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Abstract

Inborn errors of bile acid synthesis can be difficult to diagnose. This thesis describes
the use of a multidisciplinary approach (including tandem mass spectrometry, gas
chromatography-mass spectrometry and molecular biological techniques) to aid in the
diagnosis of this group of disorders. Low-energy CID (collision induced dissociation)
tandem mass spectrometry using a triple quadrupole mass spectrometer equipped with
a FAB (fast atom bombardment) ion source is shown to provide a rapid and powerful
method for the identification and characterisation of bile acids in urine. Examples are
presented of the application of this technique for the identification of unusual bile
acids in the urine of patients with inborn errors of bile acid synthesis and other
cholestatic liver diseases. Unfortunately, severe liver disease (regardless of cause) can
lead to the production of the abnormal metabolites that are also characteristic of one
particular inborn error of bile acid synthesis — A*-3-oxosteroid 5p-reductase deficiency.
At the onset of this study, no patient had been described with a definitive diagnosis of
A*-3-oxosteroid 5B-reductase deficiency caused by a mutation of the 5B-reductase
gene. Hence, a parallel molecular biological approach was considered pertinent for the
conclusive diagnosis of patients postulated to have this disorder. Using reverse
transcription and polymerase chain reaction (PCR) techniques, mRNA encoding for
this gene was characterised from the liver biopsy of patient MS. This patient was
found to be homozygous for a missense mutation causing a single amino acid
substitution. The presence of this mutation was confirmed by genomic DNA analysis
and the parents of the patient were shown to be heterozygous for the same mutation. A
similar analysis of one hundred chromosomes revealed the absence of this mutation in
a normal population. These findings have significant implications in the understanding,

diagnosis and thus in the treatment of this disease.
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1.1 A brief history of bile acids

The term bile can be found in texts as ancient as the Greek medical writings from the
time of Hippocrates (Chadwick et al., 1983). Some of these medical doctrines describe
the physical elements of the body as four humours (juices or flavours) that were blood,
yellow bile, black bile and phlegm. The definitions of these humours were vague and
somewhat contradictory as they were described as both natural and pathogenic, disease
causing and the products of disease. A common theme in many of these early writings
is that a healthy state is maintained when such humours are well mixed and present in
the correct proportions, while pain and disease are caused by an imbalance of the
humours. These early Greek philosophies were highly speculative and not based on
any understanding of the constituents of bile, which were not identified for another two
thousand years. At this time, in the early nineteenth century, the composition of bile
came under close scrutiny (reviewed by Nair and Kritchevsky, 1971). It was found to
consist of two fractions upon treatment with lead acetate - one ‘acidic’ fraction
containing nitrogen and a ‘soluble’ fraction containing nitrogen and sulphur (Thernard,
1807; Berzelius, 1809). Both fractions, upon treatment with alkali, yielded a nitrogen-
free acid that was called ‘cholic acid’ (Demarcay, 1838). In the mid-nineteenth
century, the elemental composition of cholic acid was described and it was recognised
that it was present as either a glycine or taurine conjugate, which accounted for the
presence of nitrogen and sulphur in the bile fractions (Strecker, 1844). It also became
apparent that glycocholic and taurocholic acids were not the sole bile acids found in
nature, as different species possess bile acids that differ in conjugation and in basic
structure. In the late nineteenth century cholic acid was shown to be a mono-carboxylic
acid containing three hydroxyl groups (Hoppe-Seyler, 1863). However, it was not until
the early twentieth century that a model for the structure of bile acids was first

proposed by Wieland ef al. (1912), and the similarity of the bile acids with cholesterol
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in the plane of the A-ring (Figure 1-4). This orientation of the side-chain increases the

area of the already hydrophilic underside of these molecules.

1.2.3 Structural variation of naturally occurring bile acids

The basic bile acid carbon skeleton described so far in this section is generally adhered
to throughout nature. Bile acids in higher vertebrates generally contain 24 carbon
atoms with different numbers of hydroxyl groups in a variety of positions on both the
steroid nucleus and the bile acid side-chain. Also found to occur naturally are primary
bile acids with 27 (and one with 28) carbon atoms (cholestanoic acids). These are
considered to be evolutionarily older than the Cy4 bile acids and have not undergone
side-chain B-oxidation/shortening, thus possessing a side-chain which is the same as
that of cholesterol except for a terminal (C27) carboxyl group. They can be found as
major components of bile in some phylogenetically older vertebrates such as the frog
and the crocodile. Table 1-1 describes a number of naturally occurring bile acids that
have been studied from a variety of vertebrates (Matschiner 1971; Hofmann 1994).
The bile acids in this table represent a small cross-section of the large number of bile
acids that have been described in the various vertebrate phyla. They are all either
primary bile acids (the endogenous metabolic end products synthesised from
cholesterol) or secondary bile acids (formed in the gut by bacterial modification of the
primary bile acids). One review of naturally occurring bile acids listed 39 such Cy4 bile
acids and 6 C,7 bile acids (Matschiner, 1971). However, the ever-improving techniques
for bile acid isolation and detection have led to the discovery of many more bile acids,
such as the metabolic precursors and hydroxylated derivatives of primary bile acids
that occur naturally in trace amounts. The discovery of inborn errors of bile acid

synthesis in man has also led to the discovery of novel bile acids.
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Table 1-1: A table containing examples of naturally occurring bile acids

Orientation and position of functional groups

Trivial Name Nuclear Side- Known Origins
C3 C7 Cl2 Other chain
I. C,4 (5B) bile acids
Lithocholic acid aOH Major secondary BA in a variety
of species (inc. humans)
7-Oxolithocholic acid aOH oxo Primary bile in koala and guinea
pig
Chenodeoxycholic acid aOH oOH Common primary BA in many
species including humans
Ursodeoxycholic acid oOH PBOH Primary BA of the bear.
Secondary BA in a variety of
species
Hyodeoxycholic acid oOH 600H Major BA of the pig —a
secondary BA derived from
hyocholic acid
Deoxycholic acid aOH oOH Major secondary bile acid in
humans and other species
Cholic acid oOH oaOH oOH Common primary BA in many
species including humans
Hyocholic acid aOH oOH 6aOH Primary bile acid in the pig
o.-Muricholic acid aOH «aOH 6pOH Primary BA in the rodent
B-Muricholic acid aOH BOH 6BOH Primary BA in the rodent
16a-Hydroxydeoxycholic acid  aOH aOH  16aOH Component of snake bile,
thought to be a primary bile acid
23R-hydroxycholic acid oOH oOH oOH 23qOH  Primary bile acid in marine
mammals and snakes
II. C,4 Allo-(5a) bile acids
Allocholic acid aOH oOH oOH Major component of bile in the
green iguana. Trace amounts
found in a variety of species. It
has been shown to be a major
biliary metabolite of cholestanol
in the rat.
Allodeoxycholic acid oOH oOH Approximately 6% of rabbit bile
(secondary bile acid)
Allochenodeoxycholic acid  aOH oOH Found in the giant salamander.
Also a metabolite of cholestanol
in the rat.
III. C;; bile acids
Coprostanic acid aOH oaOH oOH Found in the hornbill, alligator
and Andean condor
Varanic acid oOH oOH oOH 24(R)OH  Found in the monitor lizard.
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1.2.4 Bile acid nomenclature

Trivial names for the bile acids will be used in this thesis where possible (Table 1-1),
but the systematic names of compounds will be used when required according to the
IUPAC Definitive Rules for the Nomenclature of Steroids (IUPAC, 1972). Deviation
from these IUPAC rules will include the abbreviation of C,4 bile acids from ‘cholan-
24-oic¢’ to ‘cholanoic’ acids. Likewise, the C,7 bile acids that possess an unshortened
cholesterol side-chain will be referred to as ‘cholestanoic’ acids rather than ‘cholestan-
27-o0ic’ acids. The nomenclature of the hydroxyl moieties (and other ring bound
constituents) is given as either o or 3, where a is below of the plane of the molecule -
and P is in or above the plane of the molecule. When illustrating such orientations, a
solid bond represents a [-configuration while a dashed bond represents an o-
configuration. Hydroxyl orientations can also be referred to as axial or equatorial
which refers to the orientation of the hydroxyl with respect the ring to which it is
attached. Thus the hydroxyl groups of cholic acid (Figure 1-1) are all a-hydroxyls
(below the plane of the molecule), but the hydroxyls at C7 and C12 are axial whereas

the hydroxyl at C3 is equatorial.
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1.3 Bile acid synthesis
The liver is the major site for the catabolic breakdown of cholesterol, which in man
ultimately leads to the production of the primary bile acids - chenodeoxycholic and
cholic acids. The complex physico-chemical properties and metabolism of these
compounds has produced a vast literature, of which only a small but relevant portion is

reviewed in this section.

