chromatographic elution with ethyl acetate: hexane (1:1) afforded a white 

solid. Sodium (0.2 g) was added to methanol (10 ml) to form an excess of sodium 

methoxide. The formyl nitrile obtained in the above reaction was added to this solution 

and refluxed for 2 h. After 2 h the reaction was cooled to room temperature and 

added to water (20 ml). The nitrile was extracted with ethyl acetate. The organic layer 

was then washed with water (3 x 20 ml) and dried (MgS0 4 ). The solvent was removed 

in vacuo to yield a white solid (0.3 g, 78%).

^H-NMR 6  (CD3OD) 0.75 (3-H, s, I 8 -CH3), 0.98 (3-H, s, I 9 -CH3), 1.00 (3-H, d, J=6.02 

Hz, 2 I-C H 3), 2.84 (1-H, m, 20-CH), 3.50 (2-H, m, 3- P H, 7-a H). ^^C-NMR ppm

(CD3OD) 12.9 (CH3), 19.0 (CH3), 22.5 (CH2), 24.0 (CH3), 28.0 (CH2), 29.8 (CH2), 31.1
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(CHz), 32.2 (CH2 ), 32.2 (CH2 ), 35.3 (CH2 ), 36.1 (CH), 36.8 (CH2 ), 38.1 (CH2 ), 38.7 

(CH2 ), 40.9 (CH), 41.7 (CH2 ), 44.1 (CH), 44.7 (CH), 44.9 (13-C), 56.6 (CH), 57.8 

(CH), 71.3 (3-C, 7-C, CH), 124.5 (CEN, 22-C). HRMS: Found (M-Na) -" = 396.2867. 

IRvmax (KBr): 1429, 1453, 1638, 2243 (nitrile peak), 2855, 2934, 3468 cm ^ mp: 126- 

128 °C.
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Appendix 1-Reagents and 

Table of Reagents

Antibodies

Reagent Source

DCA Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

UDCA Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

CDCA Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

CA Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

TDCA Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

TCDCA Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

TUDCA Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

TCA Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

GDCA Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

GCDCA Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

GUDCA Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

GCA Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

LCA Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Dehydrocholic acid Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Dimetliylsulphoxide(DMSO) Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Methanol Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Ammonium acetate Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Acetic acid Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Hanks Balance Salt solution Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Trypsin GIBCO, Invitrogen Ltd., Paisley, UK

Soya Bean Trypsin Inhibitor Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Fetal Calf Serum GIBCO, Invitrogen Ltd., Paisley, UK

PBS Lonza Group Ltd, Switzerland

PBS Tablets Lonza Group Ltd, Switzerland

MTT reagent Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Propidium iodide Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Triton-X Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Hoechst 33342 Invitrogen, Carlsbad, CA, USA

Hoechst 33258 Invitrogen, Carlsbad, CA, USA

Paraformaldehyde Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

BSA Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Phalloidin-TRITC Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Brefeldin A Sigma-Aldrich, Chemical Co, St. Louis, MO, USA
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Luria Bertani broth powder Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Ampicillin Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Isopropanol Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Lipofectamine Invitrogen, Carlsbad, CA, USA

Fugene HD Roche Diagnostics GmBH, Mannheim, Germany

OptiMem GIBCO, Invitrogen Ltd., Paisley, UK

ONPG Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Sodium Phosphate Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Sodium carbonate Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Hydrochloric acid Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Sulphuric acid Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Sodium hydroxide Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

B-mercaptoethanol Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Ethanol Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Benzylbromide Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Cesium carbonate Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

N,N-dim ethylform am ide Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Acetylchloride Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Magnesium sulphate Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Sodium bicarbonate Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Dichloromethane Hazardous Materials facility,TCD

Acetic anhydride Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Pyridine Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Hexane Hazardous Materials facility,TCD

Ethylacetate Hazardous Materials facility,TCD

Methane sulfonylchloride Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Sodium azide Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Pyridinium chlorochromate Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Diethylether Hazardous Materials facility,TCD

Palladium on carbon Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Formic acid Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Perchloric acid Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Trifluoroacetic acid Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Sodium nitrite Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Sodium Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Potassium hydroxide Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Sodium chloride Sigma-Aldrich, Chemical Co, St. Louis, MO, USA
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Thfluoroacetic anhydride Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Thionyl chloride Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Lithium aluminium hydride Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Cyclopropylamine Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Triethylam ine Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Diphenylamine Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Phenethylamine Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Aniline Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Alpham ethylbenzylam ine Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Benzylamine Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Phenpropylamine Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Morpholine Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

2-iodoaniline Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

1-BOC piperazine Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Benzylpiperazine Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Salubrinal Calbiochem, Merck Chemicals Ltd. Nottingham , 

UK

Dexamethasone Sigma-Aldrich, Chemical Co, St. Louis, MO, USA

Cycloheximide Calbiochem, Merck Chemicals Ltd. Nottingham , 

UK

5-chloromethylfluorescein

diacetate

Invitrogen, Carlsbad, CA, USA

TNF-a R&D Systems, Minneapolis, USA
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Table of Antibodies

Purified rabbit an ti-h u m an  G M 130  

Polyclonal Antibody

S igm a-A ldrich , Chem ical Co, S t. Louis, 

MO, USA

Purified m ouse a n ti-h u m an  

Glucocorticoid receptor Antibody

BD Biosciences, San Jose, California, 

USA

G oat a n ti-ra b b it Ig -G  antibody Alexa  

Fluor 4 8 8

M olecular Probes, In v itro g e n , Carlsbad, 

CA, USA

G oat an ti-m o u se  Ig -G  antibody Alexa  

Fluor 4 8 8

M olecular Probes, In v itro g e n , Carlsbad, 

CA, USA

G oat a n ti-ra b b it Ig -G  antibody Alexa  

Fluor 568

M olecular Probes, In v itro g e n , Carlsbad, 

CA, USA

G oat an ti-m o u se  Ig -G  antibody Alexa  

Fluor 568

M olecular Probes, In v itro g e n , Carlsbad, 

CA, USA

Table of Primers

A B IC ode Official Symbol Alias

H s 0 0 3 5 8 7 9 6 _ m l D D IT 3 CHOP

H s 0 2 8 5 6 5 9 6 _ m l XBP-1

H s 9 9 9 9 9 1 7 4 _ m l HSPA5 B ip /G rp 78

H s 0 0 2 3 1 0 6 9 _ m l ATF3

H s 9 9 9 9 9 9 0 5 _ m l GAPDH

Staining Solutions and Buffers

Vanillin Solution
Vanillin  

Cone. H 2 SO 4  

Acetic Acid 

Ethanol

Phopshate-Buffered saline PBS Ix
PBS tab le ts  (0 .1 4  M NaCI, 0 .0 1  M PO4 Buffer, 0 .0 0 3  M KCI) 5 g

Each 5 g tab le t should be dissolved in 500  ml dissolved in 5 0 0  ml distilled w a te r and 

sterilised by autoclaving.

BCA reagent A (Proprietary formulation)

6  g

1 .5  ml

3 .5  ml 

95  ml
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Sodium carbonate, sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0.1 

M sodium hydroxide.

BCA reagent B
4% cupric sulphate

1.5 g 

50 ml

Plasmid Purification Buffers 

Buffer P I (resuspension buffer)
50 mM TrIs-CI, 10 mM EDTA, 100 |jg /m l RNase A.

Stored at 2-8 °C

Buffer P2 (Lysis buffer)
200 ml^ NaOH, 1% SDS (w /v)

Buffer P3 (neutralisation buffer)
3 M potassium acetate, pH 5.5

Buffer QC (wash buffer)
IM NaCI, 50 mM i^OPS, pH 7, 15% isopropanol

Buffer QF (elution buffer)
1.25 M NaCI, 50 mM Tris-CI, pH 8.5, 15% isopropanol

Beta-gal Assay buffers 
Magnesium Buffer
0.1 M MgCl2

4.5 M p-mercaptoethanol

Sodium Phosphate Buffer
0.2 M Na2HP04 

0.2 M Nah2P04 

Water

41 ml 

9 ml 

50 ml

Blocking Buffer
Bovine Serum Albumin (BSA) 

I x  PBS
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200 mg 

50 ml

RNA Extraction Buffers
Macherey-Nagel Proprietary Buffers

Addresses of Other Suppliers
Macherey-Nagel GmBH & Co. KG, Duren, Germany  

Merck, Darm stadt, Germany 

Chemical Computing Group, Montreal, Canada 

Nunclon, Roskilde, Denmark 

Molecular Devices, Sunnyvale, CA, USA 

Promega Corporation, Madison, USA 

Qiagen Inc., Valencia, CA, USA 

R&D Systems, Minneapolis, USA

SABiosciences Corporation, Executive Way, Frederick, USA 

New England Biolabs, Ipswich, MA, USA 

Pierce Biotechnology, Meridian Rd, Rockford, USA 

Therm ofisher Scientific, W altham , USA 

Applied Biosystems, Foster City, CA

Corning B.V. Life Sciences, Fogostraat, Am sterdam , The Netherlands 

Clontech, Saint-G erm ain-en-Laye, France

ONPG Solution

ONPG

0.1 M Sodium phosphate buffer

301



Appendix 2-Numbering of Compounds

HO'
H

O

'OH
H

1 LCA piperazinylcarboxamide 2 CDCA piperaziny lcarboxam ide

COOH

HO

OH COOH

3 LCA 4 D C A

COOH

'OH

COOH

HO'

5 CDCA 6 ent-LC A  R1=H R2=H
7 ent-DCA R1=H R2=OH
8 ent-CDCA R l=O H  R2=H

OH

O
W -OH
W
O

H OH

'OH

9 TCDCA
lOGCDCA
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OH COOH

'OH

11 Cholic acid

OH

OH

12TCA

O
W
- S "
Wo

OH

COOH

N
H OHOH

HO OH

OH
14 UDCA

13GCA

O

OH

O
Js^OH

W
O

15 TUDCA

N
H OH

OH

16GUDCA

OH

17TDCA

O
W -OH
W
O

N
H OHOH

18GDCA
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COOMe

HO OH

19 MeUDCA

NH

HO OH

20 UDCA Amide

COOH

N OH

21 3a UDCA Azide

COOH

OH

22 3p UDCA Azide

COOH

OH

23 3-deoxy UDCA

OH

OH
H

24 norUDCA

O

OH

OH
H

OH

25 BisnorUDCA
26 nitriie

OH
H

OH

OH

304 28 UDCA alcohol
27 Bisnornitrile



HO' OH

29 24-Azide

N. OH COOMe

30 MeDCA

o
OH COOHOH

NH.

31 DCA Amide
32 3a DCA Azide

OH COOH

33 3p DCA Azide

OH COOH

34 LagoDCA

COOH

35 12 keto LCA

COOH

36 NCA

O

COOH

37 NCA Acetate

COOH
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COOH COOH

39 Diketone 40 7p Azide

OH

OH
H

41 UCA

HO OH
OH

42 HCA

'OH
H

43 24-BenzylUDCA

OH
H

O -

44 24-M eCDCA

OH

O
45 3-acetoxy 24-MeCDCA

OMs

O
46 7-mesyl 3-acetoxy 24-MeCDCA
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0==7 H
\ 47 7-azide 3-acetoxy 24-MeCDCA

OMs

OHHO

48 24-mesylUDCA

OH

0
49 3-acetoxy 24-BenzylCDCA

0 o

H

50 3-acetoxy 24-benzyl ketone

H

51 24-Benzyl 7-ketone

O

OH
H

52 24-BenzylCDCA

H

r\ OH

OF
H

53 24-Benzyl Diketone
54 Formyl UDCA
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OH
H

55 UDCA nornitrile

O'

FormylUDCA amide

NH,
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0
OHTestosterone (57) Cortisol (58) Aldosterone (59)

OH
HO,

OH

HQ
OH

HO
HO'

20-hydroxyecdysone (62)OH 17p-estradiol (61)Progesterone (60)

OH

OH

HO
HO 'OH

1 alpha,25-dihydroxyvitamin D3 22(R)-hydroxycholesterol (64)
(63)

9-cis retinoic acid (65)

0

OHHO,
OH

OH

Triiodothyronine (66) 
(TR)

OHHO

9H

68 Cortisone

8(S)-hydroxyeicosatetraenoic acid (67) 
(PPAR-a)

O



,0HHOOH,0H HOHO HO,
HO.

Fludrocortisone (69) Prednisolone (70) M ethylprednisolone (71)

O
,0HHO

HO,

D exam ethasone (72)

O
HO .OH

HO,

Betam ethasone (73)

HO

74 M ifepris tone

O
OH

HQ

•till

75 Deacetylcortivazol

O

o
76 Formyl UDCAchloride

Cl
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77-87

77, R = H N - < ]  82, R = HN J O

78, R= N ^ N - i  83, R= u ^ V - Q

79, R= N ^ N H

80, R=

81, R= h n - ^ ^

HN

84, R= ^  J O

85, R=HN ĵ O
86, R= -N(C6H5)2

87, R=

OH

HO' HO' OH

88, R= HN—<1

89, R - n^ N - 91, R= N N-

R

HO,

92 Brefeldin A
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o

OH

H
O

H H

94 Formyl norUDCA

H

93 Formyl UDCA nornitrile

O

O

OH

H

O

96-106

R

96, R = H N ^ d  102, R = h N ^ O O

97, R= -N(C6H5)2 103, R = N ^ ^ O  

HN'
98, R=

104, R= HN

99, R— h N—̂  ^  I

=  N NH

N N-
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Bile acids modulate the Golgi membrane fission process via a protein kinase Ct) and 
protein kinase D-dependent pathway in colonic epithelial cells
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Deoxycholic acid (DCA) is a secondary bile acid that modulates 
signalling pathways in epithelial cells. DCA has been implicated in 
pathogenesis of colon carcinoma, particularly by activation of the 
protein kinase C (PKC) pathway. Ursodeoxycholic acid (UDCA), 
a tertiary bile acid, has been observed to have chemopreventative 
effects. The aim of this study was to investigate the effect of DCA 
and UDCA on the subcellular localization and activity of PKCi) and 
its downstream effects on Golgi structure in a colon cancer cell 
model. PKCt) expres.sion was localized to the (lolgi in HCT116 
colon cancer cells. DCA induced fragmentation of the Golgi in these 
cells following activation of PKCt) and its downstream effector pro­
tein kinase D (PKD). Pretreatment of cells with UDCA or a gluco­
corticoid, dexamethasone, inhibited DCA-induced PKCi|/PKD  
activation and Golgi fragmentation. Knockdown of glucocorticoid 
receptor (GK) expression using small interfering RNA or inhibition 
using the GK antagonist mifepristone attenuated the inhibitory ef­
fect o f UDCA on Golgi fragmentation. F2levated serum and faecal 
levels of DCA have been previously reported in patients with ulcer­
ative colitis (UC) and colon cancer. Analysis of Golgi architecture in 
vivo using tissue microarrays revealed Golgi fragmentation in UC 
and colorectal cancer tissue. We have demonstrated that DCA can 
disrupt the structure of the Golgi, an organelle critical for normal 
cell function. Inhibition of this DCA-induced Golgi fragmentation 
by UDCA was mediated via the GR. This represents a potential 
mechanism of observed chemopreventative effects of UDCA in be­
nign and malignant disease of the colon.

Introduction

D eoxycholic acid (D CA ) is the predom inant secondary bile acid im ­
plicated as a tum our p rom oter in colon carcinogenesis (1). Diets rich 
in saturated fats are linked to excessive bile acid production and 
associated w ith increased risk o f progression to colon cancer (2,3). 
Long-term  ulcerative colitis (UC) is also a risk factor for colon cancer 
and serum and faecal levels o f DCA are elevated in patients both with 
UC and colon cancer (4). DCA can m odulate cell signalling pathways 
and activity o f  transcription factors, such as activator p ro te in -1 and 
nuclear factor-kappaB (N F-kB ), shown previously to be involved in 
tum our progression (5). N F-kB  activity is increased in m ost human 
cancers (6), w hereas activator p ro te in -1 shows increased activity in 
transform ed cell lines and its transactivation is required for tum our 
prom otion in vivo  (7,8). DCA activated signalling pathw ays associ­
ated with tum ourigenesis, including extracellular signal-regulated ki­
nase (activated protein kinaseER K )/niitogen-activated protein kinase

A b b re v ia t io n s : C A . constitu tively  ac tive; DAG, d iacy lg lycero l; D EX , dexa­
m ethasone; D C A , deoxycho lic  acid; GPP, green  fluorescent p ro te in ; G R, g lu­
coco rtico id  recep to r; M FT, m ifepristone; N F -k B, nuclear facto r-kappaB ; PKC, 
p ro te in  k inase C; PK D , p ro te in  k inase D; PSC , p rim ary  scle rosing  cholangitis; 
siR N A , sm all in terfering  R N A ; TG N , trans-G olgi netw ork ; U C, ulcerative 
co litis ; U D CA , u rsodeoxycho lic  acid.

(M A PK )-, protein kinase B/AKT- and protein kinase C (PK C)-related 
pathw ays (9,10). The conventional and novel members o f  the PKC 
family are receptors for the tum our-prom oting phorbol esters, such as 
phorbol 12-myristate 13-acetate. PKC expression and activity have 
been implicated in colon cancer prom otion as it is a key regulator of 
proliferation in colonic epithelium  ( I I ) .  PKC activity has been a.ssoci- 
ated with the amount and type o f  dietary fat where a high-fat diet 
containing corn oil increased colonic mucosal levels o f PKC activity 
in a rat model (12). We have shown previously DCA -m ediated activa­
tion and translocation o f  PKC isoenzym es im plicated in tum our pro­
gression, including translocation o f  PK C a, PKC8, PKCe and PKC(31 in 
H C T I16 colon cancer cells (13). PK C ii is predom inantly expressed in 
epithelial cells where it is localized to the Golgi apparatus and is in­
volved in differentiation. PKCi^ is expressed in suprabasal layers in the 
intestine where cell differentiate but not in the basal layer where cells 
divide (14). Any change in its expression/activation would result in 
altered cell differentiation in the colon that potentially results in neo­
plastic progression. PK Cr| may also play a role in carcinogenesis as 
several studies have looked at expression levels o f  PKC in human colon 
cancer tissue and found altered levels o f PKCi") expression in tumour 
versus normal tissue (15-17). PK C t) also prom otes production o f the 
pro-inflam m atory cytokine interleukin-6 (18) that is up-regulated in the 
pre-neoplastic colon cancer diseases (19). PK Cii is also important in 
epithelial tight junction regulation (20).

The Golgi apparatus is the organelle responsible for transport, sort­
ing and processing o f  proteins from the endoplasm ic reticulum . Pro­
teins enter the ( (.y-Golgi network and are sorted and packaged into 
carrier vesicles at the fra/i.v-Golgi network (TGN) ready to be trans­
ported to the plasm a m em brane, endosom es and endoplasm ic reticu­
lum. These carriers are dissociated from the TGN by a controlled 
process term ed m em brane fission. Once cargo accum ulates at the 
TG N , a G -protein-coupled receptor activates a trim eric G -protein at 
the TGN resulting in the activation o f PKCr) and recruitm ent and phos­
phorylation o f  protein kinase D (PKD) (by PKCrj). PKD then activates 
downstream  targets to control mem brane carrier fission (21). A natural 
marine product, ilimaquinone. overactivates the fission machinery, re­
sulting in com plete vesiculation o f the Golgi via a PKD-dependent 
prcKess (22-24). Golgi fragmentation, which is associated with abnor­
mal protein priKessing, has been observed in the M CF-7 breast tumour 
cell line and also in SW 480, Caco-2, HT-29 and T-84 colon cancer cell 
lines. In certain cases, the cause o f Golgi fragm entation is thought to be 
associated with altered Golgi pH (25); however, factors involved in the 
regulation o f  this phenotype in vivo  are not characterized.

