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B Abstract The synthesisand excretion of bile acids comprise the major pathway
of cholesterol catabolism in mammals. Synthesis provides a direct means of convert-
ing cholesterol, which is both hydrophobic and insoluble, into a water-soluble and
readily excreted molecule, the bile acid. The biosynthetic steps that accomplish this
transformation also confer detergent properties to the bile acid, which are exploited
by the body to facilitate the secretion of cholesterol from the liver. This role in the
elimination of cholesterol is counterbalanced by the ability of bile acids to solubilize
dietary cholesterol and essential nutrients and to promote their delivery to the liver.
The synthesis of afull complement of bile acids requires 17 enzymes. The expression
of selected enzymesin the pathway is tightly regulated by nuclear hormone receptors
and other transcription factors, which ensure a constant supply of bile acidsin an ever
changing metabolic environment. Inherited mutations that impair bile acid synthesis
cause a spectrum of human disease; this ranges from liver failure in early childhood
to progressive neuropathy in adults.
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INTRODUCTION

Approximately 500 mg of cholesterol is converted into bile acids each day in the
adult human liver. Newly synthesized bile acids are secreted into the bile and
delivered to the lumen of the small intestine where they act as emulsifiers of
dietary lipids, cholesterol, and fat-soluble vitamins. The solubilized nutrients are
incorporated into lipoproteins, which are delivered to the liver and metabolized.
Bile acids are transported from the intestine to the liver viathe portal circulation
and then resecreted into the bile (1). About 95% of bile acids are recovered in the
gut during each cycle of the enterohepatic circulation, and the 5% that are lost are
replaced by new synthesis in the liver. This production (~500 mg/day) accounts
for about 90% of the cholesteral that is actively metabolized in the body, and
steroid hormone biosynthesis accounts for the remainder.

Bile acid synthesis is tightly regulated to ensure that sufficient amounts of
cholesterol are catabolized to maintain homeostasis and to provide adequate
emulsification in the intestine. When an organism is replete, excess bile acids
repress further synthesis, and conversely when bile acids are in short supply,
synthesis is increased. In some species, including rats and mice, output from the
bile acid biosynthetic pathway is increased in response to the accumulation of
cholesterol.

We last reviewed the enzymes that participate in bile acid synthesis and their
regulation in 1992 (2). Since that time, new pathways of bile acid synthesis have
been defined, the genes encoding the biosynthetic enzymes of these pathways
have been isolated, and the contributions of individual enzymes and pathways to
cholesterol metabolism have been elucidated in genetically engineered mice and
genetically deficient humans. In addition, the transcription factors that regulate
output from the pathways have been identified, and the mechanisms by which
these proteins increase and decrease bile acid synthesis have been elucidated.
These advances are reviewed here.
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PATHWAYS OF BILE ACID SYNTHESIS

Cholesteral is converted into bile acids by pathways that involve 17 different
enzymes, many of which are preferentially expressed in the liver. Theimmediate
products of these pathways are referred to as primary bile acids; the structures of
which vary widely between different vertebrate species. For example, in humans
and rats, cholic acid and chenodeoxycholic acid are the primary bile acids,
whereas in mice cholic acid and B—muricholic acid predominate. The chemical
diversity of the bile acid pool is further expanded by the actions of anaerobic
bacteriain the gut, which convert primary bile acids into dozens of secondary and
tertiary bile acids (3). The plethora of different bile acids in the enterohepatic
circulation ensures complete solubilization of hydrophobic nutrients in the small
intestine. In addition, individual bile acids differ in their abilities to regulate the
synthesis of bile acids, which allows an organism to fine-tune output from the
biosynthetic pathways.

The steps leading to synthesis of a primary bile acid include: (a) the initiation
of synthesis by 7a-hydroxylation of sterol precursors (Figure 1), (b) further
modifications to the ring structures (Figure 2), (¢) oxidation and shortening of the
side chain (Figure 3), and (d) conjugation of the bile acid with an amino acid
(Figure 4). The 17 enzymes that participate in these four steps are listed in Table
1. The exact order of steps in the biosynthetic pathway remains unclear because
many of the intermediates serve as substrates for more than one biosynthetic
enzyme.

Initiation

The synthesis of bile acids begins by one of severa routes. In the classic
pathway, cholesterol is converted into 7«-hydroxycholesterol by cholesterol
7a-hydroxylase (Figure 1, reaction 1), a microsomal cytochrome P450 enzyme
(CYP7A1) expressed only in the liver (Table 1). P450 enzymes are mixed
function mono-oxidases located in the microsomal and mitochondrial compart-
ments of cells. Six members of the P450 superfamily participate in bile acid
synthesis. Genes and cDNAs encoding cholesterol 7«-hydroxylase have been
isolated from many species (4), and sequence comparisons between these reveal
a hydrophobic enzyme of ~500 amino acids. When purified from rat liver (5-7),
or expressed in cultured cells (7), Escherichia coli (8—10), or transgenic mice
(11), the cholesterol 7a-hydroxylase enzyme has a low turnover number and a
preference for cholesterol as substrate. Expression of the cholesterol 7«-hydrox-
ylase gene and possibly the activity of the enzyme are highly regulated (see
Regulation of Bile Acid Synthesis).

Mice deficient in the cholesterol 7«-hydroxylase gene (Cyp7al) have a high
incidence of postnatal lethality dueto liver failure, vitamin deficiencies, and lipid
malabsorption (12-14). The bile acid pool size in these animals is reduced by
75% (15), and the reduction in bile acid synthesis is not compensated for by
increased expression of other bile acid biosynthetic enzymes (16). Intestinal
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cholesterol absorption is reduced to <5% of normal in the mutant mice, which
results in a 200% increase in hepatic cholesterol synthesis. These alterations
maintain cholesterol homeostasis (15). About 90% of the cholesterol 7«-hydrox-
ylase deficient mice die within the first three weeks of birth. These short-lived
mice produce only small amounts of hepatotoxic monohydroxy bile acids (14).
Animals that survive this period begin synthesizing normal bile acids. Although
the bile acid pool size never exceeds 25% of normal, this amount is sufficient to
reverse the pathologic phenotype (13). The mice begin to synthesize bile acids
via a different pathway in which oxysterols rather than cholesterol serve as
substrates for 7a-hydroxylation (Figure 1).