1.3.1 Classical pathway for bile acid synthesis

Bile acid structure was elucidated in the early twentieth century, but evidence
indicating the metabolic source of the bile acids remained elusive until 1943, when the
conversion of randomly deuterated cholesterol to cholic acid was demonstrated in the

dog (Block et al., 1943). Subsequently, '*C-labelled cholesterol became available and

production of bile acids from cholesterol was confirmed (reviewed in Bjorkhem,

1985). When administered intravenously to the rat, the ultimate fate of 80-90% of the
'C-cholesterol was conversion to bile acids, while the remainder was excreted directly
into the faeces (Chaikoff et al., 1952; Siperstein and Chaikoff, 1952). Although the
advent of isotopically labelled cholesterol allowed the confirmation of cholesterol as a
metabolic precursor of the bile acids, experiments that shed light on the sequence of
reactions leading to bile acid production relied on the synthesis of theoretical
intermediates within the pathway. Initial studies showed that 5p-cholestane-
3a,7a,12a-triol was efficiently converted to cholic acid, while 3p-hydroxy-5-
cholenoic acid was not. It was hence concluded that the nuclear modifications of
cholesterol occurred prior to the side-chain modification (Bergstrom et al., 1954;
Bergstrom, 1955). The reactions involved in the conversion of cholesterol into cholic

acid were postulated to be comprised of the saturation of the A’ double bond,

hydroxylation at the 7o and 12« positions and epimerisation of the 33-hydroxyl group.
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7a-Hydroxylation was shown to precede the other nuclear modifications as none of the
theoretical intermediates that lacked a 7a-hydroxyl group (for example 4-cholesten-3-
one and 5f-cholestan-3a-ol) were shown to produce cholic acid, while 7a-
hydroxycholesterol was efficiently transformed into cholic and chenodeoxycholic
acids (Lindstedt, 1957). [3a-’H]Cholesterol was shown to yield cholic acid without a
tritium in the C3 position, which suggested the presence of a ketonic intermediate in
the pathway (Green et al., 1964). Subsequently, the logical ketonic intermediate (7o
hydroxy-4-cholesten-3-one) was demonstrated to be an intermediate in the pathway
(Danielsson, 1961).  Side-chain  oxidised intermediates (including 27-
hydroxycholesterol and 3a,70-dihydroxy-5p-cholestanoic acids) were shown to yield

chenodeoxycholic acid but not cholic acid in the rat, thus 12a-hydroxylation was

postulated to precede side-chain modification (Bergstrom and Sjovall, 1954,

Fredrickson and Ono, 1956). These experiments, and a further series of in vitro
experiments using fractionated liver homogenates (both rat and human) that provided
further evidence for this sequence of reactions, led to the ‘classical’ pathway of bile
acid synthesis (Figure 1-5). The first step in this ‘classical’ pathway is the 7a-
hydroxylation of cholesterol by the microsomal enzyme cholesterol 7a-hydroxylase
(Noshiro et al., 1989), which is excl;lsively expressed in the liver (reaction 1; Figure 1-
5). In addition to being the initial step, it is also the rate-limiting step for bile acid
synthesis (for discussion of the regulation of bile acid synthesis, see below). The next
two steps in the pathway also occur within microsomes. 3B-Hydroxy-A>-Cy;-steroid
dehydrogenase/ isomerase (Wikvall, 1981) catalyses the oxidation of the 3B-hydroxyl
group and the isomerisation of the A> double bond to the A* position (reaction 2). The
product of this reaction, 7a-hydroxy-4-cholesten-3-one, is a substrate for 12a-

hydroxylation by the microsomal sterol 12a-hydroxylase (Eggertsen et al., 1996). If



Cholesterol 25

HO

7a-hydroxycholesterol

HO “OH

7o-hydroxy-4-cholesten-
3-one

/

o “oH .
7o-hydroxy-5p-cholestan-3-one 7o, 120-dihydroxy-4-cholesten-3-one

g |

“OH
7o, 120-dihydroxy-58-cholestan-3-one

Sl OH

“OH

. . (o}
HO’ 'OH

3, 7a-dihydroxy-5p-cholestane

HO™"

3,70, 120-trihy droxy-5B-cholestane

Side-chain modification

Wo o

Chenodeoxycholic Acid

Cholic Acid
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120-hydroxylation occurs (reaction 4), the end product is cholic acid rather than
chenodeoxycholic acid. The final two steps of nuclear modification occur in the
cytosol, and involve A*-3-oxosteroid 5B-reductase (Onishi ef al, 1991 - reaction 3)

and 3oa-hydroxysteroid dehydrogenase (Stolz et al., 1991 - reaction 5).

The modification of the cholesterol side-chain (Figure 1-6) is initiated by a
mitochondrial sterol 27-hydroxylase (Wikvall, 1984; Cali and Russell, 1991), which is
situated in the inner mitochondrial membrane and catalyses both 27-hydroxylation and
further oxidation to a carboxylic acid (reaction 1; Figure 1-6). Formation of the acid
from the 27-hydroxylated intermediate is also possible by the action of cytosolic
alcohol and aldehyde dehydrogenases (Okuda and Okuda, 1983). The resulting acidic
intermediates (di/trihydroxycholestanoic acids; DHCA/THCA) are subsequently
esterified with coenzyme A by the microsomal coenzyme A ligase (Killenberg, 1976 -
reaction 2) before the subsequent reactions of B-oxidation within the peroxisome can
occur. The process of peroxisomal B-oxidation, which is responsible for the oxidation
and shortening of very-long chain fatty acids (VLCFAs) as well as branched chain
fatty acids such as pristanic acid and the bile acid intermediates, has recently been the
subject of much interest (Wanders, 2000). The first step in the peroxisomal
modification of the bile acid side-chain (reaction 3) is catalysed by a branched chain
specific acyl-CoA oxidase that oxidises 2-methyl branched chain fatty acids (Vanhove,
1993). [The nomenclature of carbon atoms for B-oxidation substrates such as pristanic
acid starts with the carboxyl group as C1. This nomenclature is commonly used when
describing the B-oxidation of bile acids, rather than the conventional numbering of the
steroid nucleus and bile acid side-chain.] The second and third steps of bile acid B-
oxidation are catalysed by a single enzyme, D-bifunctional protein (Jiang, 1997). This

enzyme firstly catalyses the hydration of the enoyl-CoA intermediate to yield the D-3-
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hydroxyacyl-CoA intermediate (varanyl-CoA - reaction 4), which is subsequently
dehydrogenated to produce the 3-ketoacyl-CoA (reaction 5). The final reaction of
peroxisomal B-oxidation is the thiolytic cleavage of the 3-ketoacyl-CoA into the chain-
shortened acyl-CoA and propionyl-CoA (reaction 6). This is catalysed by a branched
chain specific 3-ketoacyl-CoA thiolase (Sterol Carrier Protein x; SCPx — Seedorf et al.,
1994) and yields the CoA ester of either cholic or chenodeoxycholic acid. One further
enzyme, an d-methylacyl-CoA racemase, has also been implicated in peroxisomal
oxidation. The initial steps in cholesterol side-chain modifcation have been shown to
be stereospecific - the microsomal sterol 27-hydroxylase is R-stereospecific (yielding
25R-THCA) whereas the first step in peroxisomal B-oxidation of THCA-CoA
(branched chain specific acyl-CoA oxidase) specifically oxidises the 25S-THCA-CoA
isomer. The a-methylacyl-CoA racemase has been postulated to be essential for the
conversion of 25R-THCA to 25S-THCA prior to oxidation to A*-THCA (Pedersen et
al., 1996). The stereochemistry of the further reactions of P-oxidation involve the
formation of 24E-AZ*.THCA from 25S-THCA and subsequent hydration to 24R,25R-
varanic acid by the D-bifunctional protein (Ikegawa ef al., 1995; Une et al., 1996;

Vreken et al., 1998).

The hepatocyte is responsible for one final and essential step in bile acid biosynthesis
prior to their excretion into bile, which is the amino acid conjugation of the carboxyl
group of cholic and chenodeoxycholic acids with glycine or taurine. The exact
sequence of reactions responsible for the conversion of the peroxisomal bile acid CoA
esters to conjugated bile acids is not clear. The conjugation reaction is catalysed by a
bile acid CoA:amino acid N-acyltransferase (Johnson et al., 1991) that is thought to be
microsomal. The presence of a microsomal bile acid CoA synthetase has been reported

and on this basis it has been suggested that the peroxisomal bile acid CoA esters may
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leave the peroxisome as free bile acids, to be re-esterified by the microsomal bile acid
CoA synthetase prior to conjugation (Russell and Setchell, 1992). Whatever the role of
this enzyme in de novo bile acid synthesis, it is required for the re-conjugation of bile
acids that have been deconjugated in the gut and returned to the liver via enterohepatic

circulation.

1.3.2 An alternative ‘acidic’ pathway for bile acid synthesis

Although the ‘classical’ pathway has provided a reliable model for bile acid synthesis,
it has long been recognised that alternative pathways for the synthesis of bile acids
from cholesterol may also exist. As early as 1972, it was demonstrated that labelled
27-hydroxycholesterol was efficiently converted into chenodeoxycholic acid in man
(Anderson et al., 1972; Hanson et al., 1979), suggesfing that chenodeoxycholic acid
could be produced via the initial side-chain hydroxylation of cholesterol rather than the
7a-hydroxylation of the ‘classical’ pathway. Still earlier studies using rat liver
homogenates described the conversion of labelled cholesterol into 3B-hydroxy-5-
cholenoic acid, lithocholic acid and chenodeoxycholic acid, albeit in small quantities
(Mitropoulos and Myant, 1967a/b). This indicated that the complete side-chain
modification is possible, in the rat, before any nuclear modification has occurred. Javitt
et al. (1986) later described further evidence for such a pathway, demonstrating the
conversion of 3B-hydroxy-5-cholenoic acid into chenodeoxycholic acid in man. Swell
and co-workers attempted to evaluate the significance of these different pathways in
man using [3 H]7a-hydroxycholesterol and [3 H]27-hydroxycholesterol as precursors for
bile acid synthesis (Swell ez al., 1980). [3H]70L-Hydroxycholesterol was shown the be
efficiently converted to both cholic and chenodeoxycholic acids while [*H]27-

hydroxycholesterol was only converted to small amounts of primarily
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chenodeoxycholic acid. It was concluded that a pathway initiated by side-chain

modification was of little significance in healthy man.