U rsodeoxycholic acid (U D CA ) is a tertiary bile acid traditionally 
used for the treatm ent o f  hepatobiliary disease, including prim ary 
biliary cirrhosis, prim ary sclerosing cholangitis (PSC) and gallstones 
(26), It is a hydrophilic non-toxic bile acid and has been shown to be 
cytoprotective against other m ore hydrophobic bile acids, such as 
D CA (27). We have previously dem onstrated that UDCA can prevent 
D CA -induced translocation o f  PK C a, PKC8, PK Ce and P K C pi (13) 
and inhibit both cytokine- and D CA -induced activation o f  N F -kB and 
activator protein-1 (5). The therapeutic effects o f  UDCA have been 
attributed to several m echanism s including m odulation o f  classical 
m itochondrial pathways o f  apoptosis (28) and its interaction with 
the glucocorticoid receptor (G R) (29,30). UDCA has im m unom odu­
latory and anti-inflam m atory effects sim ilar to glucocorticoids and 
has been shown to suppress NF-KB-dependent transcriptional activity 
( 3 1) and interferon-y-induced m ajor histocom patibility com plex class 
11 gene expression via a G R -dependent pathw ay (30).

The aim o f this study w as to investigate the effect o f DCA and 
U D C A  on the Golgi m em brane fission process in colonic epithelial 
cells. We dem onstrate that DCA induced activation o f PK C t| and 
consequently, PKD, resulting in fragm entation o f  the Golgi in
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HCTl 16 colon cancer cells. This DCA -stim uIated Golgi fragm enta­
tion can be inhibited by the hydrophilic bile acid, UDCA. in a GR- 
dependent manner. In a cellular context, fragm entation o f  the Golgi 
has profound im plications for protein processing and may result in 
alterations to processes, such as signal transduction, cellular prolifer­
ation and ce ll-ce ll adhesion, all key elem ents o f carcinogenesis. We 
further dem onstrate increased Golgi fragm entation in tissue from  
UC and colon cancer patients when com pared with that from  normal 
controls.

M a te ria ls  a n d  m eth o d s

Cell culture and reagents
HCTl 16 colon cancer cells were obtained from American Type Culture Collec­
tion (Rockville, MD). Cells were cultured in McCoy’s 5A medium .supple­
mented with 10% (vol/vol) foetal bovine serum (Gibco BRL. Grand Island. 
NY). DCA. UDCA, dexamethasone (DEX). mifepristone (MFT) and dimethyl 
sulphoxide were all obtained from Sigma-Aldrich Chemical Co. (St Louis, MO). 
DCA. UDCA and MFT were solubilized in dimethyl sulphoxide, whereas DEX 
was dissolved in ethanol (100% vol/vol; BDH, Dorset, UK). PKCr) plasmids 
were a gift fn)m the late Dr F.J.Johannes (In.stitute of Cell Biology and Immu­
nology. University o f Stuttgart. Germany). Transient transfections were con­
ducted using GenePORTER transfection reagent (Gene Therapy Systems, San 
Diego. CA). Eugene HD (Roche Diagnostics, Basel, Switzerland) or 
Lipofectamine 2000 (Invitrogen, Carlsbad. CA) according to the manufacturers 
protocols. Experiments were perfonned 24 h after transfection (or in some cases 
cells were pretreated with UDCA for I h prior to transfection). A SmartpcK)! of 
pre-design^ small interfering RNA (siRNA) oligos (ON-TARGET plus siRNA 
reagents) targeting the GR (siGR). scrambled control siRNA (siControl) and 
siRNA transfection reagent were purchased from Dharmacon (Lafayette. CO). 
Cells were seeded and transfected with 100 nM siGR or siControl for 24 h. 
Appropriate wells were pretreated with 300 |iM UDCA and cells were left for 
a further 24 h prior to treatment with 300 ^iM DCA for 6 h.

Westert] hlot analysis
Knockdown of the GR by siRNA wa.s confirmed by we.siem blot analysis. To 
investigate activation o f PKD and PKCr) by bile acids, lysates of stimulated 
cells were prepared and analysed using anti-phospho-PKD (Ser 744/748), anti- 
PKD (Cell Signalling Technology, Danvers, MA), anti-phosphospecific-PKCeta
(pT655) (Biosource, Nivelles, Belgium) or anti-PKCr) (Santa Cruz Biotechnol­
ogy. Santa Cruz. CA).

Gaussia iuciferase secretion assay
To determine the effects o f DCA on protein secretion, we used a Gaussia lucif- 
erase assay (New England Biolabs, Ip.swich, MA). Cells were transfected with 
a Gaussia Iuciferase construct u.sing Fugene I ID (Roche Diagnostics) according 
to the manufacturers protocol. Twenty-four hours post-transfection, cells were 
treated with Brefeldin as positive control, vehicle control (dimethyl sulphoxide) 
or DCA at indicated concentrations for either 1 or 6 h. The amount o f Iuciferase 
protein secreted by the cells was quantified by measuring luminescence.

Tissue microarray construction
For all cases, haem atoxylin- and eosin-stained slides from formalin-fixed par­
affin-embedded tissue blocks were used to identify colonic mucosa. These 
areas were aligned with the tissue block and four 6 mm cores taken and trans­
ferred to a recipient block using a Tissue Microarrayer (Beecher Instruments, 
Silver Spring, MD). Four micrometre sections were cut for immunofluores­
cence studies and mounted onto SuperFrost Plus adhesive slides (Menzel- 
Glaser. Braunschweig, Germany).

hnmunofluorescent staining
Cells were fixed with 4% parafonnaldehyde and then penneabilized with 0.1% 
(vol/vol) Triton X-100/phosphate-buffered saline followed by blocking with 
5%  bovine serum albumin/phosphate-buffered saline. Cells were incubated 
with anti-GoIgi 58K protein or anti-GM130 Golgi antibodies (Sigma-Aldrich 
Chemical Co.) and then incubated with AIexaFluor-488-conjugated secondary 
antibody (Invitrogen).

Quantification o f  Golgi fragmentation using high-content analysis 
The GE Incell-1000 is a microscope-based screening platfonn capable of 
large-.scale objective analysis o f fluorescently labelled cells using automated 
image acquisition, data management and multiparametric analysis. For analy­
sis of Golgi fragmentation, cells were treated in 96-well plates and stained for 
Golgi using a GM 130 antibody as outlined above. Six fields o f view per well 
were acquired using a x 2 0  objective in duplicate wells fo r« = 3 experiments.

Fragmentation was measured using the Investigator software package (GE 
Healthcare. Piscataway, NJ) that uses an algorithm specific for detection of 
objects within the cell. The multi-target analysis algorithm was optimized to 
detect objects (Golgi fragments) within a cell using untreated cells with intact 
Golgi as a negative control and Brefeldin-A (1 ng/ml)-treated cells as positive 
control for Golgi fragmentation (32). The ‘object mean area’ parameter was 
used to classify cells as having intact Golgi (object mean area o f > 0 .5  ^m ) or 
fragmented Golgi (object mean area o f < 0.5  |im ) with up to 300 cells analysed 
per treatment group. Examples o f cellular analysis are provided as supplemen­
tary material (supplementary Figure I is available at Carcinogenesis Online).

Patient tissue collection and analysis
In order to assess the clinical significance o f Golgi fragmentation, we exam­
ined Golgi structure in tissues from five tissue types: (t) normal individuals 
{n = 32. 32 biopsies from 32 patients with no history o f malignant disease): 
(ii) patients with UC without dysplasia (h =  10. 27 biopsies from 10 UC 
patients with no progression to dysplasia); (iii) patients with UC with dy.splasia 
(n =  6, 18 biopsies from six UC patients with progression to dysplasia); (iv) 
UC-associated cancer (h =  2, 16 biopsies from two UC patients with progres­
sion to cancer) and (v) sporadic colonic cancer (n =  22, 22 biopsies from 22 
patients). Normal individuals are defined as patients undergoing colonoscopy 
for investigation of altered bowel habit but whose histological investigations 
were nomial and hacmatological indiccs and biochcmical inflammatory 
markers (erythrocyte sedimentation rate and C-reactive protein) were normal. 
All patients were recruited by the Centre for Colorectal Disease (by D.O.D). 
Following endoscopy or surgery, tissues were fixed in 1% formalin and em­
bedded in paraffin. Ethical approval was granted by the St Vincent’s Hospital 
Ethics and Medical Research Committee to conduct this study. Tissue micro­
arrays were stained with a TGN46 Golgi antibody. This antibody gave superior 
staining in paraffin-embedded tissue sections compared with either the G M 130 
or the 58K Golgi antibodies. A simple scoring system was devised to describe 
Golgi fragmentation with 0 corresponding to no Golgi fragmentation, 1 to 
describe partial fragmentation and 2 to describe complete Golgi fragmentation. 
Examples of these are included (supplementary Figure 2 is available at Car­
cinogenesis Online). The median and interquartile ranges were used for sta­
tistical analysis. Samples were coded and all .stages o f examination were 
performed blind to the tissue status.

Statistical analysis
Statistical comparison between groups for in vitro data was carried out using 
analysis of variance with least significant difference post hoc correction to 
examine differences between groups. Data are graphically represented as the 
mean ± SEM. For human tissue analyses, continuous data are presented as 
median and interquartile ranges. Non-parametric data were assessed using 
the Kruskal-W allis te.st and M ann-W hitney (y-test where appropriate. All 
P-values are two sided and /^-values <0.05 were considered statistically sig­
nificant in all analyses. All data were analy,sed using the SPSS^'^ statistical 
software package (SPSS, Chicago, IL).

R esults

D C A  a lte red  the  su h ce llu la r  lo c a liza tio n  o f  PKC i] a n d  in d u ce d  G o lg i  
fra g m e n ta tio n  in H C T l 16 c o lo n  c a n ce r  c e lls  

DCA (300 jiM) was shown previously to induce translocation o f PK Ca, 
PK C pi, PK Cs and PKC6, whereas UDCA prevented DCA-induced 
activation o f  these PKC isoenzym es (13). To investigate the effect o f 
DCA on cellular localization o f  the novel PKCi'i i.soform, H CTl 16 
cells were transfected with PK C r|-green fluorescent protein (GFP) 
and then treated with DCA for 1, 6 or 18 h (Figure lA ). In resting 
cells, PKCr) was localized in a m em branous stack adjacent to the cell 
nucleus. As PK Cr| was shown previously to be associated with the 
Golgi (15), we also stained cells using an anti-58K Golgi marker and 
found it colocalized with PKCr). DCA caused dispersal o f  the Golgi 
and the associated PK C r|-G FP in a vesicular pattern throughout the 
cytoplasm demonstrating that DCA induced Golgi fragmentation in 
these cells. This DCA-induced Golgi fragm entation was observed over 
a concentration range between 50 and 300 |iM  (Figure IB).

D C A -in d u c e d  G o lg i fra g m e n ta t io n  w as revers ib le  

To determ ine whether D CA -induced Golgi fragm entation was revers­
ible (and not an irreversible pro-apoptotic event), H CTl 16 cells were 
treated with 300 DCA for 6 h and then washed with phosphate- 
buffered saline and m edium  w as replaced. Cells were fixed with 4%
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Kig. I. DCA disrupted PKCri hKalizution and induced Golgi fragmentation and impaired Golgi function in H C T I16 cells. (A) Cells were transfected with PKCr|- 
GFP (green) and then treated with 300 nM DCA for 6 or 18 h. Golgi were identified using a p58K antibody (red, indicated by white arrow) and visualized using a 
Nikon T800 fluorescent microscope. Original magnification x40. (B) Cells were treated with 50, 100. 200 or .300 )iM DCA for 6 h. Golgi were identified using 
the GM130 antibody. The percentage of cells with fragmented Golgi was quantified using the Incell-1000 and Investigator software package. (C) IIC T I16 cells were 
treated with 300 pM DCA or vehicle (control) for 6 h and then washed with phosphate-buffered saline and medium was replaced. Cells were fixed with 
4% paraformaldehyde in phosphate-buffered saline at the timepoints indicated. Golgi fragmentation was quantified as in (B). (D) The secretory capacity of cells 
after treatment with DCA was a.ssessed using a Gaussia luciferase assay. Cells were transfected with a Gau.ssia luciferase construct and 24 h post-transfection, cells 
were treated with Brefeldin-A (BFA) as positive control, vehicle control [dimethyl sulphoxide (DMSO)J or DCA at indicated concenu-ations for either I or 6 h. The 
amount of lucifera.se protein secreted by the cells was quantified by measuring luminescence. All data were expressed as the mean ± SEM and analy.sed by analysis o f 
variance with least significant difference post hoc correction CP < 0.05 versus control).

paraform aldehyde at various tim epoints up to 1 h as indicated in 
Figure 1C. The percentage o f cells with fragm ented Golgi was quan­
tified by high-content analysis. Consistent with visual inspection, at 
6 h post-treatm ent, DCA induced G olgi fragm entation in 62.3 ± 8.5% 
cells com pared with fragm entation in 16.2 ± 1.4% o f untreated cells. 
Following removal o f DCA, the G olgi reform ed in a tim e-dependent 
manner. The percentage o f  cells with fragm ented Golgi 60 min post­
w ashout o f  DCA (16.0 ± 3.2% ) was the same as untreated cells 
(14.3 ±  1.7%). In addition, cell viability was assessed using the 
3-(4,5-dim ethylthiazole-2-yl)-2,5-biphenyl tetrazolium  brom ide as­
say and by the propidium  iodide exclusion assay. N o significant 
changes in cell viability were observed using the 3-(4,5-dim ethylth- 
iazole-2-yl)-2,5-biphenyl tetrazolium  brom ide assay com pared with 
untreated control, whereas those observed using propidium  iodide 
were low (5.8 ± 1.7%) at the 6 h time period for 300 pM  DCA 
(supplem entary Figure 3 is available at Carcinogenesis Online).

D C A-induced Golgi fragm entation  im pairs protein secretion  
To test the functional sign ificance o f the observed  D C A -induced  
G olgi fragm enta tion , the secre to ry  capac ity  o f  ce lls a f te r  trea t­
m ent w ith D CA was assessed  using  a G aussia  luc iferase  assay. 
T here w as a significant decrease  in secre tion  o f  lu c iferase  in to  
the supernatan t in D C A -treated  ce lls com pared  w ith  con tro ls 
(F igure ID ).

DCA induced phosphorylation and  activation o f  PKCt] a n d  PKD  
To investigate w hether DCA overactivates the m em brane fission pro­
cess, we exam ined the effect o f  DCA on PKCri and PKD activation in

H C TI 16 cells. Activation o f  PK C r| is associated w ith phosphoryla­
tion on Ser 729 and PKD with phosphorylation on Ser 744/748. 
H C TI 16 cells were cultured in 0.5%  serum  for 24 h prior to the 
experim ent. C ells were treated with 300 nM  DCA for 0, 15, 30 or 
60 min. Cell lysates were prepared and PK Cii and PKD phosphory­
lation was assessed by western blot analysis (Figure 2A). DCA in­
duced phosphorylation and therefore, activation o f  PK C ii and PKD at 
15, 30 and 60 min. To confirm  the involvem ent o f PKCr) in DCA- 
induced Golgi fragm entation, we transfected cells with a G FP-tagged 
PKCi"|-kinase dead construct (PKCi"|-KD-GFP) follow ed by treatm ent 
w ith 300 pM DCA for 6 h. The num ber o f  cells expressing the PKCr)- 
kinase dead (PK C iyK D ) construct with fragm ented G olgi in response 
to  D C A  treatm ent was significantly reduced com pared w ith those not 
expressing the m utant enzym e (Figure 2B).

P retreatm ent o f  H C T II6  cells with UDCA or D E X  inhibits PKCt] 
activation and  Golgi fragm entation
As we previously showed that UDCA could inhibit D CA -induced 
translocation o f  o ther PKC isoform s (13), we investigated if  it could 
inhibit D CA -m ediated m odulation o f  PKCr). H CTI 16 cells were 
transfected with PK Cr|-G FP, pretreated with 300 pM UDCA for I h 
and then exposed to 300 pM DCA for 18 h. UDCA inhibited 
D C A -induced Golgi fragm entation and associated PK C t| dispersal 
(Figure 3A).

Constitutively active (CA) PK C ii was shown previously to cause 
Golgi fragm entation in HeLa cells (33). To determ ine w hether UDCA 
or DEX can directly target this process, H CTI 16 cells were treated 
w ith either 300 pM UDCA or 10 nM DEX for 1 h prior to transfection
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F ig . 2. D CA  induced ac tiva tion  o f  P K C ii and PK D  in H C T I 16 ce lls . D CA  cou ld  no longer induce G olgi fragm entation  in celKs tran sfec ted  w ith P K C ri-k inase  
dead  (P K C ri-K D ) construct. (A ) H C T I 16 ce lls  w ere cu ltu red  in 0 .5%  serum  for 24 h p rio r to  stim ulation  for the tim epo in ts  ind icated  w ith  .^00 D C A . Cell 
lysates w ere p repared  and pP K C r|, to tal PK C r), pP K D  o r total P K D  expression  w as assayed  by w estern  blo t using  an tibod ies specific  to pho sp h o -P K C ii 
(B iosource), total P K C il (S an ta C ruz  B io techno logy ). phospho-P K D  (S er 744 /748 ) o r to tal PK D  (C ell S ignalling  T echnology). G raphs  o f  densitom etry  
m easurem ents are inc luded . (B) H C T I 16 ce lls  w ere transfec ted  w ith P K C r|-K D -G F P  (green) and 24 h post-transfec tion , ce lls w ere trea ted  w ith  .300 |iM  D CA  
for 6  h. C ells  w ere fixed and G olgi w ere iden tified  using  GM1.10 (red ) an tibody. N uclei w ere stained  w ith H oechst (Inv itrogen). A t least 100 ce lls  w ere coun ted  
fo r each  g roup  (contro l, D CA  trea ted  and  D CA  trea tm en t fo llow ing P K C ti-K D  transfec tion). S lides w ere coded and quan tifica tion  w as perfo rm ed  b lind  to 
treatm ent.

with a CA PKCr) (stained in red). G olgi were visualized by im m u­
nofluorescence using the anti-58K  Golgi antibody (green, Figure 3B). 
Cells transfected with CA PK C f| had fragm ented Golgi. Pretreatm ent 
with DEX or UDCA 1 h prior to transfection prevented CA PK Ct)- 
induced fragm entation.

UDCA displays structural sim ilarity to glucocorticoids, exerts anti­
inflamm atory effects and was shown previously to activate the GR in 
primary rat hepatocytes (34). Therefore, the effects o f DEX, a syn­
thetic glucocorticoid, and UDCA on D C A -induced Golgi fragm enta­
tion w ere com pared (Figure 3C). To confirm  hyperactivation o f  the 
fission m achinery and com plete fragm entation o f  the G olgi. an anti­
body targeting a protein resident in the c/.s-Golgi network G M 130 was 
used to exam ine the effect on Golgi m orphology. DCA caused com ­
plete vesiculation o f the Golgi structure. Both UDCA and DEX in­
hibited D CA -induced Golgi fragm entation.

UDCA or D E X  pretreatm ent prevented  D C A -induced PKD  
phosphorylation
PKD is necessary for the detachm ent (fission) o f transport carriers 
from the TGN. As DCA activated PKD, we investigated if  UDCA or 
DEX could prevent D CA -m ediated activation o f PKD. H C TI 16 cells 
were pretreated with UDCA (300 |j M ) or DEX (10 nM ) for 1 or 2 h 
prior to treatm ent with DCA (300 |j M ) for 2 h. Cell lysates were 
prepared and PKD phosphorylation (pPK D ) was assessed by western 
blot (Figure 4). Pretreatm ent with either UDCA or DEX prevented 
DCA -induced activation o f PKD.