Hydroxylation of cholesterol at three different positions on the side chain
produces 24-hydroxycholesterol, 25-hydroxycholesterol, and 27-hydroxycholes-
terol. That these oxysterols could serve as substrates for bile acid synthesis was
discovered in the 1960s (17). The finding that cholesterol 7«-hydroxylase
deficient mice produced bile acids from an aternate pathway led to the identi-
fication of the three enzymes required to synthesize the various oxysterols and
two enzymes that hydroxylate these intermediates at the 7a-position (Figure 1).

The first of these enzymes is cholesterol 24-hydroxylase, a microsomal
cytochrome P450 (CYP46A1, Table 1) that synthesizes the oxysterol 24(S)-
hydroxycholesterol (Figure 1, reaction 2). This enzyme is expressed in neurons
of the mouse brain and at much lower levelsin the liver (18). The 24-hydroxylase
mMRNA and protein are detectable in nerve cells of the normal human brain (18),
and they are induced in glial cells of the central nervous system in subjects with
Alzheimer’s disease (18, 19).

Mice lacking the cholesterol 24-hydroxylase gene (Cyp46al) have a 40%
reduction in de novo cholesterol synthesis in the brain but no detectable
alterations in bile acid metabolism (E.G. Lund et al., unpublished information).
These findings are consistent with the observations of Bjorkhem et al. that
24-hydroxylation represents an important pathway by which cholesterol is
secreted from the brain (21), and they indicate that a decrease in cholesterol
catabolism in the central nervous system is compensated for by a reduction in
synthesis. The rate of 24(S)-hydroxycholesterol synthesis in mouse brain is
estimated to be 0.85 mg per day per 100 kg body weight, which pales in
comparison to the hepatic synthesis of bile acids (~100 mg per day per 100 kg
body weight) (E.G. Lund et al., unpublished information). Humans produce 6—7
mg of 24(S)-hydroxycholesterol per day (22), of which ~3.5 mg is catabolized

Figure 1 Biochemica steps involved in the initiation of bile acid synthesis. Circled
numbers designate individual reactions, and the enzymes that catalyze each step are
indicated next to the arrows. The chemical modification introduced by a particular enzyme
isindicated in red on the product of the reaction. Cumulative changesto sterol intermediates
areindicated in green. The products of the sterol 7a-hydroxylase enzymes are substrates for
ring structure modification.
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to bile acids (23). This amount is again much smaller than the mass of bile acids
synthesized each day (~500 mg). Together these findings indicate that the
24-hydroxylase enzyme contributes little to overall bile acid synthesis but is
important in the turnover of cholesteral in the brain.

The microsomal enzyme cholesterol 25-hydroxylase (Figure 1, reaction 3) is
not a P450 but rather is a member of afamily of lipid metabolizing enzymes that
utilize oxygen and a diiron-oxygen cofactor to hydroxylate, desaturate, epoxi-
date, or acetylinate substrates (24). The mouse cholesterol 25-hydroxylase cDNA
was isolated by expression cloning (25). The mRNA is present at low levelsin
most tissues and at a higher level in the lung. Expression of recombinant
cholesterol 25-hydroxylase in cultured cells results in the synthesis of 25-
hydroxycholesterol (25), and as expected (26), the concomitant repression of
cholesterol biosynthetic enzymes. Cholesterol 25-hydroxylase knockout mice
have no alterations in bile acid synthesis or cholesterol metabolism, and to date
there is no in vivo evidence that this enzyme catalyzes the formation of
25-hydroxycholesterol in the whole animal (G. Liang, J. Li-Hawkins, D. W.
Russell, unpublished observations). Cholesterol 25-hydroxylase may play arole
in cholesterol catabolism in a tissue-specific fashion, as does the cholesterol
24-hydroxylase.

27-Hydroxycholesteral is the most abundant oxysterol in the plasma of the
mouse (27) and human (28), and it is synthesized from cholesterol by sterol
27-hydroxylase (Figure 1, reaction 4), a mitochondria cytochrome P450
(CYP27A1, Table 1). This enzyme can aso hydroxylate cholesterol at carbons
24 and 25 to form 24-hydroxycholesterol and 25-hydroxycholesterol, respec-
tively (29). Unlike the 24-hydroxylase and 25-hydroxylase enzymes, which
contribute only modestly to bile acid synthesis in the mouse, about 25% of the
bile acid pool originates from oxysterols produced by sterol 27-hydroxylase. This
percentage is derived from the observations that the 24- and 25-hydroxylase
knockout mice have no discernible aterations in bile acid synthesis and that the
cholesterol 7a-hydroxylase deficient mice, which cannot convert cholesterol
directly into bile acids, have a bile acid pool size that is 25% of normal (15, 16).
The relative contributions of the oxysterol biosynthetic enzymes to bile acid
synthesis in humans are difficult to assess. Analysis of the hile acids in normal
individuals (22, 30, 31) and in a subject with cholesterol 7a-hydroxylase
deficiency (32) suggest that the oxysterol pathways together are responsible for
only 5% to 10% of bile acid production. The consequences for loss of the sterol
27-hydroxylase gene in mice and in humans are discussed below in Side Chain
Oxidation.

To be converted into bile acids, oxysterols must undergo 7a-hydroxylation.
Two microsomal cytochrome P450 enzymes catalyze this step. The CYP39A1
oxysterol 7a-hydroxylase acts on 24(S)-hydroxycholesterol (Figure 1, reaction
5). The mRNA encoding this enzyme is abundantly and constitutively expressed
in mouse and human liver as well as in the nonpigmented epithelium of the eye
(33-35). The CYP39A1 oxysterol 7a-hydroxylase contains ~470 amino acids,
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and when expressed in cultured cells, it demonstrates a rank order preference for
oxysterol substrates of 24(S)-hydroxycholesterol (1.0) > 24,25-epoxycholesterol
(0.16) > 25-hydroxycholesterol (0.08) > 27-hydroxycholesterol (0.06) > 22-hy-
droxycholesterol (0.05) (33). The contributions of this enzyme to bile acid
synthesis in the mouse, or any other species, have not been determined.