The first sound evidence for a pathway initiated by side-chain modification that
contributed significantly to bile acid synthesis was obtained by Axelson and Sjovall.
They demonstrated the presence of a number bile acid intermediates in the plasma of
healthy human patients. These compounds had undergone initial side-chain
hydroxylation/ carboxylation prior to complete conversion of the cholesterol nucleus to

a bile acid nucleus, and were thus not intermediates in the ‘classical’ pathway

(Axelson and Sjovall, 1988). A new model for bile acid biosynthesis was subsequently

deduced by correlating the levels of these proposed bile acid intermediates from

patients with reduced, normal and stimulated bile acid production (Axelson and

Sjovall, 1990) as illustrated in Figure 1-7. The model comprises of the ‘classical’ or

‘neutral’ pathway (shown in blue) as previously described and an ‘alternative’ or
‘acidic’ pathway (shown in red) that is initiated by side-chain modification. Under
normal conditions, the neutral pathway leads predominantly to the production of cholic
acid while the acidic pathway leads principally to chenodeoxycholic acid. However,
under conditions of increased bile acid production (i.e. 1ileal resection or
cholestyramine treatment) cholesterol 7a-hydroxylase is stimulated and the neutral
pathway dominates, whereas under conditions of reduced bile acid production (i.e.
alcoholic cirrhosis or extrahepatic cholestasis) the acidic pathway dominates. The
apparently separate regulation of the two pathways in this model is supported by the
finding that cholesterol 7a-hydroxylase, the rate-limiting step in the neutral pathway,
is not active towards the intermediates of the acidic pathway (Toll et al., 1994). Thus

the regulatory step in the neutral pathway is different from that in the acidic pathway.
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involving oxysterol 7a-hydroxylase can be induced in normal and CYP7A™” mice, and
can be a major contributor to murine bile acid production. The evidence so far
indicates that the alternative pathway for bile acid synthesis plays an important role in
rodent bile acid synthesis. Whether or not these rodent models should be relied on in
order to speculate on the importance of the neutral and acidic pathways in man is
questionable. This is highlighted by the evidence coming forth from patient with a
deficiency of oxysterol 7a-hydroxylase, which is the 7a-hydroxylase unique to the
acidic pathway (Setchell er al., 1998). This patient displayed severe neonatal
cholestasis and cirrhosis and was shown to have a point mutation in the oxysterol 7a-
hydroxylase gene. This suggests that the acidic pathway has a crucial role in the human
neonate, contrary to the mouse in which oxysterol 7a-hydroxylase is induced in the

third week of life.

The evidence so far indicates that the alternative pathway might have a significant role
in bile acid synthesis. However, the real contribution to in vivo bile acid synthesis in
man is difficult to ascertain without a procedure that does not grossly perturb bile acid
synthesis and that does not rely on potentially unsuitable rodent models. The wide
substrate specificity of the enzymes involved in bile acid synthesis and the
involvement of multiple cellular organelles make bile acid synthesis a complex and
difficult subject to study. The exact sequence and spatial location in which these

reactions occur in vivo is still unclear and they have been described as semi-random

(Bjorkhem, 1985), while the pathways themselves have been described as a farrago

(Schwarz et al., 1998).
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1.3.3 Further routes of bile acid synthesis
Ayaki et al. (1970) have described a further variation in the order in which the side-
chain and nuclear modifications of cholesterol can occur. They reported the production
of chenodeoxycholic acid in the rat involving the intermediates 7a-hydroxycholesterol,
3B-hydroxy-5-cholenoic acid and 7a-hydroxy-3-oxo-4-cholenoic acid. This indicates
that the rate-limiting step of the classical pathway can be followed by side-chain
modification prior to the other steps of nuclear modification. The significance of this
pathway was not established. Another pathway has been proposed that involves a
distinct set of intermediates rather than describing a simple variation in the sequence of
established reactions in the bile acid pathway. 5B-Cholestane-3a,7a,12a-triol has been

shown to be converted into 5B-cholestane-3c,7a,12a,25-tetrol by the microsomal

fraction of both rat and human liver homogenate (Bjorkhem et al., 1975). Cholic acid

is subsequently formed via 5B-cholestane-3a,70,120,24(S),25-pentol, which provides
an alternative route for side-chain modification compared with that described in the
acidic and neutral pathways. Although 5B-cholestane-3a,7a,12,27-tetrol has been

shown to be converted to cholic acid more efficiently than 5pB-cholestane-

3a,7a,12a,25-tetrol (Bjorkhem et al., 1975), there is a mounting evidence that this

pathway may play a significant role in bile acid synthesis. Patients with defects of
side-chain modification initiated by sterol 27-hydroxylase (i.e. patients with CTX or
peroxisomal B-oxidation defects) still have a limited capacity to synthesise primary
bile acids. Furthermore, a patient with severe intrahepatic cholestasis and familial giant
cell hepatitis has been postulated to have a deficiency in this 25-hydroxylase pathway

(section 1.7.2.3).
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1.3.4 Regulation of bile acid synthesis
The regulation of bile acid synthesis, like the pathways themselves, is complex and
incompletely understood. Cholesterol 7a-hydroxylase and sterol 27-hydroxylase, the
initial steps of the neutral and acidic pathways respectively, have been identified as the
two major regulatory steps in bile acid synthesis. There is also some evidence that
oxysterol 7a-hydroxylase and sterol 12a-hydroxylase may also be involved directly in

the regulation of bile acid synthesis (Vlahcevic ef al., 1999).

1.3.4.1 Cholesterol 7 a-hydroxylase

The concept of negative feedback inhibition of bile acid synthesis by bile acids that are
returned to the liver via the enterohepatic circulation was suggested more than thirty
years ago, although the mechanisms that underlie this process are only recently
becoming clear (Vlahcevic et al.,, 1999). Cholesterol 7a-hydroxylase is the major
point of negative feedback control, and its transcription is repressed by the more
hydrophobic bile acids, while hydrophilic bile acids (such as ursodeoxycholic acid)
have no regulatory effect. The exact mechanism for such repression is not clear,
although two models have been proposed. The first model involves bile acids binding
to a steroid hormone type receptor that is subsequently translocated into the nucleus
where the interaction of this complex suppresses transcription of the cholesterol 7a-
hydroxylase gene. The second model involves a protein kinase C-dependant signal
transduction cascade initiated by the more hydrophobic bile acids, which ultimately

leads to the modification of transcription factors.

Cholesterol 7a-hydroxylase transcription has also been shown to be sensitive to
cholesterol levels (Vlahcevic et al., 1999). This regulation differs significantly

amongst different species. For instance, rats show marked stimulation of cholesterol
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7a-hydroxylase activity by cholesterol while inhibition of cholesterol synthesis led to
the near abolition of cholesterol 7a-hydroxylase activity. However, the opposite effect
is observed in monkeys, rabbits and hamsters (and probably in humans). Cholesterol
7a-hydroxylase transcription has also been shown to be under hormonal control and is

affected by the circadian rhythm.

1.3.4.2 Sterol 27-hydroxylase

Certain similarities between the regulation of cholesterol 7a-hydroxylase and sterol
27-hydroxylase have been found (Vlahcevic et al., 1999). Sterol 27-hydroxylase has
been shown to be transcriptionally repressed by hydrophobic bile acids in the rat and to
be subject to hormonal control. However, the sterol 27-hydroxylase in the rabbit was
shown not to be under negative feedback control by hydrophobic bile acids, while
cholesterol exhibited no regulatory effects in any of the species studied. Whether sterol

27-hydroxylase plays a role in the regulation of bile acid synthesis in man is not clear.

1.3.4.3 Oxysterol 7 a-hydroxylase and sterol 12 a-hydroxylase

Little is known about the regulation of these two enzymes. Preliminary data suggest
that they are subjected to negative feedback inhibition from bile acids. Oxysterol 7a-
hydroxylase is wup-regulated in cholesterol 7a-hydroxylase deficient mice,

compensating for the absence of the classical pathway (Ishibashi et al., 1996; Schwarz

etal., 1996)

The regulation of bile acid synthesis has recently been the subject of considerable
scrutiny. Being the catabolic products of cholesterol, the bile acids play an important

role in cholesterol homeostasis and a thorough knowledge of their regulation is
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essential in order to fully understand cholesterol homeostasis. Manipulation of bile
acid synthesis has therapeutic potential for the treatment of disorders of cholesterol
homeostasis such as hypercholesterolemia and atherosclerosis. The possibility of
treatment for such common disorders is stimulating further research into bile acid

synthesis and regulation.
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1.4 Physiology of bile acids

The functions of the bile acids can be divided into three overlapping roles. Firstly, they
are the readily excretable polar breakdown products of cholesterol. Secondly, they act
as the primary stimulus for the flow of bile, being pumped by hepatocytes into the bile
caniculus against their concentration gradient via an ATP dependent process. The third
function is the action of the bile acids in the gut, where they act as detergents by
emulsifying and solubilizing lipophilic compounds. This action facilitates the intestinal
absorption of compounds such as cholesterol and fat-soluble vitamins. Bile acids are
subsequently reabsorbed in the gut and returned to the liver in a recycling process
referred to as enterohepatic circulation (Figure 1-8). This is essential for maintaining
an adequate bile acid pool, which is typically 1.5 to 4g in size in a healthy adult and is
recirculated 6 to 15 times daily. Between 0.2 to 0.5g of the bile acid pool is lost daily
due to fecal loss and is replaced by de novo synthesis, hence bile acid synthesis
provides a minor contribution to total bile acid flux compared with enterohepatic
circulation, although it is essential to maintain the size of the bile acid pool (Carey and

Duane, 1994).

1.4.1 Hepatic bile acid transport and biliary secretion

Although the hepatocyte is responsible for the synthesis of bile acids, its most
important role with respect to bile acid flux is the uptake of bile acids from the portal
blood and transport into the bile caniculus. Several mechanisms for the uptake of bile
acids from portal blood by the sinusoidal membrane of the hepatocyte have been
identified (Bahar and Stolz, 1999). Two sodium-dependgnt transporters that facilitate

the uptake of hydrophilic bile acids (predominantly conjugated bile acids) have been
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described. A variety of organic anion transporters have been implicated in the sodium-
independent transport of more hydrophobic bile acids while the most hydrophobic bile
acids (unconjugated secondary bile acids) can passively diffuse into the hepatocyte.
Once in the hepatocyte, bile acids are subjected to rapid vectorial transport from the
sinusoidal to canicular membranes, where they are excreted into bile. The mechanism
for this efficient transport is unknown, although a number of cytosolic proteins have
been found to specifically bind bile acids, including one of the bile acid synthetic
enzymes 3o-hydroxysteroid dehydrogenase. These bile acid binding proteins appear to
help hold bile acids within the cytosol in vitro, although whether they facilitate
vectorial transport is unclear. Vesicle-mediated transport of bile acids has also been
suggested. Secondary bile acids that are returned to the hepatocyte can undergo
modification to yield the corresponding primary bile acid, although the lack of a bile
acid 7a-hydroxylase accounts for the significant amounts of lithocholic and
deoxycholic acids within the bile acid pool of humans (Elliot, 1985). Bile acids that
have been deconjugated in the gut are conjugated at this stage. Both the bile acids that
have been returned to the liver and those that have been newly synthesised must be
transported into bile across the canicular membrane against a very steep concentration
gradient. This is thought to be achieved by ATP-depend%nt transporters that belong to
the ABC (ATP binding cassette) family of transporters (Elferink and Groen, 1999).
One such transporter in man is the sister of P glycoprotein (SPGP) or bile salt export
pump (BSEP), a defect in which has been postulated to cause progressive familial
intrahepatic cholestasis (PFIC) type 2. Patients with another subgroup of this
syndrome, PFIC type 1, have been shown to have defective canicular bile salt secretion
and a mutation in a gene designated FIC1. The precise function of the FIC1 gene
product is as yet unknown, although it is assumed to play a crucial role in canicular

bile acid transport.
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The transport of bile acids into the caniculus fuels bile acid-dependfnt bile flow, which
is essential for maintaining normal bile secretion. The high concentration of bile acids
in the caniculus causes an influx of water due to osmotic pressure, and along with
cancicular contractions, drives bile flow. A discrete bile acid-independent mechanism
also exists that drives bile flow, which relies upon the transport of other organic ions
such as glutathione and inorganic ions into the caniculus. In addition to stimulating
" bile flow, the excretion of bile acids plays an important role in promoting the direct
excretion of lipids (chiefly cholesterol and phospholipid) from the hepatocyte into bile

caniculi (Hofmann, 1994).