The GR is required fo r  U D C A-m ediated inhibition o f  D C A -induced  
Golgi fragm entation
Since the synthetic glucocorticoid DEX exerted the sam e effects as 
UDCA, inhibiting (i) D CA -induced Golgi fragm entation; (ii) CA 
PK C r|-induced Golgi fragm entation and (iii) D CA -induced PKD ac­
tivation. the potential involvem ent o f  the GR in these processes was 
investigated. W hen GR expression was knocked dow n using siRNA or 
when the GR was blocked using the GR antagonist. MFT, UDCA- 
mediated inhibition o f D CA -induced Golgi fragm entation was atten­
uated (Figure 5A -C ). There was no difference in Golgi fragm entation 
in cells treated with UDCA (33.8 ± 3.1% ) or M FT (34.7 ± 3.3% ) 
alone com pared with untreated control cells (33.3 ± 2.2% ). DCA in­
duced Golgi fragm entation in 54.4 ± 1.2% cells. P retreatm ent with 
UDCA inhibited D CA -induced fragm entation (42.9 ± 4.4% ). UDCA 
could no longer overcom e DCA -induced fragm entation when cells 
were treated with M FT (57.4 ± 3.7% ) or when the GR w as knocked 
down using siRNA (51.7 ± 4 .1  %), suggesting that UDCA m ediates its 
protective effects via the GR in this system.

Golgi fragm entation  is evident in vivo  in patients with UC and colon 
cancer
To investigate w hether the DCA -m ediated effect on Golgi architecture 
observed in H CTI 16 cells may also be seen in vivo  in UC (inflam ­
matory) or cancer, Golgi structure was exam ined in five tissue types 
(i) norm al; (ii) UC without dysplasia; (iii) UC with dyspla.sia; (iv)
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Fig . 3. U DCA  and  DEX inhibil both D C A -induced and P K C r|-induced Golgi fragm entations. (A ) U D CA  inhibits D CA  activation o f  PKCr). H C T l 16 cells were 
transfected with P K C r|-G F P  (green) o r  pretreated with 3(K) (iM U D C A  for 1 h follow ed by treatm ent w ith 3(X) pM  D CA  for 18 h. U D CA  inhibited D C A -induced 
PK Cri translocation and G olgi fragm entation (red. indicated by w hite arrow ) throughout the cytoplasm . (B) D EX o r UDCA  inhibits C A  PK C rj-induced  Golgi 
fragm entation. H C T l 16 cells w ere tran.sfected w ith a C A  PKCr) (red) o r treated with either 10 nM  DEX o r 300 ^iM UDCA  for 1 h prior to transfection. (C ) UDCA  
and D EX  inhib it D C A -induced Golgi fragm entation. Cells w ere treated w ith 300 DCA, 300 ^iM U D CA  o r  10 nM D EX for 6 h o r pretreated w ith 300 |iM  UDCA 
for 18 h o r 10 nM DEX for I h follow ed by treatm ent with 300 nM  EXTA for 6  h. G olgi w ere identified by im m unofluorescence using a G M 130 antibody and 
visualized w ith a N ikon T 800  fluorescent m icroscope. O riginal m agnification x 40 .

Untreated Dex UDCA DCA Dex UDCA Dex UDCA 
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F ig . 4. U D C A  and D EX  inh ib it D C A -induced PK D  phosphory lation  in 
H C T l 16 cells. H C T l 16 ce lls  w ere cu ltu red  in 0 .5%  serum  for 24 h p rio r to 
stim ulation . H C T l 16 ce lls w ere trea ted  w ith  10 nM  D EX . 300 ^M  U D C A  or 
300 |j M D C A  fo r 2 h o r  p retreated  w ith D EX  (10  nM ) o r U D C A  (300 |iM ) for 
I o r 2  h p rio r to  treatm ent w ith  D CA  (300 |iM ) fo r 2 h. C ell lysates w ere 
p repared  and  pP K D  or to tal PK D  expression  w as assayed by w estern  blot 
using an an tibody  specific to phospho-PK D  (S er 744 /748) o r to tal PK D . B lot 
is rep resen tative o f  three independen t experim ents.

U C-associated cancer and (v) sporadic colon cancer (Figure 6A). 
A rbitrary units were used to describe Golgi fragm entation in tissues 
(Figure 6B). All UC and cancer tissues (both inflam m atory and tu­
m our sam ples) show ed significant increases in Golgi fragm entation 
(P  <  0.005), There w as no significant difference observed betw een 
UC tissue w ithout dysplasia, UC tissue with dysplasia or cancer

Discussion

In this study, we have dem onstrated that the bile acid. DCA. can 
induce G olgi fragm entation in colonic cells by activation o f the m em ­

brane fission process. This observed Golgi fragm entation is a direct 
consequence o f  the activation o f PKCt) and phosphorylation o f  PKD. 
O ur finding is consistent with the model proposed by D iaz Anel and 
M alhotra (33) in w hich the m arine product ilim aquinone induced 
Golgi fragm entation via hyperactivation o f  PKD resulting in transport 
carriers being continuously form ed from  the TGN until it w as reduced 
to small vesicles. Here, we describe a novel effect o f bile acids on 
Golgi m orphology where DCA induced Golgi fragm entation in vitro 
in the H CTl 16 colon carcinom a cell line. C onstitutive Golgi frag­
mentation has previously been observed in o ther colonic cancer cell 
lines, including the SW 480, Caco-2, HT-29 and T-84 colon cancer cell 
lines (25).

In our cell model system , this D CA -induced Golgi fragm entation is 
m ediated by the G olgi-associated PK C r| isoform . Localization o f this 
enzym e to the Golgi and TGN appears to play a critical role in reg­
ulation o f intracellular transport m echanism s. PK C r| also has the 
capacity to translocate to the nucleus in response to signalling through 
tum our prom oters and in this location may play a role in the nuclear 
m achinery for cell proliferation through its interaction with, for ex­
am ple, cyclinE -cdk2  com plex (15). Rather than translocation to the 
nucleus, PKCr) rem ains localized to the Golgi in response to DCA but 
this change in cellular distribution could also affect cell proliferation 
and differentiation.

C onsistent with previous studies, w hich have dem onstrated that 
UDCA can antagonize the adverse biological effects o f  hydrophobic 
bile acids such as DCA, we have shown here that UDCA could p re­
vent D CA -m ediated Golgi fragm entation in colon cancer cells. At 
a m olecular level, UDCA m ediates som e o f its anti-inflam m atory 
effects via activation o f the GR (31,34,35) and this is consistent with
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Fig. 5. UDCA-mediaCed inhibition of DCA-induced Golgi fragmentation was reversed by inhibiting expression of the GR (siOR) or by the glucocorticoid 
antagonist. MFT. (A ) GR was knociied down in H C T l 16 cells using siRNA. A graph o f densitometry is included. (B ) H C T l 16 cells were treated with 
300 pM UDC A  (6 h ). 300 pM DCA (6 h) or 300 pM U D C A  (18 h) +  300 pM  DCA (6 h) or tran.sfected with lOOnM siRNA targeting the GR (siGR. 24 h) 
prior to treatment with U D C A  ( 18 h) and DCA (6 h). Scrambled siRNA sequences (siControl) were used to control for non-specific effects due to siRNA  
tran.sfection and treated as above with U DC A  and DCA. (C ) The GR was also blocked using 100 nM of the antagonist M FT for 2 h and treated as above. 
Golgi fragmentation was asses.sed by high content analysis using the Incell-IOOO and Investigator software package. Data were expressed as the mean ±  
SEM and analysed by analysis of variance with least significant difference post hoc correction ( ' P  <  0.05 versus untreated and <  0.05 versus DCA  
treated).

our prior observations that UDCA inhibits cytokine-induced NF-kB 
induction (5). UDCA-mediated GR activation is ligand independent 
but facilitates GR translocation to the nucleus through dissociation o f 
the GR-Heat shock protein 90 complex (35). It has previously 
been demonstrated that UDCA acts on a distinct region o f the 
ligand-binding domain when compared with the classical GR agonist 
DEX and thus can mediate differential regulation o f gene expression 
by the GR (31). In the current study, UDCA could no longer prevent 
DCA-induced Golgi fragmentation when the GR was blocked with 
the GR antagonist M FT or when siRNA was used to knockdown GR 
expression, indicating that UDCA mediates its effects on Golgi frag­
mentation via the GR in H C T l 16 colon cancer cells.

UDCA is currently used clin ica lly for the treatment o f liver dis­
eases, such as primary b iliary cirrhosis and PSC. Patients with UC and 
PSC are at an increased risk o f developing colon cancer (36). DCA 
levels are elevated in the colon o f patients with PSC, whereas UC 
patients with neoplasia have increased faecal concentrations o f DCA 
compared with patients without neoplasia (37). UDCA has been 
shown to act as a chemopreventative agent decreasing the risk for 
developing colon cancer in these patients (36). In addition, dietary 
supplementation with UDCA has been shown to inhibit tumour in­
cidence by >50%  in response to cholic acid in the azoxymethane 
colon cancer model (38). The mechanism whereby UDCA improves 
liver function and DCA-induced damage is unknown. Suggested 
mechanisms include (i) its ability to create a more hydrophilic 
bile acid pool counteracting cell damage induced by a hydrophobic

bile acid pool; ( ii)  reduction o f inflammation around bile ducts; 
( iii)  improving secretory capacity o f hepatocytes in choleostasis 
and (iv) up-regulation o f anti-apoptotic survival signalling pathways 
(39). We suggest a novel mechanism whereby UDCA inhibits DCA- 
induced Golgi fragmentation and thus the alterations in intracellular 
trafficking/signalling associated with this process.

The Golgi apparatus is the organelle responsible fo r transport, 
sorting and processing o f proteins and lip ids from the endoplasmic 
reticulum. The c/i-G o lg i networks, medial-Golgi networks and 
TGNs are rich in distinct glycosyltransferase enzymes, which mod­
ify  O- and N-linked carbohydrate chains on glycoproteins and gly- 
colipids. Disruption o f Golgi architecture could therefore result in 
m is-localization o f glycosyltransferases and dissociation from their 
cognate ligands resulting in alterations in normal protein/lip id pro­
cessing. Terminal oligosaccharide units expressed on such proteins/ 
lipids are highly specific in their recognition capabilities and are 
involved in a range o f normal cell processes, such as intracellular 
protein sorting, cell signalling and ce ll-ce ll or ce ll-extracellu lar 
matrix adhesion. Alterations in the terminal oligosaccharide units 
can potentially alter differentiation, proliferation and promote neo­
plastic progression. Abnormal glycosylation o f proteins and lip ids is 
a common observation in malignant cells (4 0 ^ 2 )  w ith aberrant 
glycosylation patterns found in tissue from  most colon cancer 
patients (43 ^5 ). Glycosylation alterations also occur in UC. Crohn’s 
disease, UC-associated cancer and sporadic colon cancer with in­
creased expression o f Thomsen Friedenreich (TF) and sialyl tenascin
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F ig . 6. G i)lgi fragm entation  in patien ts w ith U C and colon  cancer. (A ) G olgi structure w as exam ined  in five sets o f  tissue: (i) no  h isto ry  o f  m alignan t disease 
(norm al); (ii) U C w ith no progre.ssion to  dysp lasia  (non-dysp lastic); (iii) UC w ith progression  to  dysp lasia  (dysplastic); (iv) co lorecta l ca n ce r on background  o f  UC 
(U C cancer) and  (v) sporad ic colon cancer. G olg i (g reen , as ind icated  by w hite arrow ) w ere v isualized  using  a T G N  antibody T G N 46 and  an A lexaFluor 
fluorescent secondary  antibody. (B ) B iopsies classified  as com p lete ly  fragm ented  G olgi w ere assigned  arb itrary  scores o f  0  for non-fragn ien ted  G olgi, 1 for 
partially  fragm ented  G olgi and  2 for fully  fragm ented  G olgi. D ata are  expre.s.sed as m ed ians and in terquartile  ranges; ' / '  <  0.05.

oncofoetal antigens that are high-risk m arkers for cancer progression in 
inflaitimatory bowel disease (46,47). These glycosylalion changes have 
been observed in the absence o f dysplasia and can occur prior to m a­
lignant transformation (44). Altered N-linked glycosylalion leading to 
over-expression of sialyl Lewis A and sialyl Lewis X carbohydrates is 
found in tum ours and correlates with metastasis (48).

Bile acids have previously been shown to activate PK C a and PKC6 
in hepatocytes by facilitating enzym e association with phospholipids 
and increasing cell m em brane diacylglycerol (DAG) content. Bile acids 
do not appear to bind to DAG (49) but instead stimulate its formation in 
rat hepatcKytes (50) possibly through phospholipase C activation (51). 
Trichloroacetic acid and DCA have also been shown to activate DAG 
formation in normal colon and colonic tum our cell extracts (52). PKC 
activation is highly dependent on physiochem ical properties o f  the lipid 
m em brane and PKCri activity is more sustained at the Golgi due to 
prolonged DAG accum ulation at this site (53).

We have observed Golgi fragm entation in biopsies obtained from 
patients w ith the inflam m atory condition UC and in patients with 
colon cancer. We did not observe differences in levels o f  Golgi frag­
m entation betw een UC and cancer patients nor did we observe a pro­
gression betw een UC, dysplasia and can ce r It is possible that there are 
m ultiple processes that could lead to G olgi fragm entation in inflam­
m ation and cancer. It has been proposed that increased levels o f  bile 
acids m ay play a role in both inflam m atory bowel disease and cancer 
(4). Hence, it is possible that Golgi fragm entation may play a role in 
the pathogenesis o f  both UC and cancer through either single or 
m ultiple m echanism s.

The efi'ects o f UDCA in inhibiting Golgi fragm entation may play 
a role in several o f  its pharm acological effects including possible 
effects in liver disease and chem opreventative effects in patients with 
prem alignant colonic diseases, such as extensive UC. These studies 
dem onstrate a potential link betw een bile acids and Golgi fragm en­
tation that may be involved in the pathogenesis o f  both benign and 
m alignant disease o f the gastrointestinal tract.

Supplementary material

Supplem entary Figures 1-3 can be found at http://carcin 
.oxfordjournals.org/
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A R T I C L E  I N F O  A B S T R A C T

T h e  m o le c u la r  m e c h a n ism s  a n d  in te ra c t io n s  u n d e r ly in g  b ile  ac id  cy to to x ic ity  a re  im p o r ta n t  to  u n d e r ­
s ta n d  fo r in te s tin a l a n d  h e p a tic  d is e a se  t r e a tm e n t  a n d  p re v e n tio n  a n d  th e  d es ig n  o f  b ile  a c id -b a s e d  th e r ­
ap e u tic s .

Bile ac id  l ip o p h ilic ity  is b e liev ed  to  b e  an  im p o r ta n t  c y to to x ic ity  d e te rm in a n t  b u t th e  r e la tio n sh ip  is 
n o t w/ell c h a ra c te r iz e d . In th is  s tu d y  w e  p re p a re d  n e w  a z id o  a n d  o th e r  lip o p h ilic  BAs a n d  a l to g e th e r  
a s s e m b le d  a p an e l o f  37 BAs w ith  g o o d  d is p e rs io n  in  l ip o p h ilic ity  a s  re f lec te d  in  RPTLC R ^ w -  T he 
MTT cell v ia b ili ty  a s say  w as  u sed  to  a s se s s  cy to to x ic ity  o v e r  2 4  h in  th e  H ET-IA  cell line  (o e s o p h a ­
g ea l). Rmw v a lu e s  in v e rse ly  c o rre la te d  w ith  ce ll v ia b ili ty  fo r th e  w h o le  s e t  ( r ^ - 0 ,6 )  b u t  th is  b ec am e  
m o re  s ig n if ican t w h e n  n o n -ac id  c o m p o u n d s  w e re  ex c lu d e d  (r^ = 0 .82 , n  ■= 29 ). T h e  a sso c ia tio n  in  m o re  
h o m o lo g o u s  s u b g ro u p s  w a s  s tro n g e r  s til l (r^ >0,96). N one  o f  th e  p o la r  c o m p o u n d s  w e re  c y to to x ic  a t  
5 00  nM , h o w ev e r , n o t  all lip o p h ilic  BAs w e re  cy to to x ic . N o tab ly , a p a r t  fro m  th e  UDCA p r im a ry  am id e , 
lip o p h ilic  n e u tra l d e r iv a tiv e s  o f  UDCA w e re  n o t cy to to x ic . F inally , CDCA, DCA a n d  LagoDCA w e re  
p ro m in e n t o u tl ie rs  b e in g  m o re  to x ic  th a n  p re d ic te d  by  Rmw In a  h e p a tic  ca rc in o m a  line, lip o p h ilic ity  
d id  n o t c o r re la te  w ith  to x ic ity  e x c e p t fo r th e  c o m m o n  n a tu ra lly  o c c u rr in g  b ile  ac id s  a n d  th e ir  co n ju ­
g a te s . T h e re  w e re  o th e r  s ig n if ic a n t d iffe re n c e s  In to x ic ity  b e tw e e n  th e  tw o  ce ll lin es  th a t  su g g e s t a 
p o ss ib le  b a s is  fo r se le c tiv e  cy to to x ic ity . T he s tu d y  sh o w s : ( i)  a z id o  s u b s t i tu t io n  in  BAs im p a r ts  lipo ­
p h ilic ity  an d  to x ic ity  d e p e n d in g  o n  o r ie n ta t io n  a n d  io n izab ility ; (ii) th e re  is a n  in v e rse  c o rre la tio n  
b e tw e e n  Rmw a n d  to x ic ity  th a t  h a s  g o o d  p re d ic tiv e  v a lu e  in  h o m o lo g o u s  s e ts ;  (iii) l ip o p h ilic ity  is a 
n e c e ss a ry  b u t  a p p a re n tly  n o t s u ff ic ie n t c h a ra c te r is tic  fo r BA cy to c id a l a c tiv ity  to  w h ic h  it a p p e a rs  to  
b e  in d ire c tly  re la te d .
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1. Introduction

Bile acids (BAs) exert m ultiple biological effects, non-specifi- 
cally on organic solutes and m em branes and specifically as signal­
ling agents by binding to m em brane and nuclear receptors.'"’ 
Their peculiar effects on cell proliferation (negative and positive) 
a ttract a ttention  because of the relevance of these phenom ena to 
the pathogenesis of cholestatic liver diseases and intestinal carci­

Abbreviations: GCA. g lcyocho lic  acid ; CCDCA, g ly co chenodeoxycho lic  acid: 
CDCA, glyccMJeoxycholic acid ; CUE)CA. g ly coursodeoxycho iic  acid ; HSA, h y d ro p h o ­
bic su rface  a re a ; HCA, hyocholic  acid : NCA n u triach o lic  acid : UCA, u rso ch o lic  acid ; 
PSA. p o la r  su rface  a re a ; TCA, tau ro c h o lic  acid : TCDCA. tau ro ch en o d eo x y ch o lic  acid ; 
TDCA, tau ro d eo x y ch o lic  acid ; TUDCA, tau ro u rso d eo x y ch o lic  acid.

* C o rresp o n d in g  au th o rs . Tel.; + 353 1 8 9 6 3 3 5 0 /8 9 6 2 8 4 4 : fax; +353 1 8 9 6 2 8 1 0  
(R.S.): tel.: +353  1 8 9 62795  (J F.G.).

E-mail addresses: rsharm a@ tcd .ie  (R. S harm a), gilmerjf@>tcd.ie (J.F. G ilm er).