The conversion of 25-hydroxycholesterol and 27-hydroxycholesterol to bile
acid intermediates is catalyzed by the CY P7B1 oxysterol 7a-hydroxylase (Figure
1, reaction 6). The cDNA for CYP7B1 was isolated originally from brain by
differentia hybridization (36), but it was only later shown to encode an enzyme
with oxysterol 7a-hydroxylase activity (37—39). The deduced sequence of the
protein is ~40% identical to that of cholesterol 7a-hydroxylase and ~30%
identical to the CYP39A1 oxysterol 7a-hydroxylase (33). The CYP7B1 oxy-
sterol 7a-hydroxylase is expressed at high levelsin the adult liver and at lower
levels in the kidney, brain, and prostate. In mice, hepatic expression of this
enzyme isinduced during the third week of life and thereafter exhibits a sexually
dimorphic expression pattern in this and other tissues in which expression is
higher in the male (13, 27). The CYP7B1 oxysterol 7a-hydroxylase utilizes
27-carbon oxysterols and 19-carbon steroids, such as dehydroepiandrosterone
(37), as substrates. Mice that lack the encoding gene (Cyp7bl) have elevated
plasma levels of 25-hydroxycholesterol and 27-hydroxycholesterol but not
24-hydroxycholesterol (27, 398). These animals also have increased levels of
cholesterol 7a-hydroxylase, presumably to compensate for the reduced bile acid
biosynthetic capacity (27). This increase (~30%) is roughly equal in size to that
of the residual bile acid pool in cholesterol 7«-hydroxylase-deficient mice (15),
which confirms that the CY P7B1 oxysterol 7a-hydroxylase pathway synthesizes
25% to 30% of all bile acids in this species. As noted previously, 5% to 10% of
the bile acid pool in humans originates from oxysterols, but the fraction that derives
from the CYP7B1 versus the CYP39A1 oxysterol 7a-hydroxylase is unknown.

Ring Structure Modification

The 7a-hydroxylated intermediates derived from cholesterol and the oxysterols
are next converted into their 3-oxo, A* forms (Figure 2, reaction 7) by a
microsomal 3B-hydroxy-A®-C,-steroid oxidoreductase (C,, 38-HSD, Table 1).
Thereis only one C,; 38-HSD, and loss of this enzyme blocks the synthesis of
al bile acids. The human and mouse C,; 3B-HSDs are membrane bound
enzymes of 369 amino acids that share ~34% sequence identity with the C,4 and
C,,3B-HSDs involved in steroid hormone biosynthesis (40). The reaction cate-
lyzed by these enzymes is complex and involves isomerization of the double
bond from the 5 to the 4 position and the oxidation of the 33-hydroxyl to a 3-oxo
group (Figure 2, reaction 7). The C,, 38-HSD enzyme will act only on sterols
with a 7a-hydroxyl group (40—42), and thus this step lies downstream of the
cholesterol and oxysterol 7«-hydroxylases.

The products of the C,, 3B-HSD enzyme take one of two routes in subsequent
steps of bile acid synthesis. If the intermediate is acted upon by sterol 12a-
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hydroxylase (Figure 2, reaction 8), a microsomal cytochrome P450 (CY P8B1,
Table 1), then the resulting product will be converted ultimately into cholic acid.
In the absence of 12«-hydroxylation, a metabolic fate of conversion to chenode-
oxycholic acid or another bile acid is met. Two primary bile acids are produced
by most vertebrate species; one of which is usually cholic acid and the other a
bile acid like chenodeoxychoalic acid (rat, human, and hamster), muricholic acid
(mouse), ursodeoxycholic acid (bear), or hyodeoxycholic acid (pig). The level of
sterol 12a-hydroxylase in the liver determines the relative amounts of the two
primary bile acids, and in some species like the mouse, the ratio of one bile acid
to another controls output from the biosynthetic pathway because cholic acid
mediates feedback regulation of the pathway.

Complementary DNAs and genes encoding sterol 12a-hydroxylase have been
isolated from the rabbit (43), human (44), and mouse (45). Transcription of the
genein rodentsis subject to many of the same regulatory inputs as the chol esterol
7a-hydroxylase gene (46, 47). Loss of sterol 12a-hydroxylase in mice eliminates
cholic acid from the bile acid pool and leads to an increase in the synthesis of
muricholates (45). The altered composition of the pool affects the absorption of
dietary sterols and the regulation of bile acid synthesis. With no cholic acid and
an excess of muricholates, the overal hydrophilicity of the bile acid pool is
increased, which causes a decrease in the absorption of dietary cholesterol and a
compensating increase in hepatic cholesterol synthesis. In normal mice, cholic
acid mediates feedback regulation of bile acid synthesis, and its loss from the
sterol 12a-hydroxylase knockout mice causes a derepression of cholesterol
7a-hydroxylase and a corresponding increase in the synthesis of bile acids (see
Regulation of Bile Acid Synthesis).

The 12«-hydroxylated intermediates, and those produced by the C,,-33-HSD
enzyme that escape 12«-hydroxylation, are subject to reduction of the double
bond in the A-ring by the enzyme A“-3-oxosteroid 5B-reductase (Figure 2,
reaction 9). This cytosolic enzyme of 326 amino acids utilizes NADH as a
cofactor and is a member (AKR1D1, Table 1) of alarge family of proteins, the
aldo-keto reductases. These enzymes are present in all species and catalyze
oxidation-reduction reactions on endogenous as well as xenobiotic substrates

Figure2 Modificationsto the sterol ring structure in bile acid synthesis. Circled numbers
designate individual reactions, and the enzymes that catalyze each step are indicated next
to the arrows. The chemical modification introduced by a particular enzyme isindicated in
red on the product of the reaction. Cumulative changes to sterol intermediates are indicated
in green. The products of the 3a-hydroxysteroid dehydrogenase enzyme are substrates for
side chain oxidation. Intermediates not acted upon by sterol 12a-hydroxylase (left arm of
pathway scheme) are converted ultimately into chenodeoxycholic acid as indicated or into
another primary bile acid depending on the species (see text for further details). Interme-
diates that are acted upon by sterol 12«-hydroxylase (right arm of pathway scheme) are
converted ultimately into cholic acid.
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Side

(48). The enzymes prior to 58-reductase in the bile acid biosynthetic pathway are
located in microsomal or mitochondrial membranes, and thus the cell faces the
challenge at this step of transporting intermediates from a hydrophobic environ-
ment (the membrane) to a hydrophilic environment (the cytosol). It is not known
whether specific transport proteins or 58-reductase itself mediate this transfer or
whether the actions of the prior membrane-bound enzymes increase the hydro-
philicity of intermediates to the point that they spontaneously enter the cytosol
(see Subcellular Itinerary of Bile Acid Synthesis).