1.4.2 Bile acid function and modification within the gut

Once secreted in the bile canculi, the flow of bile transports bile acids into the
duodenum, although approximately 50% of excreted bile acids are stored and
concentrated within the gall bladder, prior to delivery to the duodenum. Having
reached the gut, bile acids play a crucial role in solubilizing lipophilic compounds,
thus facilitating the intestinal absorption of compounds such as cholesterol and fat-
soluble vitamins (Carey and Duane, 1994). Bile acids, having both polar and non-polar
regions, are amphipathic molecules and thus act as detergents in aqueous solutions,
forming polymolecular aggregates called micelles (Figure 1-9). Such micelles facilitate
the solubilisation of lipophilic compounds by sequestering them away from the
aqueous phase thus forming mixed micelles. In the gut, mixed micelles commonly
contain fatty acids, cholesterol and other lipophiles, although the precise form by
which these compounds exist in the gut is a complex combination ;>f an emulsion,
mixed micelles and vesicles. The solubilisation of cholesterol and fat-soluble vitamins

allows their diffusion into enterocytes in the gut wall and is dependent on the presence
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of bile acids. Diffusion is thought to be driven principally by the concentration

gradient that exists between the luminal contents of the gut and the enterocyte.

During the passage through the gut, a percentage of the bile acids are modified by the
indigenous bacterial flora (Hylemon, 1985). There are three major bacterial
modifications that are of particular biological significance. Approximately 20% of
glycine conjugated and 10% of taurine conjugated bile acids are deconjugated in each
cycle of enterohepatic circulation. 7a-dehydroxylation is another common
modification and leads to the production of the major secondary bile acids deoxycholic
and lithocholic acid. The third noteworthy bacterial modification is the oxidation-
reduction of the 7a-hydroxyl group of chenodeoxycholic acid leading to 7-
oxolithocholic and the chenodeoxycholic acid epimer ursodeoxycholic acid. Some of

these modifications are corrected upon return to the liver as described earlier.

1.4.3 Return of bile acids from the gut to the liver

Approximately 95% of bile acids that are secreted by the liver are reabsorbed in the gut
and returned to the liver. This requires efficient uptake by the gut and is achieved using
both passive diffusion and active transport. Passive diffusion occurs throughout the gut
and is dependent on the polarity of the various bile acids/salts. The less polar bile
acids, such as the unconjugated secondary bile acids that exist in protonated form at
physiological pH, can readily diffuse into the gut wall and into portal blood. The polar
bile acids, such as the conjugated bile acids, will not undergo any significant passive
diffusion. Active transport is responsible for the uptake of these more polar bile acids
and is carried out by the ileal sodium-depend%nt bile acid transporter (IBAT), defects
in which cause bile acid malabsorption, diarrhoea and inflammatory bowel disease

(Bahar and Stolz, 1999). The mechanisms responsible for the transport of bile acids
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across the enterocyte and subsequent secretion into the venous system for return to the
liver are poorly understood. Proteins such as 3a-hydroxysteroid dehydrogenase (in
similar fashion to liver) and an ileum specific lipid-binding protein that has a high
affinity for bile acids have been postulated to facilitate intracellular transport, while
some evidence has been obtained for an active bile acid transporter on the basolateral

membrane of the enterocyte.

1.4.4 Bile acids and cholesterol homeostasis

Bile acid synthesis, secretion and reabsorption have significant, although opposing
roles in cholesterol homeostasis. Production and secretion of bile acids into bile
provide the only route for cholesterol elimination from the body, as bile acids are the
soluble and excretable catabolites of cholesterol and they also stimulate direct
secretion of cholesterol from the liver. Conversely, they have the directly opposite role
of promoting uptake of dietary and excreted cholesterol from the small intestine due to
their ability to solubilise and facilitate the uptake of cholesterol. This has the effect of
raising bodily cholesterol. These opposing roles of the bile acids reflect the complex
and still not fully understood biochemistry of cholesterol catabolism and excretion.
How these processes, and those of cholesterol supply and synthesis, interact to produce
homeostasis is also poorly understood, and in the light of high profile cholesterol
related diseases such as atherosclerosis and hypercholesterolemia, they are the subject

of much research today.
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1.5 Methods for the characterisation of bile acids from biological fluids

The detection and characterisation of bile acids from biological fluids poses a difficult
analytical problem due to the complex variety of bile acids found in nature and the
high degree of structural similarly between them. In health, bile acids can be found in
systemic blood at low micromolar concentration and at trace levels in urine. Their
concentration in bile is typically low millimolar, although this may be considerably
higher following concentration in the gall bladder. Cholestatic liver disease can cause
the systemic concentration to increase 10-100 fold and cause an increase in the
excretion of bile acids in the urine. In clinical practice, the analysis of bile acids from
plasma and urine is useful for the confirmation of cholestasis and for screening for
abnormal bile acids characteristic of inborn errors of bile acid synthesis. One method
highly suited to the rapid detection of raised plasma concentrations of normal bile
acids and thus confirmation of cholestasis, is an enzyme assay using 3a-
hydroxysteroid dehydrogenase that is NAD-coupled to a colourmetric or
bioluminescent enzyme reaction (Qureshi ef al., 1984, Murphy, 1988). Although this is
an appropriate test for the quantitation of total serum bile acid levels, it is of little
diagnostic use in those patients who are candidates for inborn errors of bile acid
synthesis. More sophisticated analytical methods are thus required to identify and
quantitate individual bile acids from urine and plasma and less commonly from bile
and faeces from such patients. There is a vast literature describing many diverse
methods for the separation, detection and characterisation of bile acids from biological
fluids that has been reviewed previously (Nair and Kritchevsky, 1971; Nair et al,
1988; Roda et al., 1998). Separation methods include thin-layer chromatography
(TLC), high-performance liquid chromatography (HPLC), gas chromatography (GC)
supercritical fluid chromatography (SFC) and capillary electrophoresis (CE) while

detection methods range from ultra-violet spectrophotometry to mass spectrometry.
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Two methods for the characterisation of bile acids from biological fluids are
commonly used to screen for inborn errors of bile acid synthesis. Gas chromatography-
mass spectrometry (GC-MS) is a powerful method combining high sensitivity with
high resolution chromatography and has the ability to identify bile acids by their
chromatographic retention index and mass spectrum. However, this method requires
rigorous sample preparation and long analysis times and is thus not well suited to the
rapid screening of large numbers of samples. Tandem mass spectrometry (MS/MS) is
another frequently used method for screening for bile acids. It is a rapid method in
comparison with GC-MS, and is thus suitable for the analysis of large numbers of
samples. However, it lacks the chromatographic separation and the highly diagnostic
mass spectra of GC-MS (with the exception of some highly sophisticated MS/MS

instrumentation as described later in Chapter 2).

1.5.1 Gas chromatography-mass spectrometry

Gas chromatography-mass spectrometry relies on the separation of bile acids using a
gas chromatograph and subsequent detection using mass spectrometry. Gas
chromatography (GC) is a widely used technique that is used to separate volatile
organic compounds. Analytes are vaporised into the gas phase and are passed through
a capillary column coated with a stationary phase. Separation of analytes is depend%nt
on their interaction with this stationary phase. The use of GC for bile acid analysis
requires modification of bile acids in order to render them volatile and thus suitable for
such analysis. A commonly used method involves methylation of the carboxy terminus
and trimethylsilyl (TMS) derivatisation of hydroxyl groups, while conjugated bile
acids must be initially deconjugated. In addition to these chemical and enzymatic
modifications, bile acids must be carefully extracted from the biological matrix of

interest prior to analysis. In particular they must be separated from cholesterol, whose
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TMS-ether is chromatographically similar to methyl/TMS bile acid ethers and would
interfere with analysis due to its high concentrations in comparison with the bile acids,
especially in plasma, tissue and faeces. The method employed in thesis involves bile
acid extraction on an anionic steroid binding resin and further separation from
cholesterol using alumina chromatography as previous described (Clayton and Muller,
1980), although other methods such as C18 solid phase extraction were considered
(Setchell and Worthington, 1982). Upon elution from the GC column, the choice
method for the detection of bile acids is electron-impact mass spectrometry (EI-MS).
Analytes are ionised with a beam of electrons, which imparts charge and also causes
extensive fragmentation providing valuable structurally informative data. The
requirement for rigorous prepérative steps means that bile acid analysis by GC-MS is
not ideally suited to the routine analysis of large numbers of samples for inborn errors
of bile acid metabolism. GC-MS is however a powerful method combining high
sensitivity with the ability to characterise bile acids on the basis of chromatographic
and mass spectral properties. It is thus the method of choice for the unequivocal
identification of bile acids from biological sources, in particular abnormal bile acids

whose confident identification is not possible with other more rapid techniques.