0 9 6 8 -0 8 9 6 /$  -  see fron t m a tte r  © 2 0 1 0  E lsevier Ltd. All r ig h ts  reserved , 
d o i: 10 .1016 /j.b m c .2 0 1 0 .07 .030

nogenesis."*"’ An understanding of the structural basis for the 
apoptotic effects of BAs is im portant to ongoing efforts to harness 
this property pharmacologically in the  design of selective cytocidal 
and cytoprotective agents.®"'^

A specific binding target(s) for BAs in triggering apoptotic pro­
cesses rem ains elusive bu t there is substantial evidence for the 
involvem ent of m em brane interactions.'^ The ability to induce 
necrosis through detergent effects is one m anifestation of this.''* 
At low er concentration, BAs can induce apoptosis through extrinsic 
and intrinsic pathways, and through ER stress.^ M em brane effects 
are im portant In this context too. BAs can modify m em brane fluid­
ity and com position'^"’’ as well as protein mobilization and acti­
vation'® w ithout directly affecting barrier function.'® Some of 
these effects resem ble those observed w ith non-BA hydrophobic 
solutes such as cholesterol m yristate and detergents n-octylglyco- 
side and Triton-X, a t sub-lytic concentrations.^®
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An influential early observation about the SAR of BA toxicity was 
that deoxycholate (DCA) causes more membrane damage than cho­
lic acid (CA) and its conjugates.^’ Numerous studies have since 
shown that DCA, chenodeoxycholic acid (CDCA) and lithocholic acid 
(LCA) have greater effects on cell viability’  and mitochondrial func­
tion than other BAs.^  ̂They are also more toxic than their own glyco- 
and tauro-conjugates/-^^ In partitioning experiments these BAs are 
lipophilic relative to other less toxic physiological BAs suggesting 
that lipophilicity and toxicity are associated or even correlated. 
The activation of PKC in vitro in constituted micelles correlated with 
chromatographic measures of hydrophobicity for DCA. ursodoexy- 
cholic acid (UDCA), CA and CDCA but especially with their taurine 
conjugates.^"* In a HCT116 cell line, growth arrest and apoptosis 
roughly paralleled a RPHPLC hydrophobicity ranking for a range of 
16 BAs, though interestingly the behaviour of DCA and CDCA was 
not contiguous with the rest of the series.^^ LCA, DCA and CDCA oc­
cupy the toxic/hydrophobic end of the spectrum of common BAs but

their toxicity may not be attributable to their hydrophobicity alone. 
In a recent study, natural bile acids LCA, CDCA and DCA were re­
ported to initiate more apoptosis than their enantiomers enf-LCA, 
ent-CDCA and enf-DCA in HT-29 and HCT-116 cell lines. However, 
hydrophobic interactions are predicted to be identical in enantio­
meric pairs unless the environment is itself chiral.^®- ’̂

In order to further explore the requirements for BA toxicity we 
constructed a panel of 37 naturally occurring and synthetic bile 
acids (Fig. 1). We sought to enrich the panel with new hydrophobic 
BAs. We focused especially on compounds related to UDCA and 
DCA being the prototypical cytoprotective and cytotoxic BAs, 
respectively. We were drawn in this regard towards azido ana­
logues since the azide group is well known to enhance lipophilic­
ity. We evaluated the relative polarity and effect on cell viability 
in the human oesophageal HET-IA cell line. We chose this line be­
cause of our ongoing investigation into the role of BAs in provoking 
oesophageal cancer. The objective of the present study was to

O H
C D C A C A

X=CH2CH2C00H
X=CH2CH2C0 NH(CH2)2S0 3 H
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Figure 1. Structures o f BAs.
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characterize the relationship between cytotoxicity and polarity 
and to investigate if toxicity is related to functional group type 
and arrangement in synthetic and natural BAs.

2. Results and discussion

2.1. Synthesis

A group of 16 BAs was assembled from gifts and commercially 
available products. This was augmented with 21 compounds previ­
ously reported and synthesised for this study or newly prepared 
and characterised (compound identity synthesised using conven­
tional methods was confirmed from references listed in Table 1). 
UDCA and DCA 3-azides were synthesised as outlined in Scheme 
1 from the respective protected BAs 38 and 41, which were pre­
pared in three steps from the parent BAs. Introduction of 3a-azides 
(15, 26) (i.e., with retention of configuration) was accomplished by 
generating first the p-bromides (39, 42). The p-azides (16, 27) 
could be obtained by direct SN2 substitution on the a-mesylates 
(40, 43). Similarly, the 7-p azido analog of UDCA (34) was gener­
ated by treating the appropriately protected CDCA-derived mesy­
late (45) with NaNs in DMPU followed by deprotection in 
aqueous base. The 24-azido UDCA (23) was prepared by UAIH4 

reduction of UDCA to alcohol 22 followed by regioselective mesy- 
lation of the primary alcohol in cold solvent. Chromatographic iso­
lation yielded the 24-mesylate (46) (and 3ot, 24 dimesyloxy UDCA)

in pure form after which azide substitution with NaNa in DMPU 
afforded the 24-azide. By performing various conventional side 
chain (Scheme 2) and 3-OH transformations (including the 
3-deoxy compound 17), we assembled a panel of 15 UDCA analogs 
in which the 7-pOH group was conserved (Fig. 1). Notably, eight of 
these retained an ionizable side chain (7-9, 15-19). For compari­
son, seven DCA analogs were assembled along with LagoDCA (28) 
the epimeric 12-pOH compound (Fig. 1). A third panel consisted 
of five oxosteroid analogues (29-33).

2.2. Reverse phase thin layer chromatography (RPTLC)

RPTLC has been used widely for lipophilicity determination 
including for BAs.̂ ®-̂ ® Relative to LOGP/D experiments it has the 
usual chromatographic advantages; relative to HPLC it has higher 
throughput and, for generally UV transparent analytes such as 
BAs, it permits simple post-chromatographic derivatization. We 
developed the RPTLC approach here using commercially available 
BAs UDCA, CDCA, CA and DCA along with their glycine and taurine 
conjugates (compounds 1-12). The relationship between retention 
and pH was assessed in the pH range S.4-8.4 for this group. The 
approach was optimised with respect to pH and solvent composi­
tion before application to the wider panel of compounds. Over four 
concentration levels in the organic modifier concentration range 
(0) 50-80% the relationship with was linear (r^ >0.99) which al­
lowed the Rmw to be estimated by extrapolation:

T able  1
BAs physicochem ical p ro p erties  (/?mw. to ta l hydrophob ic  surface area  (HSA), to ta l po lar surface area  (PSA))

C o m pound  n u m b e r  an d  triv ia l n a m e Rmw HSA (A^) PSA (A^) Cell v iab ility  a t2 4  h 
5 0 0 (n M )(H E T -lA )

C C 5o(|iM )(95%  Cl) Cell v iab ility  at 
2 4 h  5 0 0 ( n M )(H u h 7 )

1 CDCA 4.193 458 157 0.422 2 1 6 ( 1 3 4 -3 4 6 ) 0 .723
2  GCDCA 2.926 45 0 2 3 0 1.116 nd 1.146
3  TCDCA 2.597 521 233 1.300 729 1.053
4  CA 3.25 433 183 1.016 1075 (9 1 0 -1 2 7 0 ) 0 .908
5 GCA 2.243 43 0 237 1.121 nd 0 .879
6 TCA 1.908 493 254 1.052 nd 0 .877
7  UDCA 3.35 452 164 0.788 1313 (9 9 7 -1 7 2 7 ) 0 .7 4 0
8  GUDCA 2.124 452 2 3 4 1.073 1002 (7 5 3 -1 3 3 3 ) 1.049
9  TUDCA 1.717 520 231 1.092 nd 1.038
10 DCA 4.023 45 4 156 0.412 2 5 7 ( 1 9 9 -3 3 2 ) 0 .5 7 0
11 CDCA 2.926 455 222 1.148 nd 1.062
12 TDCA 2.529 517 2 2 9 1.113 1237 1.050
13 MeUDCA^^ 4 .776 514 146 0.943 nd 0 .812
14 UDCA-24NH2’« 4 .54 447 185 0.397 161 (1 1 5 -2 2 5 ) 0 .5 0 0
15 UDCA3otN3 5.412 445 205 0.368 45 (2 8 -7 0 ) 0 .266
16 UDCA3pN3 5.452 44 6 194 0.303 37 (3 0 -4 4 ) 1.009
17 3deoxyUDCA^^ 5 .304 475 145 0 .399 3 0  (2 2 -4 0 ) 0 .237
18 N or UDCA^° 3.395 427 158 0.888 nd 0 .718
19 BisNorUDCA**' 3.623 41 6 147 0.805 79 9 0 .748
2 0  UDCA24CN 4.938 44 9 162.3 0 .940 nd 0 .852
21 BisNorUDCACN 3.623 413 155 0.805 nd 0 .873
2 2  UDCA-240H''2 5.032 48 0 140 0.975 nd 0 .445
2 3  UDCA-2 4 N3 5 .299 47 6 181 0 .759 6 8 8 (2 0 6 -1 0 0 0 ) 0.451
2 4  MeDCA**^ 4 .697 512 137 0.281 4 6 ( 3 0 - 6 9 ) 0 .488
2 5  DCA-24NH2^® 3.895 451 176 0 .386 3 9 ( 3 2 - 4 9 ) 0 .252
2 6  DCA3aN3 5.402 441 196 0.307 71 ( 5 9 -8 4 ) 0.371
2 7  DCABpNS*” 5 .454 452 193 0 .354 9 7 ( 7 2 -1 2 9 X 1.085
2 8  UgoDCA-*^ 3.89 4 5 7 158 0 .590 38 9  (2 5 1 -6 0 1 ) 0 .890
2 9  12-KetoLCA^^ 3.66 4 5 7 157 0.818 nd 0 .806
3 0  NCA'*® 4.468 4 5 2 155 0 .769 nd 0 .756
31 NCA3-acetate^^ 5 .638 4 8 0 172 0.472 3 6 6 ( 2 6 0 -5 1 6 ) 0 .777
3 2  3.7.12-ketone'*® 1.925 4 2 5 175 1.109 nd 0 .544
3 3  3,7-diketone'*® 3.266 447 152 0.935 nd 0 .546
3 4  30H .7pN 3 5.466 4 4 0 203 0.290 9 9  (6 5 -1 4 7 ) 0.641
3 5  LCA 5.27 4 7 9 130 0.417 25  (1 7 -3 6 ) 0 .637
3 6  UCA**® 3.011 4 2 9 186 0.808 nd 0 .823
3 7  HCA^“ 4 .407 428 188 0.882 nd 0 .738

The effec t o n  cell v iab ility  re la tiv e  to  c o n tro l in th e  HET-1A cell line  a fte r  24  h in cu b a tio n  is show 'n (n •  6 ) a lo n g  w ith  an  e s tim a te d  CC50 fo r th is . T he e ffec t in th e  h ep a tic  H uh7 
line  w a s  a lso  e v a lu a ted . C o m p o u n d s w e re  in tro d u c ed  in  DMSO an d  cell v iab ility  w as n o rm a lised  to  c o n tro l DMSO a t  th e  sa m e  c o n c en tra tio n .
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Schem e 1. Synthesis o faz idob ile  acids. Reagents and conditions: P(Ph3)3 , NBS. THF. - 1 8  “C to  rt. 1.5 h: ( i i)  NaNa, DMF. 60  °C, 3 d; ( i i i ) 2  M  N aO H /M eO H  (pH  ^ 1 4 ), reflux, 24  h: 
( iv ) MsCI. N E tj, DCM. 0  “C, 20  m in: (v ) N a N j, DMPU, 50 °C .

R m  =  ~S(I> +  Rmw where Rm =  Log( 1 /Rf - 1)

The slope S which is a measure of the degree of responsiveness 
to changes in mobile phase composition was found to be linear 
with Rmw for the set. For the set of 12 development compounds 
Rmw values were estimated at pH 5.4, 7.4, 8.4. In most cases, 
including, unexpectedly, the taurine conjugates, Rmw values were

higher at pH 5.4 than at the latter two pH values, which were sim­
ilar. It was decided therefore to assess the retention for the whole 
group of 37 compounds at pH 7.4 since this was the pH at which 
toxicity was to be determined in the cell-based assay and varia­
tions due to shifts in p K ^  in methanol mixtures had been shown 
to be marginal. The rank order at pH 7.4 for the initial test set of 
12 was: CDCA~DCA»UDCA>CA>GDCA>GCDCA>TCDCA>TDCA
>GCA>GUDCA>TCA>TUDCA, This is roughly as expected and in 
accordance with numerous studies on the relative chromato-
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Scheme 2. Synthesis of nitriles: (i) (B0C)20, pyridine, NH4HCO3, rt. 24 h: (ii) trifluoroacetic anhydride/pyridine (1:1): (ill) NaOMe/MeOH reflux. I h: (iv) formic acid, 
perchloric acid 47 °C. 3 h; (v) THF. rt. 3 h. TFA. trifluoroacetic anhydride. NaN02 0 -5  °C (1 h). 38 -40  “C (2 h).

graphic retention of these bile acids and their conjugates.^” ’ ' 
Retention in RP chromatographic systems is a function of the num­
ber of hydroxyl groups, their topological arrangement and extent 
of ionisation, bearing in mind the differences between glyco- and 
tauro-conjugates.’° Relative retention of the BAs is also influenced 
by organic modifier and stationary phase identity.’ ' The relative 
retention of unconjugated CA to UDCA was found to be pH depen­
dent in our system but at pH 7.4 CA (3.25) was slightly more polar 
than UDCA (3.35) which accords with its greater hydrophilicity in 
other measures such as Log D and water solubility.’  ̂On the other 
hand the UDCA conjugates GUDCA and TUDCA were more polar 
than the corresponding CA conjugates. There was a significant in­
verse correlation between and estimated polar surface area 
(r^-0.81) in this set, little correlation with hydrophobic surface 
area (r  ̂= 0.15) and a moderate positive correlation with the ratio 
of HSA to PSA (r  ̂= 0.65). Associations with these global properties 
are strongly influenced by variation in molecular size and substitu­
tion pattern. For example, tauro- and glyco-conjugates have in­
creased HSA and PSA relative to the unconjugated compounds 
and hence the HSA: PSA ratio does not reflect the decreased 
Rmw data for the whole set at pH 7.4 is presented in Table 1.

The panel as a whole (1-37) exhibited satisfactory dispersion 
and range in lipophilicity as reflected in Rmw (1.717(9)- 
5.466(34)) (Table 1). The six azido-analogs were highly lipophilic 
as expected. Indeed the azides with ionizable side chains were 
more highly retained than some of the non-azido neutral com­
pounds. However, on the whole the neutral compounds such as 
the esters and amides yielded Rmw values above the median. Intro­
duction of keto (0 x0 ) groups at the 3,7 and 12 positions has the ef­
fect of depressing hydrophobicity by promoting water access to 
both faces of the steroid̂ ®'̂ ® and this had the expected effect on 
Rmw through compounds 29-33.

2.3. Effects on cell viability

Cell viability in the oesophageal HET-IA line was determined at 
an initial BA test concentration of 500 nM for all compounds in the 
set over 24 h (Fig. 2). This high concentration (pharmacologically) 
has been widely used to evaluate BA toxicity. It has been reported 
that 500 nM DCA causes cell death through apoptosis rather than 
necrosis.'® Moreover, BAs can achieve this concentration in vivo 
and during UDCA treatment.”  ’ "' In the present case it allowed rel­
ative toxicity assessment of compounds that are moderately cyto­

toxic. Where we observed a significant effect on cell viability at 
500 |iM, the experiment was repeated at successively lower con­
centration in order to estimate a CC50 value (half maximal cyto­
toxic concentration). In a number of cases the experiment was 
repeated at increasing concentration up to 10 mM. Concentration 
response curves were not calculated in cases where there were 
poor convergence using a monophasic sigmoid function. The 
500 (iM cell viability values were found to be most useful therefore 
for comparisons and they were consistent with CC50 values in cases 
where these were estimated. It is also worth noting that while the 
results here for classical bile acids are consistent with reported ef­
fects on cell viability using other measures of apoptosis, the MTT 
assay is a reflection of mitochondrial function which could be 
attenuated in cells that are nonetheless alive. On the other hand 
BA induction of apoptosis is to a significant extent due to mitroc- 
hondrial interactions directly and indirectly.

In this context the following general structure-cytotoxicity 
observations can be made: (i) glycine and taurine conjugates of 
CA, CDCA, DCA and UDCA were not cytotoxic at 500 |.iM, There 
was in these cases a trend towards increased cell proliferation 
which only achieved statistical significance in the case of TDCA. 
Three of these compounds (3, 8, 12) did trigger cell death when 
the concentration was raised to >1 mM, The conjugates and least 
toxic unconjugated BAs caused cell death at a similar concentra­
tion suggesting that for these compounds the mechanism of cell 
death was not structure specific and at such high concentration 
attributable to detergency and necrosis. The HET-IA cell line is 
not known to express a BA transporter and therefore considered 
impermeable to the BA conjugates: (ii) CDCA, DCA and particularly 
LCA were potently cytotoxic as expected (Table 1); (iii) all of the 
ionisable azido compounds were potently cytotoxic. The UDCA 
and DCA 3-azido analogues were significantly more toxic than 
the parent compounds. Indeed the UDCA 3-azides were more toxic 
than the corresponding DCA compounds. The 7p-azido compound 
(34) was also cytotoxic (CC50 99 |,iM) however the UDCA-based 
24-azide had not effect on cell viability at 500 l̂M despite its high 
lipophilicity; (iv) the DCA and UDCA primary amides (25, 14) 
markedly reduced viability (CC50 39, 161 |iM, respectively); (v) in 
contrast, the DCA methyl ester (24) was more toxic that DCA itself 
but the UDCA analogue 13 was not more toxic than UDCA, DCA 
methyl ester 24 was not acting as a prodrug for DCA In this context 
because it could be recovered unchanged from the medium at 
24 h: (v) the 3-deoxy UDCA compound (17) (an isomer of LCA)



R. Sharma et al./Bioorg. Med. Chem. IS (2010) 6886-6895 6891

w as h ighly toxic; (vi) a p a r t from  th e  am ide  14, th e  UDCA side chain 
analogs (1 8 -2 3 )  w h ich  are  n eu tra l and  hydrophob ic  w ere  n o t cy to ­
toxic; (vii) ox idation  o f  th e  s te ro id  secondary  alcohols to  k e tone  le­
vel w as associa ted  w ith  a redu c tio n  in cyto tox icity . This is 
c o n s isten t w ith  th e  rep o rted  h aem oly tic  p o ten tia l o f  th is 
series.̂ *-̂ ®

Overall, th e  m o st po lar co m p o u n d s w ere  leas t cy to tox ic  and 
th e re  w as an  associa tion  b e tw een  lipoph ilic ity  an d  toxicity  w ith  
so m e im p o rta n t excep tions, w h ich  are  d iscussed  below . The azido  
and  am ide  analogs w ere  stab le  over th e  tim e  co urse  o f  th e  ex p er­
im en ts  as ev idenced  by TLC/HPLC.

2.4. Relationship betw een lipophilicity and cell viability 
in the HET-1A cell line

A re la tio n sh ip  b e tw een  lipophilic ity  and  toxicity  o f BAs has 
been  sp ecu la ted  to  ex is t for som e tim e  based  m ainly  on the  con ­
tra s tin g  b eh av io u r o f  LCA, DCA and CDCA and  m ore po lar di- and 
tri-h y d ro x y  BAs such as UDCA and  CA. In th e  p re sen t se t o f  37 co m ­
p o unds th e re  w as a sign ifican t negative co rre la tion  b e tw een  Rmw 
and cell v iab ility  a t 24 h (r^ = 0.6) (Fig. 3). A sim ilar significance 
level w as ach ieved  using  th e  sp a rse r  CC5 0  values. The stren g th  of 
th e  associa tion  w as significantly  increased  w h en  th e  neu tra l
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compounds w ere excluded (Fig. 3B: = 0.82, ii = 29). This m ight be
explained by differences in ionization betw een the neutral and acid 
compounds that overwhelm  m ore subtle retention interactions. 
However, in the group of neutral com pounds (n = 8) there  was a 
very weak association betw een Rmw and cell viability (r^ = 0.11). 
The correlation betw een Rmw and toxicity may therefore be contin­
gent on BA amphilicity.