Thefinal step of ring modification involves reduction of the 3-oxo group to an
alcohal in the alpha stereochemical configuration and is catalyzed by 3a-hydrox-
ysteroid dehydrogenase (Figure 2, reaction 10). Rat cDNAs encoding an enzyme
with this activity specify a soluble protein that is a member (AKR1C4, Table 1)
of the aldo-keto reductase family (49, 50). While the rat AKR1C4 enzyme will
utilize bile acid intermediates as substrates in vitro and is abundant in the liver,
other enzymes also may have this activity in vivo. The aldo-keto reductase family
is large and includes multiple members with sequence identity to AKR1C4 that
differ in number and enzymatic properties depending on the species (49). The rat
AKR1C4 enzyme also reduces C,q and C,; steroid hormones, and thus it is
possible that a 3a-hydroxysteroid dehydrogenase with specificity for C,; inter-
mediates in the bile acid pathways remains to be identified.

Chain Oxidation

The products of ring modification next undergo progressive oxidation and
shortening of the sterol side chain. The first few steps in this portion of the
pathway are performed by sterol 27-hydroxylase (Figure 3, reaction 11), the
same mitochondrial cytochrome P450 (CYP27A1) that initiates bile acid syn-
thesis through the formation of 27-hydroxycholesterol (Figure 1, reaction 4). The
enzyme introduces a hydroxyl group at carbon 27 and then oxidizes this group to
an aldehyde and then to a carboxylic acid. At one time, it was thought that
separate aldehyde and alcohol dehydrogenases catalyze the oxidation of the
initial hydroxyl group (2), but studiesin transfected cells and with purified sterol
27-hydroxylase are consistent with one enzyme performing all three reactions
(51-53).

The participation of sterol 27-hydroxylase in the initiation and side chain
oxidation steps of the biosynthetic pathways means that all intermediates,

Figure3 Sidechain oxidation in bile acid synthesis. Circled numbers designate individual
reactions, and the enzymes that catalyze each step are indicated next to the arrows. The
chemical modification introduced by a particular enzyme is indicated in red on the product
of the reaction. Cumulative changes to sterol intermediates are indicated in green. The
products of side chain oxidation are substrates for conjugation. Sterol 27-hydroxylase
catalyzes three sequential oxidation steps in this portion of the pathway.
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regardless of their origin, must be acted upon by the enzyme prior to formation
of a bile acid. As a consequence of the multiple reactions catalyzed by sterol
27-hydroxylase, inactivation of the gene in mice has severe effects on bile acid
synthesis (54-57). The bile acid pool size is 25% of normal in the mutant mice;
this results in decreased intestinal cholesterol absorption and increased hepatic
and peripheral tissue synthesis of cholesterol. Cholesterol 7a-hydroxylase
MRNA and activity are greatly increased in these mice (54, 55). The composition
of the hile acid poal is not altered (55).

Unexpectedly, plasma cholesterol and triglyceride concentrations are elevated
in sterol 27-hydroxylase knockout mice, and both the liver and adrena are
enlarged (55). The didlipidemia appears to have two causes. First, the expression
of sterol regulatory element binding proteins 1 and 2 (SREBP-1 and SREBP-2)
is elevated in these mice. These transcription factors increase the expression of
genes involved in lipid biosynthesis leading to a greater rate of triglyceride
synthesis. Second, the reduced bile acid pool causes a decrease in the activity of
the farnesoid X receptor (FXR) and a corresponding decline in the expression of
apolipoprotein C-11, which is required for the hydrolysis of triglycerides (58).
Dietary hile acids normalize plasma lipids and liver size in the mutant mice but
have no effects on the enlarged adrenal gland (55).

Humans lacking sterol 27-hydroxylase accumulate cholestanol, a 5a-reduced
derivative of cholesterol that is neurotoxic (59). Cholestanal is synthesized by an
alternate catabolic pathway that is active when bile acid synthesisis disrupted. In
contrast, mice with an induced mutation in the sterol 27-hydroxylase gene do not
accumulate cholestanol and consequently do not develop the severe neuropathy
characteristic of the human disease (54). Protection in the mouse is due in part
to the induction of another cytochrome P450, CYP3A11, which hydroxylates
sterol intermediates on carbon 25. This induction reduces the buildup of sterols
and compensates for the loss of the sterol 27-hydroxylase in the mutant mice (56,
57). The corresponding enzyme in humans [CY P3A4, (60)] is not induced in
patients with sterol 27-hydroxylase deficiency, which may explain the pheno-
typic difference between mice and humans.

The oxidized bile acid intermediates arising from sterol 27-hydroxylase exit
the mitochondria and are next subject to shortening of the side chain. The
terminal three carbon atoms are removed in peroxisomes by a series of reactions
analogous to those involved in the B—oxidation of fatty acids (61). The first
reaction is catalyzed by bile acid coenzyme A ligase (Figure 3, reaction 12),
which activates the sterol intermediate by conjugation with coenzyme A. Two
enzymes have been identified with this activity, very long-chain coenzyme A
synthetase [a 620 amino acid protein of the endoplasmic reticulum and peroxi-
some (62—64)] and very long-chain acyl-coenzyme A synthetase homolog 2 (65)
[alternatively bile acyl-coenzyme A synthetase (66), a related (~45% identical)
690 amino acid protein of the endoplasmic reticulum]. These enzymes also
activate very long chain fatty acids containing 18 or more carbons. The very
long-chain coenzyme A synthetase isfound in liver and kidney and appearsto be
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largely responsible for the activation of C,, intermediates of bile acid biosyn-
thesis (Figure 3, reaction 12). The very long-chain acyl-coenzyme A synthetase
homolog 2 is present only in liver and is involved in the activation of C,, bile
acids that are deconjugated in the small intestine and returned to the liver viathe
enterohepatic circulation (66).