1.5.2 Tandem mass spectrometry

Tandem mass spectrometry (MS/MS) is a highly versatile analytical technique that has
been utilised for the characterisation of many classes of analyte, and the types of
instrumentation that are used to conduct such analyses are equally diverse (Chapman,
1993). The triple quadrupole mass spectrometer is a popular MS/MS instrument for
routine analyses, because of its versatility and ease of operation. It is capable of a
variety of different forms of experiment and can be equipped with a variety of sample

introduction systems; it is ideal for the rapid detection of bile acids.
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1.5.2.1 The triple quadrupole mass spectrometer

The triple quadrupole mass spectrometer consists of three quadrupoles (essentially
mass selective ion filters) in tandem that can be operated in a number of ways. The
simplest experiment that can be conducted upon this instrument utilises only one
quadrupole and is illustrated in Figure 1-10a. Analytes are ionised within the source
(see below) and enter into the first quadrupole (MS1). This mass selective filter is
scanned across a mass range and the analytes are detected according to their mass-to-
charge ratio (m/z). This mode of operation is not strictly tandem mass spectrometry as
it only utilises one mass spectrometric stage, and is annotated as an MS rather than an
MS/MS technique. Any analyte that is detected using this mode of operation can be
subjected to MS/MS experiments in order to obtain specific structural data (Figure 1-
10b). The analyte of interest is selected in the first quadrupole, which is kept static
allowing only analytes of specific m/z to pass through. Selected analytes then proceed
into a collision cell that is comprised of the second quadrupole, or more commonly a
hexapole, in which a small amount of inert gas (typically argon) is present. The
function of the second quadrupole (or hexapole) is to focus ions from the first
quadrupole through the collision cell and into the third quadrupole. Ions entering the
collision cell collide with argon and may undergo fragmentation, a process referred to
as collision induced dissociation (CID). Any fragments that retain charge (daughter
ions) and any analytes that have not undergone fragmentation and also retain a charge
(parent ions) exit the collision cell and pass into the third scanning quadrupole (MS2)

and are detected according to their m/z ratio.

Two further classes of MS/MS procedures can be carried out on this instrument. Parent
ion (Figure 1-10c) scanning involves scanning MS1 while keeping MS2 static, which

enables the selective detection of any analyte that yields a specific daughter ion.



_<N

12

12

12

12

Gl

~N &P

124

124

124

124



50

Detection of neutral losses (Figure 1-10d) can be achieved by scanning both MS1 and
MS2 simultaneously; the difference between the m/z value selected in MS1 and that
selected in MS2 is constant and equal to the neutral loss to be detected. Any analyte
experiencing this specific neutral loss within the collision cell can thus be detected.
These two functions of the triple quadrupole can greatly increase the sensitivity and

specificity of the simple MS experiment.

1.5.2.2 Sample introduction/ionisation

The methods of sample introduction/ionisation that have been used in conjunction with
tandem mass-spectrometry are also diverse. All mass spectrometry techniques rely on
the production of gas phase ions prior to mass anl/aysis and tandem mass spectrometry
generally relies on such an ionisation process that causes little fragmentation of
analytes thus producing predominantly quasi-molecular ions ([M#+,H]™). These ‘soft-
ionisation’ techniques are now commonplace in biological mass spectrometry and have
driven further advances in the analysis of not only molecules such as bile acids but
macromolecules such as proteins and DNA. The ‘soft-ionisation’ methods that have
been widely used for the analysis of bile acids are electrospray ionisation (ESI) and
fast atom bombardment (FAB), which is more correctly referred to as liquid secondary

ionisation (LSI). They are illustrated in Figure 1-11.

1.5.2.3 Analysis of bile acids from biological matrices using tandem mass
Spectrometry

Bile acids (conjugated and unconjugated) do not require derivitisation or enzymatic
modification prior to ESI- or FAB-MS/MS. They contain a readily ionisable terminal
group, either the carboxyl group of unconjugated bile acids or the carboxyl/sulphonate

of glycine and taurine conjugates respectively, making them particularly suitable for
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soft-ionisation. The presence of other readily ionisable classes of conjugate, such as
sulphates and glucuronides, has been reported in urine (Back, 1988; Yang et al., 1998)
Hence, urinary bile acids can be analysed with minimal sample preparation, which
renders soft-ionisation tandem mass spectrometry highly suited to the rapid analysis of

samples and screening for inborn errors of bile acid metabolism.

An early example of the use of soft-ionisation mass spectrometry for the detection of
bile acids was the analysis of urinary bile acids from patients with peroxisomal
disorders (Lawson et al., 1986). FAB-MS was used to detect bile acids from patients
with Zellweger syndrome and infantile Refsum’s disease as well as cholestatic and
healthy patients. A simple one-step C18 protocol was used to extract the bile acids
from urine and the samples were then loaded directly onto the FAB probe in 1:1
glycerol:methanol matrix for single MS analysis. It was demonstrated that urinary bile
acids from cholestatic patients and patients under 18 months with peroxisomal
disorders could be detected using this methodology. This elegantly simple and rapid
method is ideally suited to the detection of bile acids from urine. It is the method of
choice for screening for inborn errors of bile acid metabolism as it is capable of large
and rapid throughput of samples, while the collection of urine is a harmless non-

invasive procedure.

The screening of bile acids from plasma has also been achieved using soft-ionisation
tandem mass spectrometry. The rapid quantitation of conjugated bile acids from dried
bloods using ESI-MS/MS has been reported (Mills et al., 1998). This method, like the
detection of bile acids from urine, involves minimal sample preparation and short
analytical times. Bile acids are eluted from the dried blood spot in a small volume of

methanol containing deuterated internal standards and can be directly analysed by ESI-
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MS/MS, using parent ion scanning to increase the sensitivity and specificity of the
analysis. This parent ion scanning relies on the bile acids yielding intense and specific
daughter ions derived from the taurine (m/z 80) or glycine conjugates (m/z 74). This
technique was subsequently evaluated as a method for large scale screening of
neonates for hepatobiliary cholestatic disease from Guthrie cards (Mushtaq et al.,
1999). Although the technique proved highly suitable for the quantitive analysis of bile
acids from blood spots, the measurement of bile acids in the neonate was not
considered a suitable mass screening method for the detection of hepatobiliary disease
due to the high number of false positive results. One major drawback of this
methodology is that isobaric bile acids, such as taurochenodeoxycholic and
taurodeoxycholic acid, which can be commonly found in plasma cannot be
distinguished on the basis of mass alone. This has been overcome by the addition of an
on-line HLPC step in conjunction with ESI-MS/MS. This liquid chromatography
MS/MS (LC-MS/MS) has been applied in the screening for peroxisomal disorders and

for the selective detection of bile alcohols from plasma (Bootsma et al., 1999a/b).

The use of single stage and tandem mass spectrometry for the rapid detection of the
bile acids in plasma and urine has been shown to have great potential and is indeed
used for screening for inborn errors of bile acid synthesis. However, when a compound
whose identity is uncertain is detected by these techniques, further time-consuming
analyses must be carried out (e.g. GC-MS) on the sample to characterise the analytes
of unknown identity. An evaluation of the potential for tandem mass spectrometry to
rapidly produce structurally informative daughter ion spectra that can be used to

confidently identify bile acids is the subject of chapters 2 and 3 of this thesis.
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1.6 Inborn errors of bile acid metabolism
There are at least fifteen enzymes directly involved in the synthesis of bile acids from
its precursor cholesterol. A deficiency of any one of these enzymes (an inborn error of
bile acid metabolism) will cause a perturbation of bile acid synthesis and has the
potential to be pathogenic. Three inborn errors of bile acid metabolism involving
disorders of the nuclear modification of cholesterol have been described. These
include  oxysterol  7a-hydroxylase  deficiency,  3B-hydroxy-A’-Cys-steroid
dehydrogenase/isomerase (3p-HSDH) deficiency and A*-3-oxosteroid 5B-reductase
(5B-reductase) deficiency. A number of inborn errors of cholesterol side-chain [-
oxidation/shortening have also been described. Cerebrotendinous xanthomatosis
involves a deficiency of sterol 27-hydroxylase, the first step in the oxidation of the
cholesterol side-chain. Several single enzyme defects of the peroxisome, where further
oxidation/shortening of the choiesterol side-chain occurs, have been described.
General defects in peroxisomal function (e.g. Zellweger’s syndrome) also lead to
perturbation of bile acids synthesis. A defect that involves a deficiency of bile acid
conjugation with glycine or taurine has also been recently described as well as a
postulated defect of an alternative route of side-chain modification, the 25-
hydroxylation pathway. As the understanding of bile acid metabolism increases, the
number of inborn errors of bile acid metabolism has also increased. It is likely that
other inborn errors of bile acid metabolism also exist, although deficiencies in some of
these enzymatic steps may either be incompatible with life or may produce phenotypes

so mild that they remain undiagnosed.

1.6.1 Disorders of the nuclear modification of cholesterol
The inborn errors of nuclear modification share a similar clinical phenotype that

involves intrahepatic cholestasis progressing to severe chronic liver disease in early
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life; these problems have been attributed to the accumulation of hepatotoxic bile acid
intermediates and to the paucity of normal bile acids. The precise mechanisms for the
induction of cholestasis and subsequent liver damage are unclear, although it is
probably a combination of the following factors: These patients not only have a
paucity of normal bile acids that fuel bile flow, they also have raised levels of bile
acids with incomplete nuclear modification that have been shown to strongly inhibit
the ATP-dependﬁfﬁt canicular transport of bile acids (Stieger er al., 1997). It was
demonstrated that 3p,7a-dihydroxy-5-cholenoic acid and 7a-hydroxy-3-oxo-4-
cholenoic acid (the elevated bile acid intermediates in 3-HSDH and 5B-reductase
deficiencies respectively) strongly inhibited the canicular transport of cholyltaurine in
canicular membrane vesicles isolated from rat liver, while their taurine conjugates
were not transported by this system. The consequent lack of bile acid-dependgfnt bile
flow is probably the major cause of hepatic damage in these patients. The elevated
intracellular concentrations of these abnormal bile acids that cannot be exported may
have more general hepatotoxic effects that also contribute towards the induction of
cholestasis. Elevated levels of bile acids may mediate hepatocyte damage in a variety
of ways including membrane disruption and an increase in oxidant stress on the cell
(Sokol et al., 1998). Whatever causes the induction of cholestasis, the highly elevated
levels of bile acids (and other endo- and xenobiotics) during cholestasis cause severe

disruption of liver function.