It is notable th a t DCA, CDCA and LagoDCA are out of trend 
(Fig. 38) being significantly m ore toxic than predicted on the basis 
of f?Mw This may be evidence for an additional more specific m ech­
anism  for cell death induction in these cases. Interestingly, these 
three BAs are reported to depart from the norm  in prosecretory 
behaviour and toxicity tow ards colon cells.'®-^^

Excellent correlations w ere obtained for the ionisable UDCA 
group (r^ -  0.96, n -  8) and the ketone panel (r^ -  0.97, n -  5) 
(Fig. 3C and D); focussing in this way on relatively homologous 
groups m inimizes confounding structural factors. It would be 
interesting to assess correlations in even m ore homologous BA ser­
ies with diverse lipophilicity such as fluoro- or m ethyl-substituted 
BAs. There w ere no significant correlations betw een the in silico 
bulk hydophobicity/polarity indices (HSA, PSA) and cell viability, 
consistent w ith the idea th a t (relative) BA hydrophobicity/lipophil- 
icity is a shape dependent property^'’ th a t is better predicted 
chromatographically.^®

2.5. Relationship betw een lipophilicity and cell viability 
in the Huh7 cell line

In order to assess the generality of the findings m ade in the 
oesophageal cell line, we evaluated the effect of the compounds 
on the MTT signal in the Huh7 cell line at 24 h (SOOuM, n = 3; 
Table 1). This cell line is a hum an hepatic carcinoma cell line with 
significantly different characteristics to the  HET-IA line (hepatic 
versus oesophageal, cancer versus normal). Nevertheless we were 
able to make som e interesting observations. The mean MTT signal 
was sim ilar in both sets (0.75). Overall there was a weak correla­
tion betw een MTT values betw een the two sets (r^ -  0.28). There 
was also a weak correlation in the Huh7 set betw een cell viability 
and lipophilicity (r^ = 0.22). This residual correlation appeared to 
be dependent on the  contribution from the  developm ent set of nat­
urally occurring BAs CA, CDCA, DCA, UDCA, their glyco- and tauro- 
conjugates and LCA (r^ -0 .5 2 , n -  13). The results for these com­
pounds correlated well betw een the two cell lines (r^ -0 .8 ). 
Amongst the rest of the com pounds (n = 24), m ainly synthetic 
BAs, there was no relationship betw een lipophilicity and cytotoxic­
ity in the hepatic cell line. The cytotoxicity in the hepatic cell line 
seem ed in general to be m ore structure  dependent and less on lipo­
philicity. For example, w hereas in the HET-IA cell line, the 3oi- and 
3p-azides of UDCA and DCA w ere all cytotoxic, in the  Huh? line, 
the  a -  and p-compounds diverged: the a-azides of UDCA and 
DCA (15, 26) w ere toxic w hereas the p-azides w ere not. This had 
a significant effect on the strength of the  correlation in the UDCA 
set in the Huh7 cell line which was otherw ise strong. The 24-azide 
and -alcohol com pounds (23, 22) were significantly m ore toxic in 
the  Huh7 cell line than  in the  HETl-A line. W hether these observa­
tions are attributable to differences in metabolic com petency (and 
detoxification) or to intrinsic cytocidal effect they suggest pros­
pects for selective toxicity.

3. Conclusions

In BAs, azido substitution is associated w ith enhanced toxicity 
and the  azide group may therefore be a useful design tool for 
BA-based cytotoxic agents. Azide orientation may be im portant 
in determ ining toxicity w hich could be useful in the design of

selective cytocidal agents. Simple DCA and UDCA am ides also hold 
promise in this regard. RPTLC retention extrapolated to  zero organ­
ic modifier was predictive of BA toxicity in the HET-IA cell line and 
it could be a useful high throughput tool for cytotoxic BA discovery 
and developm ent in this context. This is the first direct linear cor­
relation betw een BA toxicity and a lipophilicity param eter that we 
are aware o f

The lipophilicity-toxicity correlation was strongest w ith acidic 
BAs and it was especially strong in structurally homologous sub­
groups. We are unable to say w hether the  association is due to a 
hidden comm on factor, m em brane-perturbation  effects or w hether 
it is a reflection of a capacity to bind specifically to unidentified BA 
target proteins: correlations betw een lipophilicity and affinity/po­
tency are well known. Significantly, the correlation broke down for 
non-ionizable lipophilic BAs, and it does not fully account for the 
toxicity associated w ith DCA, CDCA and LagoDCA. Apart from the 
naturally occurring bile acids and their conjugates, the correlation 
betw een lipophilicity and cytotoxicity did not hold in a hepatic 
carcinoma cell line (Huh7). Collectively, the results indicate that 
the relationship betw een lipophilicity and toxicity is complex, 
and probably indirect.

4. Experimental

4.1. Synthesis

Uncorrected m elting points w ere obtained using a Stuart'* m elt­
ing point SMPl 1 m elting point apparatus. Spectra w ere obtained 
using a Perking Elmer 205 FT Infrared Paragon 1000 spectrom eter. 
Band positions are given in cm '.  Solid sam ples w ere obtained by 
KBr disk: oils w ere analyzed as neat films on NaCI plates. 'H and 
” C spectra w ere recorded at 27 °C on a Bruker Advance II 
600 MHz spectrom eter (600.13 MHz 'H, 150.91 MHz '^C) and Bru­
ker DPX 400 MHz FT NMR spectrom eter (400.13 MHz ’H, 
100.16 MHz '^C), in either CDCI3 or CD3OD, (tetram ethylsilane as 
internal standard). For CDCI3, ’H NMR spectra w ere assigned rela­
tive to  the TMS peak a t 0.00 d and '^C NMR spectra w ere assigned 
relative to the m iddle CDCI3 triplet at 77.00 ppm. For CD3OD, ’H 
and ’^C NMR spectra w ere assigned relative to the centre peaks 
of the CD3OD m ultiplets a t 3.30 it and 49.00 ppm, respectively. 
High resolution mass spectrom etry (HRMS) was perform ed on a 
Micromass mass spectrophotom eter (El m ode) at the Departm ent 
of Chemistry, Trinity College. HPLC was perform ed on a reverse 
phase 250 mm x 4.6 mm W aters Spherisorb ODS-2, 5 [.im column 
using a W aters Alliance 2695 chrom atograph equipped w ith an 
autosam pler, colum n oven and dual wavelength detector. The flow 
rate was 1 m l/m in w ith a m obile phase consisting of 40% phos­
phate buffer pH 2.5 and 60% acetonitrile a t tim e 0 and grading to 
85% acetonitrile a t 4 min. Injection volume was 20 |il, and areas 
determ ined at 254 nm. The isocratic HPLC m ethod was aqueous 
phosphate buffer solution pH 2.5 40% and acetonitrile 60%. Flow 
rate was 1 m l/m in. Flash chrom atography was performed on 
Merck Kieselgel 60 particle size 0.040-0.063 mm. TLC was per­
formed on silica gel Merck F-254 plates. Compounds w ere visually 
detected by absorbance a t 254 nm and/or vanillin staining.

BAs 1-12  and 35 (Table 1) w ere obtained from Sigma-Aldrich 
Chemical Co. (St. Louis, MO, USA). UCA and HCA (36 ,37) were a gift 
from Professor B. Natalini (University of Perugia). Identity of all BAs 
was confirmed w ith ’H NMR, ’^C NMR and HRMS. Purity was con­
firmed by HPLC and TLC.

4.1.1. 24-M ethyl 3p-bromo, 7p-acetoxy-Sp-cholanoate (39)
Triphenylphosphine (0,170 g) was added to a stirred solution of 

38 (0.145 g) in anhydrous THF(15 ml) and the m ixture was cooled 
to  -1 8  °C. N-Bromosuccinimide (0.115 g) was added dropwise and
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the m ixture allowed to warm  to room tem perature. After 1.5 h, 
w hen TLC analysis showed no m ore starting material, the reaction 
m ixture was poured into w ater (50 ml) and extracted with ethyl 
acetate (3 x 50 ml). The organic phase was dried over MgSO^, fil­
tered and the solvent was evaporated under reduced pressure. 
The product was separated by flash chromatography, using hex­
ane/ethyl acetate 3:1 as mobile phase to yield colourless oil 
(0.151 g, 91%). 'H  NMR .!> (CDCI3): 4.76 (s, IH, 3a-H), 4.69 (m, IH, 
7a-H), 3.67 (s, 3H. -O -C H 3 ), 2.00 (s. 3H, 7-C=OCH3), 1.06 (s, 3H,
19-CH3), 0.93 (d, 3H, i  = 6.53Hz, 2I-CH3), 0.69 (s, 3H, I 8-CH3). 
'^C NMR ppm  (CDCI3): 174.83 (C=0, 24-C), 170.81 (C=0, 
7-0 C=0 CH3), 74.01 (CH, 7-C), 51.64 (CH3, OCH3), 21.97 (CH3, 7- 
C=0 CH3). IRvm ax (DCM): 3435.54, 2948.89, 1729.41, 1646.49 and 
1243.23 cm '. HRMS: Found: (M -N a)^ = 533.2249.

4.1.2. 3a-Azido, 7p-hydroxy-5p-cholanoate (15)
To a stirred solution of 39 (1.876 g) in anhydrous N.N-DMF 

(40 ml) was added 5 equiv NaN3 (1.192 g) at 60 °C. The mixture 
was stirred overnight then poured into saturated aqueous NaHCOs 
(150 ml) and extracted w ith ethyl acetate (3 x 100 ml). The organ­
ic phase was washed w ith brine (200 ml), dried over MgS04, fil­
tered and the solvent was evaporated in vacuum. The product 
was separated on a flash column (hexane/ethyl acetate 9:1) to 
yield orange foam (1.258 g, 72%). The azide (0.150 g) was dissolved 
in m ethanol (15 ml) to which was added 2 M sodium  hydroxide 
solution to pH ~14  and stirred a t reflux for 1 day, when TLC anal­
ysis showed the hydrolysis was complete. Then the reaction mix­
ture was poured into 1 M HCI solution (50 ml) and extracted 
with ethyl acetate (3 x 50 ml). The organic layer was washed with 
w ater (2 x 100 ml) and brine (1 x 100 ml), dried over Na2S04, fil­
tered and the solvent was removed under reduced pressure to give 
the product as a light yellow solid (0.131 g, 99%). ’H NMR <5 
(CDCI3): 3.60 (m, IH, 7a-H), 3.30 (m, IH, 3p-H), 0.98 (s, 3H, 19- 
CH3), 0.96 (d, 3H, J = 6.53Hz, 2 I-CH3). 0.69 (s, 3H, I 8-CH3). ” C 
NMR ppm (CDCI3): 180.19 (C=0, 24-C), 71.68 (CH, 7-C), 61.30 
(CH, 3-C). IRv„,,,x (KBr): 3375.06, 2934.00, 2867.03, 2093.18. 
1690.57 and 1255.27 cm ’. HRMS: Found: (M -N a)* = 440.2896.

4.1.3. 24-M ethyl 3ai-(niethylsuIfonyl)oxy, 7p-acetoxy-5p- 
cholanoate (40)

To a solution of 38 (1 g) and triethylam ine (0.34 ml) in anhy­
drous dichlorom ethane (30 ml) was added m ethanesulfonylchlo- 
ride (0.26 ml in 10 ml anhydrous DCM) dropwise at 0°C and 
stirred for 20 min. Then, cooled w ater (50 ml) was added to the 
mixture, which was separated and the aqueous phase was ex­
tracted w ith DCM (2 X 40 ml). The organic phase was washed with 
brine (100 ml), dried over MgSO^, filtered and the solvent was re­
moved under reduced pressure to give colourless oil as product 
(1 .115g, 95%). ’H NMR d (CDCI3 ): 4.77 (m, IH , 7a-H), 4.62 (m, 
IH , 3P-H), 3.68 (s, 3H, -O -C H 3 ), 3.02 (s, 3H, -OSO2 CH3 ). 2.00 (s. 
3H, 7-C = 0 CH3), 0.99 (s, 3H, I9-CH3), 0.94 (d, 3 H ,; = 6.02 Hz, 21- 
CH3 ), 0.69 (s, 3H, I 8 -CH3 ). '^C NMR ppm  (CDCI3 ): 174.82 (C=0, 
24-C), 170.70 (C=0, 7-0C=0CH3), 81.72 (CH, 3-C), 73.42 (CH, 
7-C), 52.68 (CH3, -OSO2 CH3 ). 51.64 {CH3, OCH3), 21.92 (CH3, 7- 
C=0CH3). IRvm« (DCM): 3436.82, 2950.45, 2873.89, 1729.45, 
1646.30 and 1173.83 cm ’. HRMS: Found; (M -N a)* = 549.2858.

4.1.4. 3p-Azido, 7p-hydroxy-Sp-cholanoate (16)
Compound 40 (0.705 g) and sodium  azide (0.870 g) in DMPU 

(20 ml) w ere stirred at 50 °C for 11 days (TLC hexane/ethyl acetate 
3:1) then poured into w ater (50 ml) and extracted w ith ethyl ace­
tate  (3 X 50 ml). The organic phase was w ashed w ith brine 
(100 ml) dried over MgS04, filtered and the solvent was removed 
under reduced pressure to give the crude product as yellow oil. 
This was flash colum ned using 5% then 10% ethyl acetate in hexane 
as mobile phase to yield w hite solid as product (0.537 g, 85%). 'H

NMR ^ (400M Hz, CDCI3): 4.74 (m. IH, 7oi-H). 3.95 (s, IH, 3a-H), 
3.68 (s, 3H, -O -C H 3). 2.00 (s, 3H, 7-C=OCH3), 1.01 (s, 3H,
19-CH3), 0.93 (d, 3H, ;  = 6.53H z, 2 I-CH3), 0.69 (s, 3H, I 8-CH3). 
'^C NMR ppm (CDCI3): 174.52 (C=0, 24-C), 170.52 (C=0, 
7-0 C=0 CH3), 73.47 (CH, 7-C), 57.94 (CH, 3-C). 51.33 (CH3. OCH3), 
21.65 (CH3, 7-C=0 CH3). IRvmax (DCM): 3445.10, 2946.85, 
2871.37, 2102.43, 1736.79 and 1248.22 cm '. HRMS: Found: 
(M -Na)* = 496.3164. The crude ester azide was hydrolysed as de­
scribed above (4.1.2) yielding the  azide (16) as a w hite solid. 'H 
NMR S (CDCI3): 3.93 (s, IH, 3a-H), 3.55 (m, IH, 7a-H), 1.00 (s, 
3H, 19-CH3), 0.96 (d, 3H, j  = 6.02H z, 2 I-CH3), 0.70 (s. 3H, 18- 
CH3). ’^C NMR ppm (CDCI3): 179.81 (C =0, 24-C), 71.54 (CH, 7-C). 
58.42 (CH, 3-C). IRvmax (KBr): 3330.87, 2929.30, 2867.30, 2103.92, 
1687.49 and 1243.05cm  ’. HRMS: Found: (M) =416.2913.

4.1.5. 3a,7p-Dihydroxy-5 p-cholan-24-nitrile (20)
Formyl UDCA am ide (48) (0.42 g) was dissolved in dry THF 

(10 ml) a t 0°C. Pyridine (150 (il) and trifluoroacetic anhydride 
(270 nl) w ere added to this m ixture. After completion of the reac­
tion as m onitored by TLC (10 h) the solvent was removed in vacuo 
and the residue redissolved in ethyl acetate (20 ml) w hich was 
then washed w ith HCI (3 x 20 ml) and w ater to neutrality. Chro­
m atographic elution w ith ethyl acetate/hexane (1:1) afforded a 
w hite solid. Sodium (0.2 g) w as added to m ethanol (10 ml) to form 
an excess of sodium methoxide. The formyl nitrile obtained in the 
above reaction was added to this solution which was then  refluxed 
for 2 h. After 2 h the reaction was cooled to room tem perature  and 
added to w ater (20 ml). The nitrile product (20) was extracted with 
ethyl acetate. The organic layer was then  washed w ith w ater 
(3 X 20 ml) and dried (MgSO^). The solvent was removed in vacuo 
to yield a w hite solid (0.3 g, 78%). ’H NMR S (MeOD) 3.50 (m, 2-H, 
3-p H, 7-ot H), 2.8 (m, 1-H, 20-CH), 1.00 (d, 3-H, J  = 6.02 Hz. 21- 
CH3), 0.98 (s, 3-H, I 9-CH3), 0.75 (s. 3-H, I 8-CH3). ” C NMR ppm 
(CDCI3): 124 (CN, 22-C), 71 (3-C, 7-C). HRMS: Found: (M -Na)* 
396.2867.

4.1.6. 3a,7p-Dihydroxy-24-bisnor-Sp-cholane-22-nitrile (21)
Formyl protected norUDCA (3.5 g) (18) was stirred in trifluoro­

acetic acid (4 ml) and trifluoroacetic anhydride (1 ml) a t 0 -5  °C un­
til dissolution was complete. Sodium nitrite (0.786 g) was then 
added in small portions, waiting for the  salt to react betw een addi­
tions. After addition the m ixture w as stirred at 0 -5  °C for 1 h. The 
m ixture was then  w arm ed to 3 8 -4 0  °C and left to stir for another 
2 h. The brown solution was cooled to room tem pera ture  and 
added to a m ixture of water/1 M NaOH (1:1, 50 ml). The nitrile 
was extracted w ith ethyl acetate and w ashed w ith NaOH 
(4 X 20 ml) and w ater to neutrality. The ethyl acetate was dried 
(MgS04) and removed in vacuo to  yield an off w hite  solid. Sodium 
(1 g) was added to  MeOH (50 ml) to  form an excess of sodium  
m ethoxide. The formyl bisnornitrile obtained in the  above reaction 
was added to this solution and refluxed for 2 h. After 2 h the reac­
tion was cooled to room tem perature  and added to w ater (100 m l). 
The title com pound was extracted w ith ethyl acetate. The organic 
layer w as then  washed w ith w ater (3 x 20 ml) and dried (MgS04). 
The solvent was removed in vacuo to yield a w hite  solid (2.6 g, 
94%). ’H NMR ,5 (CDCI3) 3.48 (m, 2-H, 3-p H. 7-ot H), 2.8 (m. 1-H,
20-CH), 1.34 (d, 3-H, 7 -7 .0 2  Hz, 21-CH3), 1.00 (s, 3-H, 19-CH3), 
0.76 (s, 3-H, I 8-CH3). '^C NMR ppm  (CDCI3): 124 (CN, 22-C), 71 
(3-C, 7-C). HRMS: Found: (M)- = 344.2590.

4.1.7. 3a,7p-Dihydroxy-5 p-cholan-24-azide (23)
3a,7p,24-Trihydroxy-5 p-cholane (0.2 g) (22) was dissolved in 

dry pyridine (4 ml) at 0 °C followed by the addition of m ethane sul- 
fonyl chloride (63 nl). After 20 min the reaction was quenched by 
adding crushed ice and the com pound was extracted with ethyl 
acetate (2 x 10 ml). The organic layer was washed w ith cold w ater
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(2 X 20 ml), cold HCl (2 x 20 ml) and dried (MgS0 4 ) to afford a 
white solid (46). TLC of this product revealed starting material 
and a new product spot. Chromatographic elution w ith ethyl ace­
tate afforded a white solid (0.13 g, 53%). The product was dissolved 
in DMPU and treated w ith an excess of NaNs at 50 °C for two days. 
The title compound was obtained by partitioning between ethyl 
acetate and water, followed by successive acid and base wash, 
evaporation and flash chromatography. 'H NMR S (MeOD) 3.5 
(m, 2-H, 3-p H, 7-a H), 3.26 (m, 2-H, 23 -CH2), 0.99 (d, 3-H, 
J = 6.02, 2 I-CH3), 0.95 (s, 3-H, ig-CH,), 0.70 (3-H, s, I 8-CH3). ” C 
NMR ppm (MeOD): 71 (3-C, 7-C), 51 (23-C), IRvmax (KBr) 3341.06. 
2091, HRMS: Found: (M -Na)* = 426.3096.