The carbon atom at position 25 of intermediates in the hile acid biosynthetic
pathways is prochiral, having two apparently equivalent methyl groups (C26 and
C27) as substituents. Sterol 27-hydroxylase, like most enzymes, recognizes the
nonequivalence of the two methyl groups and catalyzes a stereospecific hydroxy-
lation event, producing almost exclusively the 25(R) isomer (67, 68). After
activation of intermediates with coenzyme A by the bile acid ligase, the 25(R)
isomers must be converted into 25(S) isomers before subsequent steps in side
chain shortening can take place. This reaction is catalyzed by 2-methylacyl-
coenzyme A racemase (Figure 3, reaction 13), an enzyme located in both
mitochondria and peroxisomes (69, 70). This protein can be purified in the
absence of detergents (71), which suggests that it is not membrane bound. The
2-methylacyl-coenzyme A racemase also acts on branched chain fatty acids like
phytanic acid derived from the catabolism of isoprenoids. Consequently, muta-
tions in the encoding gene result in the accumulation of both bile acid interme-
diates and phytanic acid (see Genetics of Bile Acid Synthesis).

The sterol products of the racemase enzyme are next subject to dehydroge-
nation catalyzed by the FAD-containing peroxisomal enzyme branched chain
acyl-coenzyme A oxidase to yield 24,25-trans-unsaturated derivatives (Figure 3,
reaction 14). During the course of this reaction, the enzyme transfers electrons to
molecular oxygen and produces hydrogen peroxide as a byproduct. There are two
related (45% sequence identity) acyl-coenzyme A oxidase enzymes in humans
and mice, abbreviated as ACOX1 and ACOX2. ACOX1 is a peroxisomal
proliferator activated receptor-a (PPARc) target gene that dehydrogenates
straight chain fatty acids and eicosanoids (72, 73). Mice that lack the ACOX1
gene accumulate long chain fatty acids, have reduced numbers of peroxisomes,
and develop fatty livers but do not appear to have defects in bile acid synthesis
(74, 75). A similar phenotype is observed in humans with ACOX1 deficiency
(76). ACOX2 aso may be regulated by PPAR«a and acts on intermediates in the
bile acid pathway and 2-methyl-branched chain fatty acids such as pristanic acid
(77, 78). The consequences of an ACOX2 knockout in mice have not yet been
reported. Three ACOX enzymes exist in the rat, and these have substrate
specificities that are different from those of the orthologous human and mouse
enzymes (73).

The next step in the biosynthetic pathway involves hydration and oxidation
at the A%* bond and is catalyzed by the p-bifunctional protein (Figure 3,
reaction 15). This remarkably complex peroxisomal enzyme of 736 amino
acids catalyzes both a hydration step in which a molecule of water is added
across the double bond to form a C,,-al cohol intermediate and the subsequent
oxidation of the alcohol to form the C,,-oxo product shown in Figure 3.
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Different domains in the amino-terminal half of the enzyme catalyze these
two reactions, while the carboxyl-terminal half of the enzyme contains a
domain postulated to be involved in sterol transport (76, 79). Mice deficient
in the p-bifunctional protein gene accumulate unsaturated C,, bile acid
intermediates and very long chain fatty acids such as pristanic and phytanic
acid (77). They continue to synthesize some C,, bile acids; this indicates that
another enzyme can also perform this step in the pathway. The compensating
enzyme is thought to be the related L-bifunctional protein, which normally
utilizes long chain fatty acids as substrates (77).

The last step in the oxidation of the side chain of bile acid intermediates
is catalyzed by peroxisomal thiolase 2 (Figure 3, reaction 16), which cleaves
the C,,-C,5 bond to form propionyl-coenzyme A and a C,,-coenzyme A bile
acid intermediate. This enzyme is also referred to as sterol carrier protein-chi
(SCPy) in the literature (80) and is encoded by a gene with two promoters
(81). Transcription from sequences flanking exon 1 of the gene produces a
mRNA that encodes a 547 amino acid peroxisomal thiolase 2 precursor
protein, which following import into the peroxisome is cleaved after amino
acid 424 to produce the mature active enzyme. The carboxyl-terminal 123
amino acid product of this cleavage event is referred to as sterol carrier
protein 2. X-ray crystallography studies show that this fragment is capable of
binding a variety of lipids (82). The second promoter is located in intron 11
and produces a mRNA that encodes only sterol carrier protein 2 (81). Mice
deficient in the peroxisomal thiolase 2 gene accumulate bile acid intermedi-
ates, C,5 bile acids, and branched chain fatty acids (83, 84), which indicates
that both the full-length thiolase enzyme and the truncated sterol carrier
protein 2 are involved in bile acid synthesis and the metabolism of branched
chain fatty acids (85). The knockout mice contain some normal C,, bile acids;
this suggests the presence of another thiolase with activity towards sterols
(84).

Conjugation

The terminal step in bile acid synthesis involves the addition of an amino
acid, usually glycine or taurine, in amide linkage to carbon 24 (Figure 4,
reaction 17). The reaction is catalyzed by the bile acid coenzyme A:amino
acid N-acyltransferase enzyme (Table 1). The N-acyltransferase is a remark-
ably efficient enzyme as more than 98% of bile acids excreted from the liver
are amidated. This enzyme, like the preceding four enzymes in the pathway,
islocated in the peroxisomes (86). The substrates of the N-acyltransferase are
abile acid coenzyme A thioester and either taurine [mice (87)] or glycine and
taurine [humans (88)]. The ratio of glycine to taurine conjugated bile acidsin
humans is solely dependent on the relative abundance of the two amino acids
and appears to have no functional or regulatory consequences. The ratio of
free to conjugated bile acids may be regulated by PPAR«, which activates a
peroxisomal enzyme, coenzyme A thioesterase 2, that catalyzes the hydro-
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Figure4 Conjugation of bile acids. A circled number designates the reaction, and the
enzyme that catalyzes this step is indicated next to the arrow. The chemical modifica-
tions introduced by the enzyme are indicated in red on the products of the reaction.
Cumulative changes to sterol intermediates are indicated in green. Depending on the
species of origin, the bile acid CoA:amino acid N-acyltransferase will utilize either
glycine or taurine or both amino acids as substrates for conjugation. Conjugated bile
acids are secreted from the liver into the bile by ABC transporters and other proteins
located in the canalicular membrane.

lysis of bile acid coenzyme A thioesters into free bile acids and coenzyme A
(89). The biological consequences arising from changes in this ratio are not
known.