1.6.1.1 Oxysterol 7a-hydroxylase deficiency

Oxysterol 7a-hydroxylase is a key enzyme in the ‘acidic’ pathway of bile acid
synthesis. It provides an alternative route for 7a-hydroxylation of bile acid
intermediates to the extensively studied cholesterol 7o-hydroxylase (chapter 1.4.2;

Figure 1-7). Only one patient with a deficiency of oxysterol 7a-hydroxylase deficiency
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has been described (Setchell et al., 1998). This 10 week-old child presented with
severe cholestasis, cirrhosis and liver synthetic failure from birth. The first clue to the
defect was established from the urinary FAB-MS profile that yielded intense ions at
m/z 453 and 510, which were postulated to be the sulphate and glycosulphate
conjugates of 3B-hydroxy-5-cholenoic acid (Figure 1-12a). The primary bile acids
chenodeoxycholic and cholic acids were not detected. GC-MS analysis confirmed the
major products of hepatic synthesis to be 3p-hydroxy-5-cholenoic and 3B-hydroxy-5-
cholestenoic acids and they constituted >90% of the plasma bile acids (Figure 1-12b).
The presence of these metabolites was strongly suggestive of a defect in 7a-
hydroxylation. The oral administration of cholic acid did not lead to any clinical
improvement in the patient, who subsequently underwent liver transplant. The
cholesterol 7a-hydroxylase gene was found to be normal in the liver tissue, but no
microsomal oxysterol 7o-hydroxylase activity was detected. Molecular biological
studies revealed that the patient had a nonsense point mutation in the microsomal
oxysterol 7a-hydroxylase gene, while expression studies revealed that the truncated
protein had no detectable enzyme activity. Hence, a diagnosis of oxysterol 7a-
hydroxylase deficiency was arrived at. This explains the failure of cholic acid
treatment, which has been used successfully in the treatment of other inborn errors of
bile acid metabolism. In addition to the stimulation of bile acid-dependé&nt bile flow,
the therapeutic benefits of treatment with cholic acid (and also chenodeoxycholic acid)
are thought to be a result of the inhibition of cholesterol 7a-hydroxylase activity and
thus a reduction of potentially hepatotoxic bile acid intermediates. However, such
negative feedback inhibition is considered to have a limited effect on bile acid flux
through the ‘acidic’ pathway, thus explaining why such treatment would be ineffective
in this case. Furthermore, treatment with cholic acid may in fact exacerbate the

symptoms in this disorder, as the subsequent inhibition of cholesterol 7a-hydroxylase
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would limit the flux through the ‘neutral’ pathway that may help to compensate, albeit
inadequately, for the deficiency of the ‘acidic’ pathway. This case highlights the
importance of the ‘acidic’ pathway in early human development. The accumulation of
monohydroxy bile acids, which are known to be particularly hepatotoxic, may account

for the severity of the liver disease displayed by this patient.

1.6.1.23 ,B—Hydroxy-A5-C 27-steroid dehydrogenase/isomerase deficiency

3B-Hydroxy-A’-C,7-steroid dehydrogenase/isomerase catalyses one of the steps of bile
acid biosynthesis involving the nuclear modification of cholesterol. It is responsible
for the dehydrogenation of the 3B-hydroxyl group and the isomerisation of the A’
double bond to the A* position (chapter 1.4.1; Figure 1-5). Clayton et al. (1987)
described the first patient having a deficiency of 3p-hydroxy-A’-C,s-steroid
dehydrogenase/ isomerase (33-HSDH) deficiency. Further patients have since been
identified (Clayton, 1991). These patients presented with neonatal cholestatic jaundice,
while giant cell hepatitis was also observed upon liver biopsy and liver function tests
were abnormal with raised aminotranferases. Clinical rickets in early infancy and other
evidence of fat-soluble vitamin malabsorption are features of this disorder. It has also

been shown to present with progressive familial intrahepatic cholestasis (Jacquemin et

al, 1994),

Urinary FAB-MS analysis of these patients revealed a striking profile demonstrating
the presence of the sulphate and glycosulphate conjugates of 3pB,7a-dihydroxy-A°-
cholenoic and 3[3,7oc,l20.-trihydr0xy-A5-cholenoic acids (m/z 469, 485, 526 and 542;
Figure 3-1, Page 119), while GC-MS analysis of plasma bile acids detected bile acids
with a 3B-hydroxy-A® structure. There was a paucity of the normal bile acids

chenodeoxycholic and cholic acid. This biochemical evidence led to a diagnosis of 33-
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HSDH deficiency in these patients — the 3B-hydroxy-A’ bile acid precursors can be
further metabolised via 12a-hydroxylation, side-chain modification and conjugation
(Figure 1-13). This was subsequently confirmed by the lack of 3B-HSDH activity in
patient fibroblasts (Buchmann et al.,, 1990). Treatment of these patients with
chenodeoxycholic acid resulted in marked clinical improvement and normalisation of
liver function tests. Such treatment also resulted in the reduction of plasma
concentration and urinary excretion of 3[3-hydr0xy-A5 bile acids (Ichimiya et al.,
1991). Untreated, 33-HSDH deficiency led to cirrhosis and death by the age of 5 years

in the case of two siblings of the first reported patient.

1.6.1.3 A*-3-Oxosteroid 5 B-reductase deficiency

A*-3-Oxosteroid 5B-reductase (5B-reductase) catalyses the reduction of the A* carbon-
carbon double bond of the steroid nucleus (chapter 1.4.1; Figure 1-5) of bile acid
intermediates and other substrates with a steroid nucleus, with stereospecific addition
of a 5B-hydrogen. The first diagnosis of 5B-reductase deficiency was made in twins
with neonatal hepatitis, based on the presence of elevated levels of 3-oxo-A* bile acids.
However, the diagnosis of this disorder on the basis of such biochemical evidence

alone can lead to false diagnosis. This will be the subject of chapter 4 of this thesis.

1.6.2 Disorders of cholesterol side-chain modification

Patients with disorders of side-chain modification display a rather different clinical
presentation to those with disorders of nuclear modification. Liver disease in this
group of patients is not universal and when it does occur it can be quite mild, although
some patients with peroxisomal biogenesis disorders (Zellweger’s syndrome) display
cirrhosis at birth. This is in sharp contrast to disorders of nuclear modification, which

are all severely cholestatic. The reasons for this lack of liver disease are probably
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Figure 1-13: A figure illustrating the metabolic block in 3-HSDH deficiency and the
subsequent modification of the accumulating precursors. Cholesterol undergoes 7 a-
hydroxylation but cannot undergo the next step in nuclear modification due to the lack of
3B-HSDH. Further metabolic transformation does occur, including 12 a-hydroxylation,
side-chain shortening and conjugation with glycine and/or a sulphate moiety.
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twofold. Firstly, the existence of two pathways for side-chain modification has lead to
the hypothesis that the disorders of the 27-hydroxylase pathway can be compensated
sufficiently by the 25-hydroxylase pathway thus avoiding significant liver damage.
However, the one patient with a postulated defect of the 25-hydroxylase pathway did
suffer severe liver damage, suggesting this pathway may be of greater significance in
the neonate. Secondly, the C,; bile acids (or bile alcohols) that accumulate in these
disorders are generally found in bile, suggesting that they are substrates for canicular
transport by the hepatocyte. This is contrary to the C,4 bile acids with abnormal
nuclear structure, which are not substrates for canicular transport and inhibit the
transport of normal bile acids. Furthermore, once in bile it is probable that these Cy7
bile acids/bile alcohols drive bile flow and facilitate the solubilisation of lipids within
in gut — such bile acids and alcohols serve this function adequately in a variety of

primitive vertebrates (Hoshita, 1985).

1.6.2.1 Cerebrotendinous Xanthomatosis

Cerebrotendinous xanthomatosis (CTX) is an autosomal recessive disorder that is
associated with atherosclerosis and with accumulation of cholestanol and cholesterol in
most tissues, in particular the brain and xanthomata. The symptoms of CTX include
mental retardation or regression in childhood, followed by spastic paresis, cerebellar
ataxia, cataracts and tendon xanthomata in adolescence or early adult life. The enzyme

deficiency that is responsible for this condition is a deficiency of sterol 27-hydroxylase
(Bjorkhem and Boberg, 1995). This mitochondrial enzyme catalyses the first two steps
of cholesterol side-chain oxidation, both 27-hydroxylation and further oxidation to a

carboxyl group forming an acidic side-chain (chapter 1.4.1; Figure 1-6). Although

patients with a deficiency of this enzyme do not possess the ability to carry out normal
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cholesterol side-chain catabolism, the steroid nucleus still undergoes full metabolic
transformation. This results in the accumulation of bile acid intermediates such as 5f3-
cholestane-3a.,7a,12a-triol, which undergo further side-chain hydroxylation at
positions other than C27. Thus the major catabolic product of cholesterol in bile is not
a bile acid, but the glucuronidated bile alcohol 5B-cholestane-3a.,70ct,120,25-tetrol. The
urinary FAB-MS spectra from these patients demonstrated the predominant presence
of glucuronidated bile alcohols such as glucuronidated cholestane tetrols and pentols
(m/z 611 and 627 respectively). GC-MS analysis of the plasma from CTX patients

revealed elevated levels of bile alcohols as well as most of the bile acid precursors that

have yet to undergo side-chain modification (Clayton, 1991; Bjérkhem et al., 1987,

Koopman et al., 1987), while plasma concentrations of chenodeoxycholic and cholic

acids are low (Beppu et al., 1982).