4.1.8. 24-Methyl 3p-bromo, 12a-acetoxy-5p-cholanoate (42)
Triphenylphosphine (0.821 g) was added to a stirred solution of 

41 (1.035 g) in anhydrous THF (40 ml) and the mixture was cooled 
to -18  °C. N-Bromosuccinimide (1.210 g) was added in three parts 
to the reaction mixture over 1 h and it was allowed to warm to 
room temperature. After 1.5 h, when TLC analysis showed no more 
starting material, the reaction mixture was poured into 1 M HCl 
solution (150 ml) and extracted w ith ethyl acetate (3 x 100 ml). 
The organic phase was washed w ith water (2 x 100 ml) and brine 
( 1  X  1 0 0  ml), dried over MgS04 , filtered and the solvent was evap­
orated under reduced pressure. The product was separated by flash 
chromatography twice, using 30% ethyl acetate first then 0-12% 
ethyl acetate in hexane as mobile phase to yield colourless semi­
solid (0.766 g, 65%). ’ H NMR S (CDCI3): 5.10 (s, IH, 12p-H), 4.80 
(s, IH, 3a-H), 3.68 (s, 3H, -O-CH3), 2.09 (s, 3H, 12-C=OCH3), 1.00 
(s, 3H, I 9 -CH3), 0.83 (d, 3H, y = 6.28 Hz, 2 I-CH3), 0.75 (s. 3H, 18- 
CH3). ’ ^C NMR ppm (CDCI3): 175.07 (C=0, 24-C), 170.85 (C=0, 
12-0 C=0 CH3), 76.41 (CH, 12-C), 51.97 {CH3, OCH3), 21.78 (CH3, 
12-C=0 CH3). IRvmax (KBr): 3444.74, 2940.49, 2873.22, 1736.69 
and 1245.03 cm '. HRMS: Found: (M Na)* = 533.2252.

4.1.9. 3a-Azido, 12a-hydroxy-5p-cholanoate (26)
To a solution of 22 (0.150 g) in methanol (15 ml) was added 2 M 

sodium hydroxide solution to pH ~14 and stirred at reflux for 
1 day, when TLC analysis showed the hydrolysis was complete. 
Then the reaction mixture was poured into 1 M HCl solution 
(50 ml) and extracted w ith ethyl acetate (3 x 50 ml). The organic 
layer was washed w ith  water (2 x 100 m l) and brine 
(1 X  100 ml), dried over Na2S0 4 , filtered and the solvent was re­
moved under reduced pressure to give the product as a light yellow 
solid (0.131 g, 99%) mp 88 °C. 'H  NMR <5 (CDCI3): 4.01 (s, IH. 12p- 
H), 3.35 (m, IH , 3p-H), 1.01 (d, 3H,y = 6.03 Hz, 2 I-CH3), 0.94 (s, 3H, 
19-CH3), 0.70 (s, 3H, I 8-CH3). ’ ’ C NMR ppm (CDCI3): 179.80 (C=0, 
24-C), 73.29 (CH, 12-C), 61.40 (CH, 3-C). IRvmax (KBr): 3440.00, 
2941.49, 2866.14, 2090.46, 1709.85, 1679.00 and 1246.00cm-'. 
HRMS: Found: (M -Na)* = 440.2878.

4.1.10. 24-Methyl 3a-azido, 7p-acetoxy-5p-cholanoate (22)
To a stirred solution of 19 (1.876 g) in anhydrous N,N-DMF 

(40 ml) was added 5 equiv sodium azide (1.192 g) at 60 °C. The 
mixture was stirred overnight then poured into std. NaHCOs 
(150 ml) and extracted w ith ethyl acetate (3 x 100 ml). The organ­
ic phase was washed w ith brine (200 ml), dried over MgSO^, f il­
tered and the solvent was evaporated in vacuo. The product was 
separated on a flash column (hexane/ethyl acetate 9:1) to yield or­
ange foam (1.258g, 72%). 'H NMR S (CDCI3): 4.76 (6 , IH, 
h  = 5.52 Hz. h  = 5.53 Hz, J3 = 5.01 Hz, 7ot-H), 3.68 (s, 3H, -O-CH3), 
3.28 (m, IH, 3p-H), 2.00 (s, 3H, 7 -C=OCH3), 0.99 (s, 3H, 19-CH3), 
0.94 (d, 3H, J = 6.53Hz, 2 I-CH3), 0.69 (s. 3H, I 8-CH3). '^C NMR 
ppm (CDCI3): 174.52 (C=0, 24-C), 170.40 (C=0, 7 -OC=OCH3), 
73.31 (CH, 7-C), 60.58 (CH, 3-C), 51.32 (CH3, OCH3). 21.63 (CH3, 
7 -C=0 CH3). IRvmax (KBr): 3430.05, 2929.21, 2871.64, 2099.67,

1745.61, 1722.74, 1256.74 and 1164.61cm '. HRMS: Found: 
(M -Na)* = 496.3159.

4.1.11. 3at-Hydroxy, 7p-azido-5p-cholanoate (34)
'H NMR S (MeOD) 3.6369 (m, 1-H, 3 p-H), 3.0519 (m, 1-H, 7 a- 

H), 0.9583 (s, 3-H, 19-CH3), 0.9407 (d, 3 - H J  = 6.02,2 I-CH3). 0.6986 
(s, 3H, I 8-CH3). ” C NMR ppm (MeOD): 180 (C=0, 24-C), 71 (3-C), 
61 (7-C). IRvmax (KBr) 3340.06, 2915.00, 2105.01, 1695.34 and 
1235.21 cm -'. HRMS: Found; (M -Na)* = 440.2889.

4.2. Reverse phase TLC

TLC was performed on pre-coated Cl 8 reversed-phase HPTLC 
(20x10, F254) plates (Merck, Darmstadt, Germany). Test solutions 
were applied in DMSO. The plates were then dried at 40 °C for 
1 h. Plates were developed in a closed chamber at room tempera­
ture across a development distance of 15 cm. Methanol: aqueous 
ammonium acetate (15 mM) adjusted to the required pH w ith  ace­
tic acid was used as the mobile phase. After development, the 
plates were dried under ambient conditions and stained w ith a 
vanillin solution to visualize spots.

4.3. Cell culture

The human oesophageal squamous epithelial cell line HET-IA 
was obtained from American Type Culture Collection (ATCC, Rock­
ville, MD). Cells were cultured in bronchial epithelial cell basal 
medium (Lonza Croup Ltd, Switzerland) supplemented w ith triio ­
dothyronine, insulin, transferrin, retinoic acid, hydrocortisone, hu­
man recombinant epidermal growth factor, epinephrine and 
bovine pituitary extract.

The human hepatoma cell line, Huh7 was a kind gift from 
Dr. Ralf Bartenschlager (Department of Molecular Virology, Univer­
sity of Heidelberg, Germany). Cells were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented w ith 10% foetal 
calf serum and lOOU/ml penicillin/streptomycin. Cultures were 
maintained at 37 °C in a humidified atmosphere containing 5% CO2.

4.4. Calculation of physicochemical descriptors

UDCA was extracted from the X-ray crystal structure bound to 
AKR1C2 (PDB entry IIH I) and visualized in molecular operating 
environment (MOE 2007.09, Chemical Computing Group, Mon­
treal, Canada). Energy minima for the other test bile acids were 
generated from this by modification in MOE using sequential SD 
(100 steps) and TN (1000 steps or to an RMS gradient of 
<0.01 kcal/(mol A)) using the PM3 algorithm. Stochastic searches 
were performed for the conjugates using PM3 over 1000 steps. 
Physicochemical descriptor parameters including hydrophobic 
surface area (ASAH) and polar surface area (ASAP) were calculated 
based on the minimised steroid molecules following a stochastic 
conformational search procedure using the database functions of 
MOE.

4.5. MTT assay

Cell viability was measured using the 3-|4,5-dimethylthiazol-2- 
yl] 2,5-diphenyltetrazolium bromide (MTT) assay. Cells were pla­
ted into 96 well plates at a concentration of 8 x 10 ''cells/ml 
(100 (il/well). After 24 h the cells were treated w ith various bile 
acids at concentrations ranging from 4 nM to 10 mM for a further 
24 h in supplement free medium. Test compounds were main­
tained as 200 mM stock solutions in DMSO. The compounds were 
diluted to the required concentrations w ith medium. No change 
in pH was observed on addition of bile acids to the medium. 
Control wells were treated w ith  BEBM without supplements or
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w ith  PMA 1 |ig /m l as a positive control for cell death. Vehicle con­
trol wells were treated w ith  1% DMSO. After 22 h cells were incu­
bated w ith  20 (il o f MTT solution for a further 2 h. The medium was 
aspirated from the wells and DMSO (100 n l) added to each w ell to 
lyse the cells. The plates were shaken for lO m in  to dissolve the 
formazan crystals and then read on a m ultiw ell spectrophotometer 
at a wavelength o f 570 nm. The absorbance of vehicle controls was 
set as 100% survival and of PMA treated wells as 0%. Cell survival 
rates w ere determined by calculating: (T B)/(V  -  B), where T 
(treated) is the absorbance of bile acid treated cells, B (b lank) is 
the absorbance o f media plus M TT and V (vehicle) is the absor­
bance of vehicle control cells. Values represent the mean + SEM 
of three experiments performed in triplicate. CC5 0  values were esti­
mated from concentration-effect curves generated using nonlinear 
regression models in GraphPad PrismS.

4.6. Statistical analysis

Statistical comparison between groups was carried out using a 
one-sample f-test to examine differences between groups. Data 
are graphically represented as the mean ± standard error of the 
mean (SEM), All data were analysed using GraphPad PrismS. 
p <0.05 was considered to be statistically significant.
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U rsodeoxycholic acid (U D C A ) is used fo r the trea tm e n t o f  hepatic  in flam m atory  diseases. R ecent 
studies have show n th a t U D C A ’s biological effects are partly  g lucocortico id  recep to r (G R ) m ediated . 
U D C A  derivatives were synthesized and  screened fo r ability  to  induce G R  tran slo ca tio n  in a high 
co n ten t analysis assay using the esophageal cancer S K G T -4  cell line. U D C A  derivatives induced G R  
tran slo ca tio n  in a tim e dependen t m an n er w ith  equal efficacy to  th a t o f  dexam ethasone (Dex) an d  with 
greatly  increased potency relative to  U D C A . T he cyc lopropylam ide l a  suppressed  T N F - a  induced 
NF-*-B activ ity  and  it induced G R E  tran sac tiv a tio n , l a  w as unable to  displace D ex from  the G R  ligand 
b ind ing  dom ain  (L E D ) in a com petition  experim ent b u t was capab le  o f  co ac tiv a to r recru itm en t in a 
tim e-resolved fiuorescence energy tran sfe r assay (T R -F R E T ). This represen ts a novel m echanism  o f 
ac tion  fo r a G R  m od u la to r. These derivatives could  result in a new class o f  G R  m odu la to rs.

Introduction

The glucocorticoid receptor (GR") is a member of the nuclear 
rcceptor family o f eukaryotic transcription regulators.' Classi­
cal G R agonists (glucocorticoids, GCs) include the endogenous 
G R  ligand cortisol and its synthetic derivatives. GCs are the 
principal therapies in asthma, rheumatoid arthritis, and inflam­
matory bowel disease.” They also find clinical application in 
neurological conditions and in certain types o f cancer.'^ The G R  
is arguably the most important pharmacological target in 
medicine.

The unliganded G R  resides in the cytoplasm, part o f a 
multimeric complex consisting of the G R  polypeptide and 
chaperone proteins hsp90 and immunophilins, FKBP52, 
FKBP51, Cyp40, and PPS."* Ligand binding causes dissocia­
tion o f chaperones leading to  exposure of nuclear localiza­
tion signals triggering nuclear translocation. Ligand-bound 
G R  may dimerize. Homodimeric G R  has direct and indirect 
effects on a wide spectrum o f transcriptional activities.^ 
Binding to  glucocorticoid response elements (GREs) followed 
by coactivator recruitment results in transactivation o f genes.'’” ^

*To whom  correspondence should be addressed. F or R.S.: phone, 
+35318963350/8962844; fax, +35318962810; E-mail, rsharm a@ tcd .ie . 
F o r  J .F .G .;  p h o n e , + 35318962795; fax , + 35318962793; E-mail, 
g ilm erjf@ tcd.ie.

"A bbreviations: A P -I, activato r protein-1; C D C A , chenodeoxy- 
cholic acid; D C A . deoxycholic acid; Dex, dexam ethasone; G C s, gluco­
corticoids; G R , glucocorticoid receptor; G R E s, glucocorticoid response 
elements; H R M S. high resolution m ass spectrom etry; H PL C , high 
perform ance liquid chrom atography; HCl, hydrochloric acid; LBD, 
ligand binding dom ain; LPS, lipopolysaccharide; M gS 0 4 . m agnesium  
sulfate; M eO H . m ethanol; NF-ifB, nuclear fac to r /c-light-chain-enhan- 
cer o f  activated B cells; PBS, phosphate  buffered saline; P L A 2 IIA . 
phospholipase A 2  HA; PBC, prim ary biliary cirrhosis; PSC, prim ary 
sclerosing cholangitis; T R -F R E T , tim e-resolved fluorescence energy 
transfer; S R C l—4, steroid receptor coactivator 1—4; T LC , thin layer 
chrom atography; T A T, tyrosine am inotransferase; U D C A , u rsodeoxy­
cholic acid.

Homodimers can also bind to  negative G REs, inhibiting gene 
expression.'”'"  Yet another pathway involves direct binding 
to  pro-inflammatory transcription factors such as activator 
p rotein-1 (AP-1) and nuclear factor/c-light-chain-enhancer of 
activated B cells (NF-/fB).^ '" This “ transrepression” effect is 
associated with G R  m onom ers.'’ There has been in the past 
few years an interest in so-called “dissociated steroids” that 
can separate transrepression from transactivation, which is 
associated with steroid side e f f e c t s . S t e r o i d  antagonists 
also cause receptor dissociation and nuclear translocation but 
with limited transcription. G C  antagonists are being investi­
gated in a range o f indications including, psychotic depres­
sion, diabetes, obesity, Alzheimer’s disease, neuropathic pain, 
drug abuse, and glaucom a.'^ Thus it is possible to  envisage 
ligands capable of inducing G R  translocation but associated 
with a more limited repertoire o f transcriptional activities than 
classical G C agonist. Mechanistically, such com pounds 
should bind nonclassically, influencing G R  self-association 
and recruitment o f transcriptional machinery.'"^

UD CA  (UD C A , 1, Figure 1), a traditional medicine, is used 
a t high dose in the treatm ent o f primary biliary cirrhosis 
(PBC) and primary sclerosing c h o la n g it is .T h e  biochemical 
basis for U D C A 's actions remains somewhat obscure 
although it is the subject of extensive investigation. UDCA 
exhibits antiapoptotic action in hepatic"'— and nonhepatic 
cell lines,^'’ "'* and it has neuroprotective actions.^^~"^ It has 
putative chemopreventative effects in colon cance,r'** and it 
has been shown to attenuate carcinogenic signaling cascades 
induced by other bile acids. These include inhibition o f protein 
kinase C translocation,"® suppression of p38, M APK, and 
Cox-2 expression'^® as well as reduction in activity of the 
transcription factors AP-1 and NF-/cB.^' U D CA  treatm ent 
reduces serum antim itochondrial and immunoglobulin G 
antibodies.■’" It can also suppress interleukin-2^'^ and inter­
feron y  production'^"* and decrease the hepatocellular and

'•C X X X X  A m eric an  C h em ica l Society p u b s.a cs.o rg /jm c
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Figure 1. Structural form ulas o f U D C A  (1), D CA  (2), C D C A  (3), and Dex (4).

Scheme 1, Synthesis and Structural Formulas of UDCA analogues la —Ik

1 a , X=

1 b , X= ^ N -C H ;P h  

1 c , X= ^NH

I d ,  X= p

1 g , X= N H ^ P h

1 h , X= NH

1i, X= NH 

1j, X= N(Ph), 

1k , X= NH.
1 e , X= NHPh

I f ,  X= NHCH jPh I '

(i) Formic acid/perchloric acid. 47 °C, 3 h; (ii) SOCI2 . reflux, 2 h; (iii) RNH 2 , NEtj, RT; (iv) NaOM e/MeOH, 70 °C, 2 h.

biliary expression of both major histocompatibility complex 
class I and class II molecules in patients with UDCA
can correct the defective natural killer cell activity by inhibit­
ing prostaglandin E2  production in PBC p a tie n ts .U D C A  
has a suppressive effect at the transcriptional level on phos- 
pholipase A? IIA (PLA 2 IIA) in hepatocytes.

These latter effects at a physiological and biochemical level 
are similar to those of GCs.”* There is also a significant body 
of biochemical evidence that UDCA can activate GR path­
ways. UDCA has been reported to induce translocation of 
the GR and to activate the GR in various different cell 
m o d e l s . F u r t h e r m o r e ,  UDCA can suppress NF-/<-B ac­
tivity via activation of the GR.'*' The GR-ligand binding 
domain (LED) is responsible for UDCA-dependent nuclear 
translocation of the GR.'" GR knockdown attenuates UD- 
CA’s inhibitory effects on PLA2 IIA.’**

Taking these studies and UDCA’s clinical history of mini­
mal side effects into account, we decided that it would make an 
excellent lead for the development of a novel class of GR 
modulators.

In this work, a series of bile acid derivatives (Scheme 1) were 
synthesized in order to test this hypothesis. Chronic inflam­
mation in the esophagus has been associated with the patho­
genesis of esophageal adenocarcinoma."*^ Hence we screened 
our derivatives for the ability to modulate the GR in an 
esophageal cancer cell line. We have shown that modification 
at the C24-position of UDCA leads to compounds endowed 
with the ability to induce GR translocation in the low micro­
molar range. These may act as leads for development of GR 
modulators with new transcriptional profiles. The increased 
potency of these analogues makes them useful tools for 
further characterizing UDCA’s effects on the GR and eluci­
dating its mechanism of action.

Results and Discussion

We initially established the ability of UDCA to induce 
translocation of the GR from the cytoplasm to the nucleus in

the esophageal SKGT-4 cell line. UDCA weakly induced 
translocation of the GR from the cytoplasm to the nucleus 
(54% efficacy of Dex 100 nM (4) at 300 (Figure 2A—C). 
This is a similar level of effect to that reported in other cell 
lines. UDCA has three readily manipulable functional groups: 
theC3-, C7-OH, and C24-COOH (Figure 1). UDCA’s ability 
to induce GR trafficking is connected with its C7-/? OH group 
because its C7-epimer chenodeoxycholic acid (CDCA, 3) and 
deoxycholic acid (DCA, 2) do not induce GR trafficking. Our 
initial chemistry therefore focused on manipulating the C24- 
COOH group. This strategy was supported by the observation 
that TauroUDCA (TUDCA) can induce GR and mineralo- 
corticoid receptor (MR) translocation, illustrating that the 
side chain could be modified and that amide derivatives 
of UDCA might be active.'’̂ '*̂  We therefore targeted a 
small chemically diverse library of UDCA amides ( la —k, 
Scheme 1). These were produced in four steps from UDCA by 
formyl protection of the steroidal —OH groups, formation of 
the corresponding acyl chloride (SOCI2 ), amidation with the 
appropriate amine, and deformylation (NaOMe/MeOH).