Conjugation of bile acids increases the amphipathicity and enhances the
solubility of the molecules, which makes them impermeable to cell mem-
branes. Oxygens on the sulfur of taurocholic acid and the terminal carbon of
glycocholic acid are ionized at physiological pH, which together with the
planar structure of the bile acid and the hydroxy! groups on the rings renders
the bile salt (the ionized form of the bile acid) very amphipathic. Conjugation
of cholic acid with glycine reduces the pK from 6.4 to 4.4 ensuring that the
bile acid is completely ionized and highly soluble. Before conjugation, the
monohydrate form of cholic acid is soluble to a concentration of 0.28 g/l in
water at 15°C, whereas the sodium salt of free cholic acid is soluble to >569
g/l (90). The sodium salt of glycocholic acid is somewhat less soluble at 274
o/l, which may protect the gut and liver from the exceptionally strong
detergent properties of the free bile acid. Because conjugated and free bile
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acids do not cross cell membranes, dedicated transport systems such as the
ileal bile acid transporter and members of the ABC family of transporters are
required to move bile acids into and out of cells (91, 92). The need for a
transport system increases the half-lives of bile acids in the enterohepatic
circulation and protects cells that are otherwise ill equipped to handle the
detergent properties of these molecules.

SUBCELLULAR ITINERARY OF BILE ACID SYNTHESIS

As intermediates progress down the bile acid biosynthetic pathways they grad-
ually increase in hydrophilicity to the point that the final conjugated bile acids are
exceptionally soluble in water. When these changes in chemical properties are
considered together with the distribution of the biosynthetic enzymes in the
endoplasmic reticulum, cytosol, mitochondria, and peroxisome (Table 1) and the
mass of cholesterol converted into bile acids each day (~500 mg), it is clear that
the hepatocyte faces an enormous challenge in transporting intermediates and
products of the pathway throughout its interior, and finally, to the exterior of the
cell.

How intermediates are moved from one compartment to another remains
uncharacterized. In the case of steroid hormone biosynthesis, the rate-limiting
step is the movement of cholesterol to the first enzyme in the pathway, the
CYP11A1 side chain cleavage enzyme. This transport is accomplished by the
steroidogenic acute regulatory (StAR) protein, whose expression is restricted to
tissues that synthesize large quantities of steroids (93). Although the expression
of StAR in cultured cells stimulates the formation of 27-hydroxycholesterol by
sterol 27-hydroxylase (Figure 1, reaction 4) (94, 944), the StAR transporter is not
detectable in the liver. StAR is but one member of a family of proteins referred
to as STARTS that are thought to be involved in intracellular cholesterol
movement (95). It is possible that one or more START family members is
involved in the intracellular transport of bile acid intermediates.

Many steps in the oxidation and shortening of the side chain of bile acid
intermediates resemble similar reactions in the fatty acid oxidation pathway.
Moreover, the enzymes that catalyze these stepsin bile acid synthesis also utilize
branched chain fatty acids as substrates (Table 1). This analogy suggests that a
transport system similar to the carnitine/carnitine palmitoyl transferase machin-
ery used to import fatty acids into the mitochondria may exist to shuttle bile acid
intermediates between intracellular compartments; however, no covalently mod-
ified derivatives of bile acid intermediates that could represent a transport form
have been reported in mass spectrometry studies.

Adrenoleukodystrophy, a human disease, is caused by mutations in the
ABCD1 gene, which encodes a member of the ABC transporter family that is
implicated in the import of very long chain fatty acids into peroxisomes (96).
Similarly, genetic studies in yeast (97-99) and Arabidopsis (100) indicate that
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several different ABC transporters are required for the metabolism of fatty acids
in these species. With respect to sterol movement, mutations in yeast genes
encoding ABC transporters influence the uptake of sterols (100a) and the ability
of glucocorticoids to modulate the activity of an ectopically expressed glucocor-
ticoid receptor in this species (101, 102). The ABC transporters active in the
latter regard (LEM gene products) pump glucocorticoids out of the cell, thereby
reducing the activity of the glucocorticoid receptor. By analogy, ABC transport-
ers may export bile acid intermediates out of the various subcellular compart-
ments and into the cytosol en route to another organelle.

The availability of cDNAs encoding al of the enzymes in the bile acid
pathway will enable the development of in vitro systems that reconstitute the
pathway and allow the biochemical purification of proteinsinvolved in transport.
Alternatively, expression cloning approaches in cells that do not normally
synthesize bile acids may identify candidate importers and exporters of bile acid
intermediates.

REGULATION OF BILE ACID SYNTHESIS

Role of Nuclear Receptors

It has been known since the late 1960s that the amount of bile acid synthesized
by the liver is regulated precisely (103, 104). When bile acids accumulate,
synthesis is reduced by a negative feedback mechanism that decreases the
expression of two enzymes in the biosynthetic pathway, cholesterol 7a-hydrox-
ylase (Figure 1, reaction 1) and sterol 12«-hydroxylase (Figure 2, reaction 8).
Conversely, cholesterol accumulation induces bile acid synthesis by activating
cholesterol 7a-hydroxylase in some but not all species. The regulatory responses
of cholesterol 7a-hydroxylase were shown to be mediated at the transcriptional
level in the late 1980s (2). Since that time, transcription factors that mediate
negative and positive feedback regulation of bile acid synthesis have been
identified, and the mechanisms by which these proteins act have been elucidated.

A striking finding from this body of work is that many of the transcription
factors regulating the expression of the cholesterol 7a-hydroxylase and sterol
12a-hydroxylase genes are nuclear receptors (Figure 5). Suppression is triggered
by the binding of bile acids (when in excess) to the farnesoid X receptor (FXR,
NR1H4), which then activates transcription of the short heterodimeric partner
(SHP, NROB2) gene, a second nuclear receptor (105, 106). SHP binds to and
inhibits athird receptor, the liver receptor homologue-1 (LRH-1, NR5A2), which
normally activates the genes encoding cholesterol 7a-hydroxylase and sterol
12a-hydroxylase (47, 107, 108). In the absence of LRH-1 activity, transcription
from these two genes decreases, and consequently, the synthesis of bile acids
declines. The increase in bile acid synthesis that occurs when cholesterol
accumulates in rodents is mediated by the liver X receptor o (LXRa, NR1H3),
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Figure5 Regulation of bile acid synthesis by nuclear hormone receptors and other
inputs. Black arrows indicate the different pathways by which cholesterol is con-
verted into bile acids. Green arrows indicate positive regulatory inputs, and red
brakes indicate negative inputs. The nuclear receptor acronyms used are: LXR, liver
X receptor «; LRH-1, liver receptor homologue-1; SHP, short heterodimer partner;
FXR, farnesoid X receptor.

anuclear receptor that is activated on binding oxysterols (109—111). In conjunc-
tion with LRH-1, LXRa stimulates transcription from the cholesterol 7«-hydrox-
ylase gene (105, 106). Three retinoid X receptors (RXRe, B, and y; NR2B1-3)
serve as coreceptors for FXR and LXR, which brings the basal number of
receptors that activate and suppress bile acid synthesis to seven.