The increased levels of cholesterol and cholestanol have been explained in a variety of

ways (Bjorkhem and Leitersdorf, 2000). The low levels of normal bile acids in the

enterohepatic circulation may cause reduced feedback inhibition on cholesterol 7c-
hydroxylase, hence an increase in the synthesis of early intermediates in the bile acid
pathway. This may explain the large amounts of cholestanol that accumulates in these
patients, as a key bile acid intermediate (7c-hydroxy-4-cholesten-3-one) can be
converted into cholestanol by hepatic enzymes. Increased cholesterol synthesis may
occur due to the loss of feedback inhibition of the rate-limiting enzyme in cholesterol
synthesis (3-hydroxy-3-methylglutaryl-CoA reductase). 27-Hydroxycholesterol, the
product of sterol 27-hydroxylase, has been shown to be a potent inhibitor of this
enzyme. Cholestanol synthesis directly from cholesterol has also been reported, so a

rise in cholestanol synthesis may be directly related to a rise in cholesterol synthesis.
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Recently sterol 27-hydroxylase has also been implicated in a novel mode of cholesterol
elimination from extrahepatic tissues (Lund et al., 1996). This may also contribute
significantly to the increased levels of extrahepatic cholesterol/cholestanol. Treatment
of this disorder with chenodeoxycholic acid has proven to be successful, reducing
levels of bile acid intermediates, bile alcohols and cholestanol while causing a
regression of xanthomas. In light of the developmental and neurological involvement

in this disorder, early diagnosis and treatment are crucial.

1.6.2.2 Peroxisomal disorders

The peroxisome is an organelle required for the synthesis of chenodeoxycholic and
cholic acid from DHCA and THCA respectively via -oxidation (Figure 1-6) and it
also has a wide variety of other metabolic roles. Disorders of the peroxisome often
lead to impaired peroxisomal B-oxidation, and hence to impaired synthesis of bile
acids. Peroxisomal disorders can be divided into three categories on biochemical basis
- peroxisomal biogenesis defects (such as Zellweger syndrome and infantile Refsum
disease), disorders with a multiple loss of peroxisomal function (such as rhizomelic
chondrodysplasia punctata type I) and defects of single enzymes required for

peroxisomal -oxidation.

1.6.2.2.1 Peroxisomal biogenesis disorders

The biogenesis and maintenance of peroxisomes is a topic that has recently attracted
considerable attention, although the precise molecular mechanisms for this process are
still poorly defined. 21 PEX genes (peroxins) have been identified that are associated
with peroxisomal biogenesis and maintenance (Tabak et al., 1999); the majority of
these have been implicated in the import of peroxisomal matrix proteins.

Complementation analysis of patients with peroxisomal biogenesis disorders has
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identified 13 complementation groups (Wanders, 1999). Most of these
complementation groups are associated with a defect in a specific PEX gene, although

there appears to be little correlation between genotype and phenotype in these patients.

The disorders of peroxisomal biogenesis manifest in a complex variety of phenotypes
in which neurological disease predominates, the discussion of which is beyond the
context of this thesis. However, the implications for bile acid synthesis are similar for
all these disorders — the C,7 bile acid substrates for peroxisomal B-oxidation cannot be
converted into their corresponding C,4 bile acids. Analysis of plasma bile acids in
these patients by GC-MS typically shows the presence of significant amounts of
THCA, DHCA (THCA predominates in infants) and the Cjo-dicarboxylic acid
3a,7a,120a-trihydroxy-27a,27b-dihomo-53-cholestan-26-27b-dioic acid (Clayton et
al., 1987). The urinary FAB-MS spectra from infants with disorders of peroxisome
biogenesis contain an intense peak corresponding to nuclear hydroxylated derivatives
of tauro-THCA, typically taurine-conjugated 1B-hydroxy-THCA or 6a-hydroxy
THCA (Page 130, Figure 3-7a — m/z 572), although this FAB-MS peak is generally
diminished or absent in patients over 18 months (Clayton, 1991). Diagnosis of this age
group using urinary bile acid analysis is thus unreliable and should be complemented

with plasma bile acid analysis.

1.6.2.2.2 Disorders with multiple loss of peroxisomal enzymes

Rhizomelic chondrodysplasia punctata (RCDP) typel is a peroxisomal disorder caused
by a defect in the PEX7 gene that encodes for a peroxisomal target sequence type 2
(PTS2) receptor (Perdue et al, 1997). Patients with this disorder have defective
peroxisomal targeting and proteolytic removal of the PTS2 domain of 3-oxoacyl-CoA

thiolase. Also deficient in these patients are dihydroxyacetone phosphate
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acyltransferase (DHAP-AT) and alkyl-DHAP synthase, enzymes involved in
plasmalogen synthesis, and phytanoyl-CoA hydroxylase. Hence, patients with RCDP
type 1 have defective plasmalogen synthesis and defective phytanic acid a-oxidation
but bile acid synthesis is not affected in these patients, presumably due to the presence
of a distinct branched-chain 3-oxoacyl-CoA thiolase. A further two patients have been
reported whose clinical features were suggestive of a peroxisomal disorder and who
had identifiable peroxisomes, but displayed an absence of some of the peroxisomal [-
oxidation proteins upon western blotting (Suzuki et al., 1988a/b). Unlike RCDP type 1,
these patients did show a perturbation in bile acid synthesis with elevated plasma
levels of THCA and DHCA in addition to other P-oxidation substrates such as
VLCFAs. The lack of multiple peroxisomal enzymes make these patients candidates

for a peroxisomal protein import deficiency.

1.6.2.2.3 Single enzyme defects of bile acid peroxisomal [-oxidation

A patient postulated to have 3-oxoacyl-CoA thiolase deficiency on the basis of the
immunoblotting was shown to have small amounts of THCA, A**-THCA and varanic
acid in plasma while varanic acid was the major bile acid in bile (Clayton et al., 1990).
Small amounts of THCA, A**-THCA and varanic acid were found in urine by GC-MS
analysis. The exact molecular defect in this patient was not resolved. The other
patients reported to have single enzyme defects of peroxisomal B-oxidation all had
deficiencies of peroxisomal D-bifunctional protein. A patient with a nonsense mutation
and complete loss of D-bifunctional protein activity in fibroblasts has been described,
who showed elevated levels of plasma THCA (van Grunsven et al., 1999a). Further
characterisation of bile acid profiles was not conducted. Another patient with no
immunoreactive D-bifunctional protein had elevated levels of THCA and varanic acid

in urine and plasma (Une et al., 1997). Patients with a defective D-hydroxyacyl-CoA
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dehydrogenase component of the D-bifunctional protein have also been reported, who
have raised plasma concentrations of THCA and DHCA, but more significantly
varanic acid that is the substrate of the D-hydroxyacyl-CoA dehydrogenase component
(van Grunsven et al., 1998/1999a; ). Recently two patients with an isolated defect of
enoyl-CoA hydratase component of D-bifunctional protein have been reported. These
patients had elevated plasma concentrations of the peroxisomal B-oxidation substrates
such as VLCFAs and pristanic acid, but normal amounts of the bile acid intermediates
DHCA and THCA (van Grunsven ef al., 1999b). Detailed characterisation of the bile
profiles were not reported. The lack of elevated bile acid intermediates was surprising,
but was explained due to a small amount of residual activity in the mutant enzyme that
could cope with the normal bile acid flux, but not that of the other B-oxidation

substrates.

1.6.2.3 An inborn error of the 25-hydroxylase pathway for side-chain modification

An infant with familial giant cell hepatitis and severe intrahepatic cholestasis was
shown to have low plasma concentrations of chenodeoxycholic and cholic acid and
elevated levels of unusual C,; bile alcohols in plasma and urine (Clayton et al., 1995).
In urine, the major bile alcohols were glucuronidated 5B-cholestan-3a,7a,1201,25-
tetrol and 5B-cholestan-3a,70,120,24S,25-pentol. These are two intermediates of the
postulated 25-hydroxlase pathway for bile acid side-chain modification. Treatment
with chenodeoxycholic and cholic acids led to a gradual improvement and eventual
normalisation of liver function tests. Previous dogma suggests that the 25-hydroxylase
pathway is of little importance in healthy man. However, the possibility of severe liver
dysfunction caused by the deficiency of this pathway could indicate a more significant

role for the 25-hydroxylase pathway.
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1.6.3 A disorder of bile acid conjugation

A single patient has been described suffering from defect of amino acid conjugation,
where synthesis of chenodeoxycholic and cholic acids occurred but subsequent
conjugation of the terminal carboxyl with glycine or taurine did not take place
(Setchell et al., 1997). The patient presented with abnormal liver function tests and
cholestasis with moderate rickets and other evidence of fat-soluble vitamin
malabsorption. At the age of 1 year a defect in haemoglobin synthesis was diagnosed
and the rickets responded to vitamin D supplementation. Further evaluation of liver
function was undertaken at the age of 14, and while cholestasis had resolved and liver
function tests had normalised, low serum levels of fat-soluble vitamins were revealed.
FAB-MS of urine, plasma and bile revealed intense peaks corresponding to
unconjugated chenodeoxycholic and cholic acids, the identity of which was confirmed
by GC-MS. On this basis, an inborn error of bile acid conjugation was diagnosed,
coexisting with the error of haemoglobin synthesis. The presence of unconjugated bile
acids rather than their CoA esters suggested the defect was at the level of bile acid-
CoA ligase. The lack of cholestatic liver disease and presence of unconjugated bile
acids in bile suggests that these bile acids are secreted efficiently into the bile caniculi.
However, the fat-soluble vitamin malabsorption suggests they are less effective

facilitators of lipid absorption in the gut than their conjugated counterparts.
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1.7 Aims of the present study

The aims of the study presented in this thesis are as follows:

1.

To evaluate the use of CID FAB-MS/MS using a triple quadrupole mass
spectrometer as a rapid method for the structural characterisation of bile acids. The
hypothesis was that such a technique could assist in the confident assignment of
identity to bile acids that are detected using the current FAB-MS methodology,

which is routinely used for the screening for unusual urinary bile acid metabolites.