We produced another set of UDCA derivatives (II—Is, 
Figure 3) in which the acid group was abolished or migrated 
using classical bile acid chemistry.^® '*’

Analogues la —Is were tested in a high content analysis 
assay using immunofluorescence to estimate the nuclear to 
cytoplasmic ratio (Figure 4). The experiment was carried out 
initially at 300 //M for 4 h and repeated at successively lower 
concentration where an effect was observed (Table 1). The 
amide series ( la—Ik) exhibited the highest biochemical effi­
cacy relative to Dex and highest potency. For example, the 
cyclopropyl derivative (la) and lb, Ic, and Id had similar 
efficacy to Dex as reflected in steady-state nuclear/cytoplas­
mic ratio. la - b  were the most potent compounds with EC 5 0  

values of 7.3 and 5.6 fiM, respectively (Figure 2D). Removal 
of the benzyl group in Ic maintained G R  translocation 
efficacy but reduced potency by 10-fold (50.8/<M). The anilide 
(le) did not induce translocation but the benzylamide (If), 
a-methylbenzylamide (Ig) and phenethylamide (Ih) showed
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Kigure 2. U D C A  derivatives induce G R  translocation. S K G T-4  cells were treated w ith  (A ) D M S O  1 % , (B) Dex (100 nM )as  a positive con tro l, 
(C) U D C A  (300/<M), o r (D ) la  (100//M ). Cells were fixed w ith  paraformaldehyde 4%  in PBS after 4 h. The G R  was identified using a mouse 
m onoclonal G R  antibody (green.) and cells were stained w ith  Hoechst (blue) and pha llo id in  (red) to  iden tify  the nucleus and actin cytoskeleton 
respectively. Cells were imaged using the G E  IN  Cell Analyzer 1000. O rig ina l m agnification x  10.

HO 'OH

11, X= (CH2)2CN 
1m, X=CH2CN 
In , X=CN 
1o, X=(CH2)3 0 H 
1p, X=CH2C00H 
1q, X=COOH 
1 r ,  X = ( C H 2 ) 2 C O O P h  

1s, X=(CH2)2 COOMe

Figure 3. U D C A  analogues l l - s .

H  DMSO 1%

UDCA 300  nM

Am ide se rie s  N itr iie /A lcoho ! se ries 
Acid se ries

Dex 100 nM

Esters

a b c d e f g h i k j  l o n m q p r s

Figure 4. Analysis o f  G R  translocation induced by U D C A  deriva­
tives. S K G T-4  cells were treated w ith  D M S O  1 % , Dex 100 nM  as a 
positive control, U D C A  300/^M, or bile acid derivatives as indicated. A ll 
bile acid derivatives were in itia lly screened at 3(X) /<M. Cells were fixed, 
stained, and imaged as described. Original magnification, x  10. GR 
translocation was measured using the Investigator software package. 
Analysis was based on the ratio o f the intensity o f the G R  within the 
nucleus and the intensity in the cytoplasm. Values are normalized to 
nuclear to cytoplasmic ratio o f Dex 100 nM  and are expressed as the 
mean ±  SEM o f two experiments performed in triplicate, * p  <  0.05.

equal efficacy to U D C A  with increased potency, 109.5,123.5, 
and 109.0 //M , respectively. Extending the spacer by one 
carbon abolished activity ( l i ) .

Table 1. EC50 Values for GR Translocation o f U D C A  ( I)  and Selected 
Modified Bile Acids "

compd

ECso 
(//M , 95% C l) 
(% efficacy*)

I 298.7 (151-432) (54)
la 7.3 ( I- I4 )( IO O )
lb 5.6 (2 -10 ) (ICO)
Ic 50.8 (29-88) (100)
Id 25.3 (17-31) (100)
I f 109.5(60-149) (49)
Ig 123.5 (57-191) (49)
Ih 109.0 (42-168) (53)
11 101.0 (44-168) (70)
In 130.0 (25-181) (59)
Ip 105.3 (54-161) (58)
Iq 99.7 (51-154) (59)

“ Compounds less active than U D C A  are omitted. EC5 0  values for 
translocation after 4 h o f treatment were determined from six point 
concentration-effect curves generated using nonlinear regression models 
Table 1. EC50 values for G R translocation o f U D C A  and selected 
modified bile acids. * Relative to Dex (100 nM).

Shortening the side chain but maintaining the acid func­
tionality resulted in compounds with equal efficacy to U D C A  
but enhanced potency, norUDCA (Ip) (EC50 of 105 //M ) and 
bisnorUDCA (Iq ) (EC50 of 99.7 //M ). The U D C A  alcohol
(10) did not induce translocation, but conversion to the nitrile
( 11) enhanced potency (EC 5 0  of 100 ̂ M , 70%). The bisnomi- 
trile (In) (EC 5 0  of 130 /^M, 59%) showed similar efficacy and 
potency to 11 although the nomitrile (Im ) did not induce 
translocation. U D C A  methyl and benzyl esters (Ir , Is) did not 
induce G R  translocation.

Having shown that U D C A  amides are moderately potent 
inducers of G R  translocation, we investigated whether similar 
amide derivatives of D C A  and C D C A  could also induce 
translocation of the GR. The cyclopropyl and A^-benzylpiper- 
azine derivatives of DCA  (2) (3a, 12a O H ) and U D C A ’s
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Figure 5. D C A  an d  C D C A  am id es 2 a —b. 3 a - b .

a , X= NH < 3

b, X= ^N-
Ph

DMSO 1 % D ex100 nM UDCA series

1.5n DCA series H i  CDCA series

iiliuiu
1a 2a 3a 1b 2b 3b

Figure  6. D C A  an d  C D C A  am ides 2 a - b .  3 a - b  d o  n o t in duce  G R  
tra n slo c a tio n . S K G T -4  cells w ere  (a) u n tre a te d  o r  (b) tre a te d  w ith  
D ex 100 nM  as a  positive  c o n tro l, (c) cy c lop ropy l am id e  d erivatives 
o f  U D C A , D C A , an d  C D C A  (10 //M )  ( l - 3 a )  o r  (d ) benzy lp iper- 
id ine deriv a tiv es o f  U D C A , D C A , a n d  C D C A  (1 0 //M )  (1 - 3 b )  fo r  4 
h an d  fixed, sta in ed , a n d  an a ly zed  as d escribed  p rev iously . V alues 
a re  n o rm alized  to  n u c lea r  to  cy to p lasm ic  ra tio  o f  D ex (100 n M ) an d  
a re  expressed  a s  th e  m ean  ±  S E M  o f  tw o  ex p erim en ts  p e rfo rm ed  in 
trip lica te , * p  < 0.05.

epimer CDCA (3) (3a, 7 a  OH) were prepared, Figure 5. The 
DCA and CDCA amides (2a—b, 3a—b) did not induce 
translocation at 10 /iM  (Figure 6). This indicates that the 
orientation o f the OH groups on the steroid nucleus exerts a 
strong influence on the capacity o f similar amides to  induce G R  
translocation and it is consistent with a range o f observations 
about the effects o f UDCA compared with DCA and CDCA. 
The latter BAs promote apoptosis, whereas U DCA is anti- 
apoptotic, due in part to  its ability to cause G R  translocation."'"’ 
The differing biological effects of DCA and CDCA relative to 
UDCA are attributed to the uninterrupted hydrophobic/3-face 
of the former pair, although it is unclear whether this affects a 
macroscopic biophysical property or protein binding.

We examined the time course for G R  translocation in the 
SKGT-4 cell line following treatm ent with analogues la, lb. 
Id, and Dex to  help characterize the kinetics o f the effect. 
Following treatm ent with the U D CA  amides produced a 
trend toward increased nuclear G R  evident at 15 min; this 
achieved significance in 60 min in the case o f lb and 120 min 
for la  and Id. The time course o f a ligand-dependent protein 
event such as G R  translocation is a function o f the affinity of 
the ligand for the protein and ultimately ligand concentration. 
Therefore, Dex (100 nM ) induced significant and maximum 
translocation of the G R  at 30 min consistent with reported 
values, whereas at 100 pM , nuclear trafficking kinetics were 
more leisurely, with ratios reaching significance at 120 min, 
Figure 7. Overall, the time-course experiments indicated a 
direct effect on G R  distribution rather than one downstream 
o f protein synthesis. Furtherm ore, pretreatm ent o f SKGT-4 
cells with cycloheximide, an inhibitor o f protein biosynthesis, 
did not affect la  induced G R  translocation (Supporting Infor­
m ation (SI)). Cycloheximide did not induce translocation of 
the G R  by itself Hence la  induced G R  translocation occurs

2 ^  
o g  
E ^
«J X 
CO OJ 
Q. ^
3 o  
>>
O T3 _  OJ 
■2 .*2

CO c  jO) fc 
o  o
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D e x 100 nM 

-B- ld

DexlOO pM
-e -  l a
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F igure 7. U D C A  d erivatives la .b .d  sh o w  sim ila r tra n s lo c a tio n  
k inetics to  D ex. S K G T -4  cells w ere tre a te d  w ith  U D C A  d eriv a tiv es 
100 ̂ M  o r  D ex a t ind ica ted  c o n c e n tra tio n  fo r 15, 30, 6 0 ,1 2 0 , o r  240 
m in . C ells w ere fixed, s ta in e d , an d  an a ly zed  fo r  G R  tra n s lo c a tio n  as 
d escribed  p rev iously . V alues a re  n o rm a liz ed  to  n u c lea r  to  cy to p la s ­
m ic ra tio  o f  D ex 100 nM  an d  a re  expressed  as th e  m e a n  o f  tw o 
ex p erim en ts  p erfo rm ed  in tr ip lica te , p  < 0.05 re lative to  D M S O  
I % , fo r l a  (120, 240 m in ), lb  (60, 120. 240 m in ). Id  (120, 240 m in ), 
D ex 100 pM  (120, 240 m in ), D ex 100 nM  (30, 60, 120, 240 m in).

1.5-

K o
O "O
5 I
6 o

Dexam ethasone

DMSO 1%
1a
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Figure 8. U D C A  deriv a tiv es in d u ce  c o -a c tiv a to r  rec ru itm en t. A 
L an th asc reen  T R -F R E T  G R  c o a c tiv a to r  assay  w as used  to  d e te r ­
m ine if  th e  U D C A  d erivatives w ere c a p a b le  o f  c o a c tiv a to r  re c ru it­
m en t. D ex an d  l a  w ere in cu b a ted  a t  R T  fo r  3 h w ith  a G S T -tag g ed  
G R -L B D  a n d  a  m ix tu re  o f  the  fiuorescein  labeled  c o a c tiv a to r  
p ep tid e  a n d  th e  te rb iu m  labeled  an ti-G S T  a n tib o d y . T h e  T R -F R E T  
ra tio  w as ca lcu la ted  by  d iv id in g  the  em ission  signal a t 520 n m  by  the  
em ission  signal a t  495 nm . V alues rep re sen t th e  m ean  ±  S E M  o f  
th ree  ex p erim en ts  p e rfo rm ed  in d u p lic a te , n o rm aliz ed  to  p o sitiv e  
c o n tro l, D ex (1 /^M ).

independent o f protein translation and in a similar time frame 
to  Dex, albeit a t a lower rate.

Even though U D CA  and its active amides do not satisfy the 
classical G R  pharm acophore, the m ost obvious explanation 
for their activity and time-course was ligand binding at the 
G R  active site. However, selected active com pounds ( la . Ip, 
Im, lb) did not displace radiolabeled Dex in com petition 
experiments at concentrations relevant to  their ability to 
translocate. U D C A  (10—50 /iM ) was also unable to displace 
Dex, consistent with previous studies.^® '*'
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Figure 9. (A ) U D C A  derivatives transactivate th eG R . S K G T -4ce!ls were transiently transfected with a m ixture o f  an inducible glucocorticoid  
responsive firefly luciferase reporter and constitutively expressing R enilla construct (40:1). Cells were treated with increasing concentrations o f  
D ex or la  for 16 h. Cells were then lysed and assayed for luciferase activity. Firefly luciferase activity w as norm alized to the internal vector  
control, renilla luciferase, to control for transfection efficiency. (B) U D C A  derivatives decrease NFk-B activity. H E K -293 cells were transiently  
transfected with an  inducible NF/cB responsive firefly luciferase reporter gene construct and a constitutively expressing /3-galactosidase 
construct. A fter 24 h, the cells were treated w ith T N F -a  lO ng/^L  alone or with T N F -a  10ng//^Land varying concentrations o f  D ex or la . A fter  
16 h, the cells were lysed and the lysates assayed for firefly luciferase activity. Firefly luciferase activity w as norm alized to /3-galactosidase 
activity to control for transfection efficiency. Values are expressed as the mean ±  SEM  o f  three experim ents perform ed in duplicate, norm alized  
to untreated contro l. * p  <  0 .05  relative to untreated control.

We next employed a time-resolved fluorescent energy 
transfer assay (TR -FR E T ) to  try to  detect an effect by U D CA  
or la on G R  coactivator recruitment which might indicate 
physical contact with the G R  ensemble leading to  conform a­
tional changes in the region o f the LBD (Figure 8). la (300 /iM ) 
increased the T R -FR E T  ratio to  a significant extent, whereas 
UDCA (300/iM ) did not. This result for UD CA  is consistent 
with previous reports."" The DCA and CDCA com pound 2a 
and 3a were unable to increase the T R -FR E T  ratio in the 
coactivator recruitment assay (data not shown).

Having dem onstrated that the cyclopropylamide derivative 
(la ) was able to  induce coactivator recruitment, our next step 
was to  investigate whether treatm ent with la  could result in 
G R  activation. We found that la  was able to  induce G R E  
transactivation in a concentration dependent m anner, reach­
ing significance at 100 f i M (Figure 9A). UD CA  could only 
induce transactivation at 500 ^M , but this did not follow a 
pharmacological trend (SI). The ability to attenuate NF-kB 
signaling is regarded as pivotal to  the therapeutic actions of 
classical GCs. We therefore carried out a reporter assay to 
determine if la  could inhibit T N F -a  induced NF-*:B tran ­
scriptional activity in a HEK-293 cell line. We first showed 
that la  caused translocation o f the G R  in this cell line with 
similar potency and biochemical efficacy to  the SKGT-4 cell 
line. Com pound l a  was capable of transrepression o f NF-*rB 
activity in a concentration dependent m anner, p < 0.05 a t 50 
//M , 1 0 0 (Figure 9B).

The G R  and M R  are known to have widely overlapping 
ligand binding preferences and interrelated transcriptional 
activities, indeed, T U D C A  causes translocation o f  both. 
However when M R expression was knocked down using 
siRNA, la  was still able to  inhibit NF-/fB transcriptional 
activity, whereas in the G R  knock down condition, this effect 
was attenuated (SI). Furtherm ore, treatm ent with la  (50//M ) 
was not associated with nuclear translocation o f the MR. 
Therefore, taking together the evidence of translocation ex­
erted by la, its ability to  induce G R E  transactivation and its 
G R  dependent inhibition o f  NF-/cB transcriptional activity, 
an agonist mode o f action involving the G R  is most likely. 
However, the potential involvement o f  other nuclear receptors 
merits further study.

U DCA has been shown to induce G R  translocation in 
multiple cell m o d e l s " " a t  high concentrations (300 /<M 
range). The mechanism by which UDCA induces G R  trans­
location remains unknown despite extensive efforts over the 
past decade. Incubation o f radiolabeled U D CA  with the G R  
binding site expressed in a G R  fusion protein yielded no 
specific binding o f  U D C A . U D C A  did not displace tritiated 
Dex from the G R  binding site; furthermore, specific bind­
ing o f tritiated U D CA  to G R  could not be detected in 
C H O pM TG R  cells."" U D CA  (10 and 50 ;<M) was unable to 
displace tritiated Dex in our competition binding experiment.

Despite this, U D C A  requires the GR-LBD  to induce G R 
nuclear translocation and for its subsequent biological 
e f f e c t s . " " U s i n g  a series o f G R  m utants, M iura et al 
showed that U DCA influences a broader region o f the LBD 
than Dex. G R  deletion m utants (1 —765,1—750,1—740) could 
not be translocated by Dex but were by UDCA."" On the 
other hand, G R  m utant 1—730 was unresponsive to  UDCA. 
The specific carboxy terminal region o f the LBD was identi­
fied as essential for translocation and U D C A ’s cytoprotective 
effect on TGF/31 induced apoptosis."*^ This m utant lacks 
Tyr735 o f the steroid binding pocket, which is necessary for 
hydrophobic contact between ligands and the GR.^®

The ability o f U D CA  to  induce G R  activation downstream 
of translocation remains a m atter o f debate as studies are 
widely conflicted over its ability to activate GREs.^*""'"*""*’ 
Previous investigators failed to show an interaction be­
tween UD CA  and the coactivator transcription intermediary 
factor-2."" O ther studies have shown that U D C A  can have an 
additive effect with GCs in inducing gene expression. F or 
example, U D CA  increased Dex induced m R N A  levels o f 
tyrosine am inotransferase (TAT), a hepatocyte-specific m ar­
ker o f G C action.^' O thers have shown that combining 
UD CA  and Dex can increase the expression of the bicarbo­
nate carrier, AE2, altered expression o f which is associated 
with PBC. It has been suggested that certain genes contain 
only half o f a G R E site referred to as G R E cores. Binding of G R 
to G RE core sites may require further assistance in addition to 
the interaction with GCs which UDCA may provide.^'

Similar to  U D CA , there is not a defined mechanism for G R 
translocation induced by its more active amides. The most
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po ten t G R  tran s lo ca to r l a  was unable to  displace tritia ted  
D ex in a com petition  binding experim ent a t sim ilar concen­
tra tio n  to  its E C 5 0  for transloca tion . Previous au th o rs  have 
suggested th a t U D C A  m ay in teract w ith the cell m em brane 
and  set up a series o f  cytoplasm ic events th rough  secondary  
s ig n a ls , o n e  o f  w hich  m ay  be G R  a c t i v a t i o n . " " S u c h  
an  e x p la n a tio n  c a n n o t be ru led  o u t fo r th e  d e riv a tiv es  
a lth o u g h  G R  transloca tion  by the am ides displayed a sim ilar 
tim e profile  to  D ex. F u rth erm o re  l a  was able to  induce 
co ac tiv a to r recru itm en t in a  cell free system . R ecru itm ent o f  
stero id  recep to r coac tiva to r 1—4 (S R C l—4) by l a  indicates 
th a t it can  induce the necessary con fo rm ationa l change in the 
G R -L B D . T h is recru itm ent was specific to  the  U D C A  core 
nucleus as th e  correspond ing  derivatives o f  D C A  and  C D C A  
did n o t cause coac tiva to r recruitm ent.

Conclusion

W e have discovered am ido  derivatives o f  U D C A  th a t 
causes G R  transloca tion  in the low m icrom olar range in 
S K G T -4  cells. These com pounds d o  n o  bind a t the classical 
G C  b ind ing  locus, bu t they affect coactiva to r recru itm ent and  
cause tran sac tiv a tio n  a t high concen tra tion . T he m ost po ten t 
co m p o u n d  decreased N F-/fB  activity  in a H EK -293 line w ith 
m odera te  potency.

T aken  together, the d a ta  suggests th a t U D C A  am ides bind 
to  the L B D  but a t a  different site to  the classical pocket, 
b ind ing  to  w hich accounts for the ac tions o f  established G R  
m o d u la to rs , including dissociated steroids w hich separate  
tran sac tiv a tio n  from  t r a n s r e p r e s s i o n . U D C A  has well 
estab lished  bu t poorly  understood  effects on cellu lar function  
th a t ap p ea r to  be m ediated  a t least in p a rt by the G R . T he 
am ido  analogues reported  herein am plify th is activity  by 
ab o u t 100-fold. They hold  po ten tia l in therapeu tic  app lica­
tions an d  in exploring ongoing puzzles associated  w ith the 
ac tions o f  U D C A .