Theindividual contributions of nuclear receptors to the regulation of bile acid
synthesis are described below.

Farnesoid X Receptor

Suppression of bile acid synthesis is mediated by FXR, which binds bile acids
and activates the transcription of genesinvolved in bile acid and lipid metabolism
(112-114). Target genes include those encoding the ileal bile acid binding
protein (112), SHP (105, 106), the phospholipid transfer protein (115), severa
ABC transporters (116, 117), the organic anion transporting polypeptide 8 (118),
and apolipoprotein C-11 (58). Mice deficient in FXR express high levels of
cholesterol 7a-hydroxylase and sterol 12«-hydroxylase mRNAS; this results in
increased bile acid synthesis (119). The mutant mice accumulate bile acids in
plasma due to markedly decreased levels of ABCB11, which normally transfers
bile acids from the hepatocyte into the bile (92). FXR knockout mice also are
hypertryglyceridemic, duein part to decreased expression of apolipoprotein C-1,
which is required for the metabolism of triglycerides (58). High concentrations
of dietary bile acids cause death in these mice, most likely due to liver failure
associated with the loss of ABCB11 expression (119).
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FXR agonists that mimic the ability of bile acids to activate the receptor have
been identified. The best characterized of these is GW4064, an isoxazole
derivative with high selectivity and nanomolar affinity for the receptor (120).
When administered to rats, the compound decreases hepatic cholesterol 7a-
hydroxylase mRNA levels and reduces serum triglyceride levels (106). A
naturally occurring FXR antagonist, guggulsterone, also has been identified.
Guggulsterone inhibits transcription from FXR-responsive genesin cultured cells
(121, 122) and, when administered to cholesterol-fed mice, prevents the accu-
mulation of cholesterol in the liver (121). The mechanism responsible for the
reduction in hepatic cholesterol associated with the administration of guggul-
sterone remains to be defined.

The bile acid pool of an organism contains twenty or more different bile acids
that vary in their abilities to activate FXR, in their susceptibilities to metabolism
by the gut flora and in their half-lives in the enterohepatic circulation. In vitro
studies indicate that some bile acids, such as chenodeoxycholic acid, are potent
FXR ligands, whereas others such as cholic acid, ursodeoxycholic acid, and
B—muricholic acid are less active (112-114). Differences in potency can be due
to the failure of hydrophilic bile acids to gain entry into cells lacking appropriate
transporters (114) or dueto differencesin the relative affinities of the various bile
acids for the nuclear receptor. An example of the latter phenomenon is observed
in knockout mice lacking sterol 12a-hydroxylase, which cannot make cholic acid
and have unregulated synthesis of bile acids. This derepression is attributable to
a failure of the bile acids made in the mutant mice, chiefly muricholic acid
derivatives, to activate FXR and hence to mediate feedback regulation (45).
Structural differences between receptors isolated from different species also
determine the effective concentration of agiven bile acid (123); this suggests that
a bile acid active in one species may be inactive in another.

Ligand potency is a function of many variables that include the relative
affinities of the ligand for the nuclear receptor, of the nuclear receptor for the
DNA response element, and of the receptor for auxiliary proteins, such as
chaperones, coactivators, and corepressors. The half-life of the ligand also affects
its potency, and in the case of bile acids, this parameter is determined by how
long the bile acid persists in the enterohepatic circulation and its susceptibility to
metabolism by bacteriain the intestinal tract. The relative effects of each of these
mechanisms on the regulation of bile acid synthesis remains to be determined,
but clearly the possible means by which output from the biosynthetic pathways
can be regulated are numerous.

Short Heterodimer Partner

Most nuclear receptor response elements are positive; this means transcription of
the target gene is increased when it is bound by a ligand-activated receptor.
Although negative response elements are known, the mechanisms by which these
act often involve the participation of a second transcription factor rather than the
receptor acting as a classic repressor like those defined in bacteria. In agreement
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with this general rule, FXR suppresses the expression of bile acid synthesis
indirectly by activating the transcription of SHP, an unusual nuclear receptor that
lacks a DNA binding domain (124). The promoter for the SHP gene contains an
FXR response element composed of inverted repeats separated by a single base
pair (105, 106), which explains the ahility of FXR to stimulate SHP transcription.
SHP in turn suppresses hile acid syntheis by binding to and inhibiting LRH-1,
which is required for expression of the cholesterol 7«-hydroxylase and sterol
12a-hydroxylase genes (46, 47, 105, 106).

In addition to the FXR binding site in the SHP promoter, there is a functional
LRH-1 response element (105, 106, 125). This arrangement provides an auto-
regulatory mechanism by which the SHP-dependent inhibition of bile acid
synthesis can be attenuated (Figure 5). In this loop, the accumulation of SHP
protein results in a gradual titration of LRH-1 activity, which in turn decreases
SHP transcription and alows the system to return to baseline.

Chow-fed mice deficient in SHP have elevated levels of cholesterol 7a-hy-
droxylase and sterol 12a-hydroxylase mRNAS, increased synthesis of bile acids,
and alarger bile acid pool size (126, 127), which are phenotypic traits consistent
with SHP repressing bile acid synthesis. Nevertheless, cholesterol 7a-hydroxy-
lase and sterol 12«-hydroxylase mRNA levels fall when SHP knockout mice are
fed bile acids but not when a specific FXR agonist (GW4064) is administered to
the mice. These results indicate that additional, SHP-independent, pathways exist
that are capable of suppressing bile acid synthesis (see Additional Regulatory
Responses).