To characterise the A*-3-oxosteroid-5B-reductase gene in a patient postulated to
have a primary A*-3-oxosteroid-5B-reductase deficiency. No patient has yet been
proven to have a primary genetic deficiency of this enzyme, although the patient
described in this thesis is a particular good candidate for a primary deficiency. A
proven case will help to define the clinical course of this disorder, which will in

turn facilitate its diagnosis and subsequent treatment.
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2.1 Introduction

2.1.1 Background

The diagnosis of inborn errors of bile acid requires, as a first step, the identification of
unusual cholanoids (bile acids and bile alcohols) or their metabolic precursors in urine
and plasma. The most simple and rapid method for screening large numbers of samples
is the detection of cholanoids in urine using soft ionisation with a triple quadrupole
mass spectrometer (e.g. FAB-MS - see chapter 1.5). This technique rapidly provides
the mass (or more correctly mass to charge ratio — m/z) of individual analytes present
in a urine sample, by the production and subsequent mass analysis of their quasi-
molecular [M-H] ions. However, confident assignment of the identity of these quasi-
molecular ions sometimes requires further information in the form of a time-
consuming but unequivocal GC-MS analysis. Collision induced dissociation (CID)
tandem mass spectrometry (MS/MS) is a simple extension of the single MS
experiment and has the potential to provide a rapid means of gaining further
information on the identity of a quasi-molecular ion, thus obviating the need for a
lengthy GC-MS analysis. There are essentially two classes of CID MS/MS experiment
that can be used to obtain this kind of information — those conducted with low-energy
collisions and those conducted with high-energy collisions. The former mentioned
procedure can be conducted using an instrument such as the triple quadrupole and have
already been described in chapter 1.5.2. The procedures conducted at high collision
energies are the same in principle but use instrumentation based upon the magnetic
sector mass analyser rather than the quadrupole, which achieves much higher
accelerating potentials (typically kilovolts rather than tens of volts in the quadrupole),

thus higher energy collisions.
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2.1.2 High-energy CID tandem spectrometry
The initial examples of the use of tandem mass spectrbmetry for the analysis of bile
acids utilised high-energy CID MS/MS. Positive-ion FAB mass-analysed ion kinetic
energy (MIKE) spectra resulting from the CID of taurodeoxycholate and
taurochenodeoxycholate quasi-molecular ions (sodium adducts) were produced using a
double-focusing reverse-geometry mass spectrometer (Liehr ef al., 1985; Kingston et
al, 1985). These two bile acid isomers could be distinguished by observing the
difference in fragmentations involving the cleavage of the steroid nucleus. Similar
results were obtained from the CID MS/MS of bile acid anions using negative-ion
FAB with a three sector (EBE geometry) instrument, and the observed fragmentations
were described as being remote from the site of charge — “charge remote
fragmentations” (Tomer ez al., 1986/1988). Also utilising negative-ion FAB, Griffiths
et al. (1991a/b and 1994) conducted high-energy CID analyses on a comprehensive
range of bile acids and their conjugates. They showed that intense and structurally
informative CID fragmentations could be obtained from taurine-conjugated and
sulphated bile acids, while glycine-conjugated, glucuronidated and unconjugated bile
acids produced less intense and less informative CID spectra. As taurine conjugates
were shown to yield the best CID MS/MS spectra, a method was therefore developed
to conjugate these other classes of bile acid conjugate with taurine or other
aminosulphonic acids (Zhang et al., 1993; Griffiths et al., 1993). Glycine-conjugated,
glucuronidated and unconjugated bile acids were shown to give intense and
informative CID MS/MS spectra after conjugation with taurine. Yang ef al. (1997)
added a liquid chromatography step prior to the high-energy CID tandem mass
spectrometry. This was in the form of capillary column liquid chromatography coupled
with both continuous flow-FAB and ESI (electro-spray ionisation) using a hybrid

autospec-TOFFPD (time-of-flight focal point array detector) mass spectrometer. With
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conjugates were also shown to be dominated by charge-driven mechanisms resulting in
a common fragment composed of the glycine moeity (NH,CH,COO") and the neutral
loss of 62 Daltons (CO, + H,0). Again, none of the structurally informative
fragmentation remote from the site of charge was observed. Low-energy CID spectra
were not obtained from taurine conjugates, as thermospray ionisation did not produce
abundant molecular anions from this class of conjugate. This was probably due to a
combination of inefficient ionisation and the fragmentation of the taurine conjugates in

the source (e.g. with the loss of taurine and/or portions of the side chain).

Libert and co-workers used negative-ion FAB-MS/MS to produce low-energy CID
spectra of bile acid molecular anions with a triple quadrupole mass spectrometer.
Initially, parent ion and neutral loss scans for the selective detection of urinary bile
acids were developed (Libert et al., 1991). It was shown that, unlike thermospray,
negative ion FAB could be used to produced molecular ions of taurine conjugates and
that the low-energy CID spectra of these molecular ions produced some of the
structurally informative charge remote fragmentation that had been previously noted
with high-energy CID experiments. A report was subsequently published describing
the low-energy CID spectra from a number of taurine conjugated bile acid anions and
some light was shed on the mechanisms underlying these fragmentations (Stroobant et
al., 1995). Figure 2-3 shows an example of the fragmentation observed in these low-
energy CID MS/MS experiments. Daughter ions of particular value for structural
elucidation are labelled in blue - A, B and C being cleavages across the steroid nucleus

and fragments E and I coming from cleavages of the side-chain.
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Previously published literature has shown the potential of CID MS/MS for the
structural characterisation of bile acids and their conjugates. Although high-energy
CID methods clearly produce more abundant fragmentation of the type that is useful
for structural characterisation than their low-energy equivalents, low-energy CID has
an important advantage — the equipment needed to conduct these experiments (e.g. a
triple quadrupole mass spectrometer) is less expensive, compact and needs little
experience to operate in comparison with the more specialised instrumentation
required for high-energy CID. These reasons, along with the triple quadrupole’s
versatility, make it a popular instrument that is accessible to centres that might screen
for inborn errors of bile acid synthesis. Thus a triple quadrupole was the instrument of

choice for the work presented in this thesis.

2.1.4 Aims of present work

The aim of the work described in this chapter was to further investigate whether low-
energy CID FAB-MS/MS performed using a triple quadrupole mass spectrometer
could produce structurally informative daughter ion spectra from a comprehensive
range of bile acids and their conjugates and thus be used to identify these compounds

in the urine of patients with liver disease.
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This nomenclature describes all simple cleavages across the steroid nucleus and bile
acid side-chain and is applicable to all the classes of bile acid conjugate described in
this thesis. The definitions of cleavages A and A, in Figure 2-4 are not absolute.
Cleavage A is illustrated as cleavage between A-ring carbons C1/C2 and C3/C4.
However, a fragment of identical mass would be obtained by cleavage of C2/C3 and
C4/Cs5. Cleavage A; is similarly undefined, although the CID MS/MS spectrum of an
A-ring deuterated standard (Figure 2-10) suggests that cleavage A, is indeed a
cleavage between C1/C10 and C3/C4 as illustrated. Some of the described charge
remote fragmentations involve the loss of one or two mass units due to the loss of
hydrogen(s). Such losses are comprehensively recorded in the spectra of appendix I,

although they are omitted in the main text for the sake of clarity.

The term neutral loss will be used specifically to describe daughter ions produced by
losses from the bile acid conjugate and subsequent charge migration onto the
remainder of the molecule (for example [M-H-125] is a neutral loss of taurine from a
taurine conjugated Cy4 bile acid — other such neutral losses can be observed in Figure
2-3). These daughter ions derived from neutral losses are presumed to result from
‘charge mediated’ rather than ‘charge remote’ fragmentation and will be labelled in

bold type.



80

2.3 Methods and Materials

2.3.1 Mass Spectrometry

FAB-MS: All samples were reconstituted and analysed in a glycerol/methanol (1:1 v/v)
matrix. Mass spectrometry was performed using a Micromass Quattro I triple
quadrupole mass spectrometer with a caesium ion FAB (or liquid-secondary ion)
source operating at 9kV and a Masslynx data system (Micromass UK Ltd, Altrincham,
UK). The mass range scanned was m/z 350-700 with a scan cycle of 5 seconds and
data were acquired in the multiple channel acquisition (MCA) mode.

FAB-MS/MS.: Tandem mass spectrometry experiments were conducted using a
collision energy of 45¢V and a gas cell pressure of 2x10”mbar (with argon as the
collision gas) unless otherwise stated. Daughter ion spectra were obtained by scanning
a range from m/z 50 up to 20 mass units greater than the parent ion. Data were
acquired using MCA mode over a 2 minute period. All raw data spectra were

processed by background subtraction and smoothing using the Masslynx data system.

2.3.2 Standards

All standards and reagents were from Sigma-Aldrich (Poole, UK) except deuterated
standards D4(2,2,4,4)-cholic and chenodeoxycholic acids which were from CDN
isotopes (Quebec, Canada). Taurine and ABSA (4-aminobenzenesulphonic acid)
conjugated standards were synthesised essentially according to the method of Zhang et
al. (1993). Approximately 2umol of the standard to be conjugated was reconstituted in
200pl of dioxane and added to 200ul of 0.1M aqueous pyridine hydrochloride (pH 5)
and 100ul of an aqueous solution containing 0.5M EDC (1-ethyl-3[3-dimethylamino
propyl] carbodiimide) and 1M taurine (or ABSA). The conjugation reaction was left at
room temperature for 2 hours and then diluted with 10ml water. The products were

separated from the reaction mixture by solid phase extraction using an Isolute reverse-
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phase C-18 column (Jones Chromatography, Mid-Glamorgan, UK). The column was
primed with 5Sml methanol and washed with 5ml water. The diluted reaction mixture
was then passed through the column at a flow rate of approximately 1ml/min and the
column was subsequently washed with 2x5ml water. Conjugated bile acids were then
eluted from the column with 10ml methanol and dried down under nitrogen. The
lithium cations of bile acids were produced by added adding LiCl to the matrix (to a
final concentration of 1M). All standard compounds used to obtain MS/MS spectra
were loaded onto the FAB-probe in glycerol:methanol matrix to a final concentration

of 100uM unless otherwise stated.

2.3.3 Bile acid extraction from patient urine samples

Bile acids where extracted from patient urine samples (5Sml) using Isolute reverse-
phase C-18 columns (Jones Chromatography, Mid-Glamorgan, UK). Columns wHere
primed with Sml of methanol and washed with 5ml of water. Urine was then passed
through the column at a rate of approximately 1ml/min. Columns were then washed
with 5ml of water and 5Sml hexane. Bile acids were eluted with 2x5ml of methanol that
was subsequently taken to dryness under nitrogen at 50°C. At this point, patient
samples to be conjugated with aminosulphonic acids were reconstituted in 200ul of

dioxane and taken through the procedure described in section 2.3.2.
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