Experimental Section

Chemistry. Uncorrected melting points were obtained using a 
S tuart m elting point SM Pl 1 melting point apparatus. IR spec­
tra  were obtained using a Perkin-Elm er 205 FT  Infrared Para­
gon 1000 spectrom eter. Band positions are given in cm “ '. Solid 
samples were obtained by K Br disk; oils were analyzed as neat 
films on N aC l plates. 'H  and ''^C spectra were recorded at 27 °C 
on a Bruker Advance II 600 M H z spectrom eter (600.13 M H z 
'H , 150.91 M H z '^C) and Bruker DPX 400 M H z FT  N M R  
spectrom eter (400.13 M H z 'H . 100.16 M H z '^C) in either 
C D C I3  o r C D 3 O D  (tetram ethylsilane as internal standard). 
F or C D C I3 , 'H  N M R  spectra were assigned relative to  the 
TM S peak a t 0.00 6 and ' ’’C N M R  spectra were assigned relative 
to  the m iddle C D C I3  triplet at 77.00 ppm . F or C D 3 O D , 'H  and 
'■’C N M R  spectra were assigned relative to  the center peaks o f 
the C D 3 O D  multiplets at 3.30 d  and 49.00 ppm , respectively. 
H igh-resolution mass spectrom etry (H R M S) was perform ed on 
a M icrom ass mass spectrophotom eter (E l mode) a t the D epart­
m ent o f  Chem istry, T rinity College. H igh-perform ance liquid 
ch rom atography  (H PLC) was perform ed on a reversed phase 
250 m m  x 4.6 mm W aters Spherisorb O DS-2, 5 fim  colum n 
using a W aters Alliance 2695 chrom atograph equipped with an 
autosam pler, colum n oven, and dual wavelength detector. The 
flow rate was I mL/min, with a mobile phase consisting of 40% 
phosphate buffer pH  2.5 and 60% acetonitrile at time 0 and 
grading to 85% acetonitrile at 4 min. Injection volume was 
20 f^L  and areas determined at 254 nm. The isocratic HPLC 
method was aqueous phosphate buffer solution pH 2.5 40% and 
acetonitrile 60%. Flow rate was 1 mL/min. Flash chrom atography

was performed on Merck Kieselgel 60 particle size 0.040— 
0.063 mm. Thin layer chrom atography (TLC) was performed on 
silica gel Merck F-254 plates. Com pounds were visually detected 
by absorbance at 254 nm and/or vanillin staining. All test com­
pounds were >95%  purity by HPLC.

24-Cyclopropyl-3a,7y?-dihydroxy-5/S-cholanamide (la ). 3a.7/9- 
Diformyloxy-5;3-cholan-24-oic acid ( 1.0 g, 2 mmol) was dissolved 
in thionyl chloride (5 mL) and refluxed at 90 °C for 2 h. After I h, 
the reaction was cooled to  room  tem perature and the thionyl 
chloride was removed in vacuo to  leave a sticky solid which was 
the acid chloride. This was dissolved in dry D CM  (10 mL) and 
cyclopropylamine ( 131 /iL , 1.9 mmol) and triethylam ine (244 fiL ,
1.9 mmol) were added on ice. The reaction m ixture was allowed to 
warm to room  tem perature and stirred m onitoring for disap­
pearance o f the starting material by TLC. After 24 h, the solvent 
was removed in vacuo. The residue was dissolved in ethyl acetate 
(20 mL) and washed with hydrochloric acid (HCl) (3 x 20 mL) 
for removal o f unreacted amines, water (2 x 20 mL), and brine 
solution (2 X 20 mL). The organic layer was dried and evapora­
tion o f  solvent gave the cyclopropylamide after chrom atographic 
elution (hexane:ethyl acetate 1:1). Sodium (0.1 g) was added to 
H PLC  grade methanol (M eOH) (10 mL) to  form  an excess 
o f sodium methoxide. The formyl cyclopropylam ide (0.5 g,
1 mmol) was added to this solution and refluxed for 2 h. After
2  h, the reaction was cooled to room  tem perature and added to 
water (100 mL). The amide was extracted with ethyl acetate. The 
organic layer was then washed with w ater (3 x 20 mL) and 
dried (M gS 0 4 ). The solvent was removed in vacuo and after 
chrom atographic elution with ethyl acetate afforded a white solid 
(0.4 g, 92% ). 'H  N M R  d  (C D ,O D ): 0.49 (2-H, m), 0.65 (3-H, s), 
0.92 (3-H, d, / =  6.52 Hz), 0.97 (3-H, s), 2.75 ( l -H,  m), 3.61 
(2-H, m), 5.32 (1 -H, br). ’’C  N M R  ppm (C D 3 OD): 8.4, 12.4,18.8. 
22.4, 24.0, 25.2, 25.5, 28.0, 29.8, 31,1, 35.3, 36.5, 36.9, 38.1, 38.8,
40.9, 41.7, 44.1, 44.6, 44.9, 56.5, 57.8, 71.1, 175.2. HRM S: found 
(M -  Na)+ =  454.3297. Melting point 124 °C

24-A'-Benzy lpiperazine-3a,7y8-dihydroxy-5y?-cholanamide (1 b). 
'H  N M R  d  (C D 3 OD): 0.70 (3-H, s, I 8 -C H 3 ), 0.95 (6 -H , m), 
3 .41 -3 .60  (8 -H , m), 3.52 (2-H, m). ’’C  N M R  ppm  (C D 3 OD):
12.9, 19.0, 22.5, 24.0, 28.0, 29.8, 31.1, 32.2, 32.5, 35.1, 36.1, 36.8, 
38 .1, 38.9, 39.2 ,40.9 ,41.7 ,44.2 , 44.7,44.9, 45.3, 56.6, 57.8, 71.1, 
80.3, 130.2, 175.5. HRM S: found (M - Na)+ =  573.4097. Melting 
point 116 °C.

Biochemistry. Chemicals. Dex, U D C A , and all reagents for 
chemical synthesis were obtained from Sigm a-Aldrich Chemical 
Co. (St. Louis, M O, USA). Lipofectamine was purchased from 
Invitrogen (C arlsbad, CA, USA). T N F -a  was purchased from 
R&D Systems and reconstituted with sterile PBS a t 100 ̂ g /m L . 
Cycloheximide (Calbiochem, Merck Chem icals Ltd. N o tting ­
ham , UK.) was reconstituted with ethanol at a concentration 
o f 20 m g/mL. Escherichia coli lipopolysaccharide was obtained 
from Alexis Biochemicals (San Diego, CA, USA).

Dex was dissolved in DM SO to give a 10 mM  stock solution, 
and all o ther bile acids and bile acid derivatives were m aintained 
as 200 mM stock solutions in DM SO. The com pounds were 
diluted to the required concentrations with m edium  w ith I % 
D M SO  in order to  m aintain solubility.

A Sm artpool o f predesigned siRN A  oligos (O N -T A R G E T  
plus siRN A  reagents) targeting the glucocorticoid receptor 
(siG R), m ineralocorticoid receptor (siM R), scrambled control 
siRN A  (siScr), and siRN A  transfection reagent were purchased 
from D harm acon (Lafayette, CO, USA).

Cell Culture. The SK G T4 cell line, derived from a well- 
differentiated adenocarcinom a arising in B arrett’s epithelium 
o f  the distal esophagus, was generously provided by Dr. David 
Schrum p (Bethesda, MA).^ Cells were m aintained in R PM l 
1640 medium supplem ented with 10% fetal bovine serum and 
4 mM  L-glutamine (G IBCO-BRL, G rand  Island, NY) H EK - 
293 cells, an adherent hum an em bryonic kidney cell line, were 
grown in D ulbecco’s M odified Eagle’s M edium (D M E M , GIB- 
CO, Invitrogen L td., Paisley, U K ) supplem ented with 10% i
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h eat-in ac tiv a ted  FBS. C u ltu re s  w ere m ain ta in ed  a t 37 °C  in a 
h um id ified  a tm o sp h e re  c o n ta in in g  5%  C O 2 .

GR Translocation Assay. C ells w ere p la ted  in to  96-well p la tes 
a t a c o n cen tra tio n  o f  6  x  10'* cells/m L  (100 volum e). Cells 
w ere serum  sta rved  fo r 12 h p r io r  to  bile acid  trea tm en t. A fte r  48 
h, cells w ere trea ted  w ith  bile acid deriva tives in su p p lem en t free 
m edium  a t the req u ired  co n ce n tra tio n  fo r the  ind ica ted  tim e 
po in ts . C o n tro l wells w ere left u n trea te d  o r trea ted  w ith  1% 
D M S O  as a vehicle co n tro l o r Dex 100 nM  as positive  co n tro l. 
A fte r the  a p p ro p ria te  trea tm e n t tim e, cells w ere fixed w ith 4%  
p a ra fo rm a ld e h y d e /p h o sp h a te  bu ffered  saline (PBS) th en  per- 
m eabilized  w ith 0 .1%  (v/v) T rito n  X -100/PB S follow ed by 
b lo ck in g  w ith  3 %  b o v in e  se ru m  a lb u m in  in PB S. C ells w ere  
in cu b a te d  w ith  p u rif ie d  m o u se  a n tig lu c o c o r tic o id  re c e p to r  
a n tib o d y  (B D  T ra n s d u c t io n  L a b o ra to r ie s )  th en  in c u b a te d  
w ith  A le x a P lu o r-4 8 8 -c o n ju g a te d  se c o n d a ry  a n tib o d y  (Inv i- 
t ro g e n , C a r ls b a d , C A , U S A ). Im ag es w ere  a cq u ired  u s in g  th e  
G E  IN  cell a n a ly ze r  1000, o rig in a l m a g n if ic a tio n  x lO . F o u r  
fields o f  view  p e r  well w ere  a c q u ire d  u s in g  a lO x o b jec tiv e , 
w ith  u p  to  2000 cells im a g e d  p e r tre a tm e n t g ro u p , fo r  /; =  3 
e x p erim e n ts .

Q uantification o f GR Translocation Using High Content 
Analysis. T h e  G E  IN  cell an a ly ze r 1000 is a m icroscope  based 
screening p la tfo rm  cap ab le  o f  large  scale objective analysis o f  
fluorescen tly  labeled  cells using  a u to m a te d  im age acq u isitio n , 
d a ta  m an ag em en t, a n d  m u ltip a ra m e tric  analysis. S K G T -4s 
w ere s ta ined  fo r G R  as o u tlin ed  above. N u c lea r to  cy top lasm ic  
ra tio  w as m easu red  using  th e  In v estig a to r softw are  p ack ag e  (G E  
H ealth ca re . P isca taw ay , N J , U SA ). T h e  analysis w as based 
on the ra tio  o f  the in tensities o f  G R  w ith in  the nucleus and  
cy top lasm . T h e  m u ltita rg e t analysis a lg o rith m  w as op tim ized  to  
de tect G R  w ith in  the nucleus an d  the  cy to p lasm  using  vehicle 
only trea ted  cells as negative  co n tro l an d  D ex trea ted  cells as 
positive  co n tro l. H oechst sta in in g  enab led  id en tificatio n  o f  the 
nucleus. T he nu c lear to  cy to p lasm ic  ra tio s  w ere de te rm in ed  by 
ca lcu la tin g  (nuclear In ten s ity  o f  G R  — b ack g ro u n d  in tensity )/ 
(cy top lasm ic  in tensity  o f  G R  — b ack g ro u n d  in tensity ). V alues 
rep resen t the  m ean  ±  SE M  o f  th ree  ex p erim en ts p e rfo rm ed  in 
trip lica te . E C 5 0  va lues w ere estim a ted  from  c o n c e n tra tio n — 
effect curves genera ted  using  n o n lin ea r regression  m odels in 
G ra p h P a d  Prism 5.

GRE Assay. S K G T -4  cells w ere tran s ien tly  tran sfec ted  w ith a 
m ix tu re  o f  a n  inducib le  g lu co co rtico id  responsive  firefly lucifer- 
ase re p o rte r  an d  co n stitu tiv e ly  expressing  renilla  co n stru c t 
(40:1) (SA B iosciences C o rp o ra tio n , Executive W ay, F rederick , 
M D , U SA ). A reverse tran sfec tio n  p ro ced u re  w as op tim ized  
using  fugene H D  as a  tran sfec tio n  reag en t a t  a  ra tio  o f  4:1 
(F u g en e  H D :D N A ). D N A  an d  Fugene H D  w ere d ilu ted  in 
O p tiM em , a n d  th is m ix tu re  w as ad d ed  to  96-well p la tes to  give 
lO O ngD N A perw ell. S K G T -4 c e lls a ta d e n s ity o f7  x  I0‘*cells/mL 
(100 f iL)  w ere ad d ed  to  th is  m ix tu re . A fte r 24 h, the cells w ere 
trea ted  w ith  vary in g  c o n ce n tra tio n s  o f  D ex o r la  fo r 16 h. A fte r 
16 h, the  cells w ere lysed using  passive lysis b u ffer 50 f i L  
(P ro m eg a  C o rp o ra tio n , M ad iso n , W I, U SA ) a n d  in cu b a ted  a t 
ro o m  tem p e ra tu re  fo r 15 m in . T h e  lysates w ere then  assayed  fo r 
firefly an d  ren illa  luciferase  activ ity  (P ro m eg a  D u a l-L uciferase  
R e p o rte r  A ssay  System ) using  a  V ictor P e rk in -E lm er lum in- 
om eter. V alues rep resen t th e  m ean  ±  SE M  o f  th ree  experim en ts 
pe rfo rm ed  in du p lica te , no rm alized  to  D ex 100 nM  as positive  
co n tro l.

Time-Resolved Fluorescence Resonance Energy Transfer Assay.
T R -F R E T  is based  on th e  p rincip le  th a t w hen a su itab le  p a ir  
o f  f l u o r o p h o r e s  is b r o u g h t  w i th in  c lo s e  p ro x im i ty  o f  o n e  
an o th e r, ex c ita tio n  o f  th e  first flu o ro p h o re  resu lts in energy  
tran sfe r to  the  second flu o ro p h o re . T h is can  be detected  by an  
increase  in the  fluorescence em ission  o f  the  accep to r m olecule 
a n d  a d e c re a se  in th e  f lu o rescen ce  e m iss io n  o f  th e  d o n o r  
m olecule. W e used a  L an th asc reen  T R -F R E T  g lu co co rtico id  
recep to r c o ac tiv a to r assay  k it (In v itro g en , C a rlsb ad . C A , U SA ), 
w hich p ro v id es a  h u m an  G R -L B D  tagged  w ith a  g lu ta th io n e -

S -tran sfera se  (G S T ), a  terb iu m -lab eled  a n ti-G S T  a n tib o d ,y  an d  
a fluorescein  labeled  S R C l —4 pep tide . B inding o f  agon ist to  th e  
n u c lear recep to r causes a  co n fo rm a tio n a l change  in the  L B D  o f  
the  G R , w hich  resu lts  in recru itm en t o f  the co ac tiv a to r p ep tide . 
W hen  the  terb iu m  label on  the  an ti-G S T  a n tib o d y  is excited a t 
340 nm , energy is tran sferred  to  th e  fluorescein  label on  th e  
co ac tiv a to r pep tid e  a n d  de tected  as em ission  a t 520 nm . T he 
G R -L B D  w as ad d ed  to  the  in d ica ted  co n ce n tra tio n  o f  D ex, l a ,  
2a, an d  3a in a  384-well b lack  assay  p la tes (C o rn in g  BV Life 
Sciences, F o g o s tra a t, A m ste rd am , T he N e th erlan d s) fo llow ed 
by  a d d itio n  o f  a  m ix tu re  o f  the  fluorescein  labeled co ac tiv a to r 
pep tid e  an d  the  terb iu m  labeled  a n ti-G S T  an tib o d y . T h e  p la tes 
w ere in cu b a ted  a t ro o m  tem p e ra tu re  fo r 3 h an d  then m easu red  
fo r T R -F R E T  activ ity  using  th e  L an th aS creen  op tic  filter 
m o d u le  on  the  B M G  p h e ra s ta r  (Im gen T echnolog ies, V A , 
U SA ). T h e  T R -F R E T  ra tio  w as calcu la ted  by d iv id ing  th e  
em ission  signal a t 520 nm  by the  em ission  signal a t 495 nm . 
V a lu es re p re se n t th e  m ea n  ±  SE M  o f  th re e  e x p e rim e n ts  
p e r fo rm e d  in  d u p l ic a te ,  n o rm a liz e d  to  p o s i t iv e  c o n tr o l .  
D ex  1 /^M .

NF-KB A ssay. H E K -293  cells w ere tran s ien tly  co tran sfec ted  
w ith an  inducib le  N F-jtB  responsive  co n stru c t, w hich co n ta in s  
3 /cB elem ents u p stream  o f  a m in im al co n alb u m in  p ro m o te r  
linked to  the  firefly luciferase  gene^** an d  a constitu tive ly  ex­
p ressing  /3-galactosidase co n stru c t (C lon tech , S a in t-G erm ain - 
en -L aye, F ran ce) as an  in te rn a l co n tro l to  m o n ito r  for tran sfec ­
tion  efficiency (ra tio  o f  4:1). A reverse tran sfec tio n  p ro ced u re  
w as carried  ou t using  lipo fectam ine  as a tran sfec tio n  reagent a t a 
ra tio  o f  3:2 (lip o fectam in e :D N A ). D N A  an d  lipofectam ine w ere 
d ilu ted  in O p tiM em , an d  th is m ix tu re  w as ad d ed  to  48-well 
p la tes to  give 500 ng  o f  D N A  per well. H E K -293 cells a t a  density  
o f  7 X 10* cells/m L  (200 /j L)  w ere ad d ed  to  th is m ixture. A fter
24 h. the  cells w ere trea ted  w ith  T N F - a  10 ng ///L  a lone  o r  w ith 
T N F - a  10 ngj f j L  an d  vary in g  c o n ce n tra tio n s  o f  Dex o r  C P A  
( la )  fo r 16 h. A fte r 16 h, the  cells w ere lysed w ith P rom ega  lysis 
b u ffer (50 /^L) an d  the  lysates assayed  fo r firefly luciferase 
activ ity  (P ro m eg a  C o rp o ra tio n , M ad iso n , W I, U SA ). T h e  ly­
sa tes  w ere th en  a ssa y ed  fo r  /? -ga lac tosidase  activ ity  u sin g  o- 
n itr o p h en y l-/3 -D -g a la cto p y ra n o sid e  as a  su b s tra te  fo llow ing  
m e th o d s  desc rib ed  by S a m b ro o k  et al.*’  V alues a re  expressed  
as  the  m ean  ±  SE M  o f  th ree  e x p erim en ts  p e rfo rm ed  in d u p li­
ca te , n o rm alized  to  u n tre a te d  c o n tro l, * p  < 0 .05 re la tiv e  to  
u n tre a te d  co n tro l.

Radioligand Binding Assay. H u m an  H eL a S3 cells enriched  
w ith  G R s w ere used in H E P E S /R P M  I - 1640 b u ffer pH  7.2. Cells 
(3 X lO**) w ere in cu b a ted  w ith  3 nM  [^H] D ex fo r 120 m in a t
25 °C. N onspecific  b in d in g  w as e stim ated  in the  presence o f  D ex 
(lO /^M ). Cells w ere filtered  a n d  w ashed , and  th e filte rs  w ere th en  
co u n ted  to  de te rm in e  [^H] Dex specifically  b o u n d . U D C A  
deriva tives w ere screened a t IO/<M an d  U D C A  a t 10 and  5 0 ^ M .

Statistical Analysis. S ta tistica l c o m p ariso n  betw een g ro u p s  
w as carried  o u t using  one  w ay A N O V A  w ith  D u n n e tt 's  p o sth o c  
co rrec tio n . D a ta  a re  g rap h ica lly  rep resen ted  as the  m ean  ±  
s ta n d a rd  e rro r  o f  the  m ean  (SE M ). All d a ta  w ere analyzed  using  
G ra p h P a d  Prism 5.
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