SHP also inhibits the activity of several other nuclear receptors in transfected
cells via direct protein-protein interactions (124). One of these nuclear receptor
targets may be hepatic nuclear factor-4a (HNF-4a, NR2A1). In vitro studies
indicate that HNF-4« activates transcription from the sterol 12a-hydroxylase
promoter (128), and consistent with these findings, HNF-4« deficient mice
express low levels of the 12«-hydroxylase mRNA. The increased expression of
sterol 12a-hydroxylase in the SHP deficient mice may thus result from derepres-
sion of either of the positive transcription factors, HNF-4a or LRH-1.

Liver Receptor Homologue-1

Cholesterol 7a-hydroxylase is expressed exclusively in the liver (7). This tissue
specific pattern of expression is mediated by cis-acting regulatory sequences in
the gene (129, 130), which bind the transcription factor LRH-1 (107). LRH-1 has
been isolated several times and each time given a different name. The initial
description appeared as a submission (M813985) to GenBank in 1991 with the
name liver receptor homologue-1 (LRH-1). Orthologous cDNAs were isolated
thereafter from several sources and given various names, including from human
(PHR-1) (131), Xenopus (xFF1rA) (132), rat (FTF) (133), and human again
(CPF) (107). The term LRH-1 is used here to denote the protein’s christened
name.
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LRH-1 isexpressed in the liver, ovary, small intestine, pancreas, and colon of
the adult mouse (134) and shares sequence identity with steroidogenic factor-1
(SF-1, NR5A1), a nuclear receptor that directs the tissue-specific expression of
genes involved in gonadal and adrenal steroidogenesis (135). SF-1 was shown
previously to be antagonized by another member of the nuclear receptor family
termed DAX-1 (136), which prompted the discovery that antagonism of LRH-1
by SHP was the mechanism by which bile acids mediated feedback regulation
(105). The finding that hepatocytes treated with bile acids or the FXR agonist
GWA4064 induced the expression of SHP was the impetus for this discovery in
another laboratory (106). Inhibition involves the binding of SHP to the carboxy-
terminal trans-activation domain of LRH-1, which prevents the latter from
interacting with coactivator proteins (108).

Conventional elimination of LRH-1 from mice causes early embryonic lethal-
ity (T.A. Kerr and D.W. Russell, unpublished observations), and thus the
expectations for bile acid synthesis arising from loss of this factor cannot be
tested in this manner. The application of conditional knockout strategies is
underway and should provide both confirmation and further insight into the
biologica roles of LRH-1.

Liver X Receptor «

That cholesterol could induce the expression of cholesterol 7«-hydroxylase and
hence bile acid synthesis was initialy controversial; however, the isolation of
cDNAs encoding this enzyme allowed an unambiguous demonstration that thisis
the case in rats (7) and mice (137). Substrate mediated induction occurs via
LXRa, which binds oxysterol ligands and induces transcription of the cholesterol
7a-hydroxylase gene (109-111). An LXRa response element is located in the
5'-flanking region of the mouse and rat 7a-hydroxylase genes (110), but this
element is either missing in species that do not respond to cholesterol (e.g.,
human and rabbit) or present but nonfunctional in other nonresponding species
(e.g., hamster) (138).

Mice deficient in LXRa appear phenotypically normal until challenged with
diets high in cholesterol, which cause dramatic accumulation of the sterol in the
liver and eventually death (139). The mutant mice fail to induce cholesterol
7a-hydroxylase and thus are unable to convert excess cholesterol into bile acids.
These results explain in part the resistance of plasma cholesterol levels to dietary
cholesterol in rodents, and conversely, the sensitivity of other species such as
rabbits and humans that fail to induce cholesterol 7a-hydroxylase when a high
cholesterol diet is consumed (140, 141). There are two LXR genes in mammals,
one encoding LXRa and the other encoding LXRB (NR1H2) (142). LXR« is
more highly expressed in the liver than LXRp (134), and in agreement with this
expression pattern, mice lacking LXRB do not exhibit dislipidemia when fed
cholesterol (143). Mice that lack both LXRa and -B have a more severe
phenotype than those without LXRa, which suggests that LXRpB is able to
compensate partially for LXRa (144).
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LXR activates expression from the cholesterol 7«-hydroxylase gene but does
not induce transcription from the sterol 12«-hydroxylase gene. In contrast to
7a-hydroxylase, sterol 12«-hydroxylase is suppressed by cholesterol feeding in
murine species (145). As a consequence, the bile acid profile changes so
proportionally less cholic acid is synthesized. Cholic acid is a potent ligand for
FXR, which means that a decrease in the production of this bile acid attenuates
the negative feedback regulation of bile acid synthesis and facilitates cholesterol
disposal (45). Moreover, cholic acid enhances the solubilization and absorption
of cholesteral in the small intestine, and a reduction in its level decreases the
delivery of dietary cholesterol to the liver in the face of a cholesterol challenge.

LXR playsacrucia rolein integrating the pathways of cholesterol supply and
catabolism by regulating the expression of the sterol response element binding
protein-1c (SREBP-1c) gene. SREBP-1c is a transcription factor that activates
many genes involved in cholesterol and lipid biosynthesis (146). As cholesterol
accumulates, L XR induces the expression of SREBP-1c, which in turn activates
the synthesis of enzymes that produce fatty acids (144). These fatty acids are then
utilized in the formation of cholesteryl esters, the intracellular storage form of
cholesterol. LXR also stimulates the transcription of genes encoding cholesterol
efflux proteins [the ABCA1, ABCG5, and ABCGS8 transporters (147, 148)], and
in this manner enhances the direct secretion of the sterol from the liver.
Numerous other genes involved in lipid metabolism are targets of LXR (149);
these include the cholesterol ester transport protein, ABCGL, apolipoprotein E,
lipoprotein lipase, and the phospholipid transfer protein (150), and the activation
of these contributes to the integration of the supply and catabolism pathways.

Synthetic agonists that activate LXR have been developed, initially as poten-
tial therapeutic agents to treat hyperlipidemias. These compounds activate LXR
in vitro and induce the expected transcriptional responses of the receptor in vivo
(147, 151, 152). Treatment of mice and hamsters with one of these agonists
(T0901317), however, is reported to increase plasma cholesterol and triglyceride
levels (151). Although the mechanism responsible for these increases is not
known, it may be that the effects of stimulation of SREBP-1c by LXR and the
ensuing increase in lipid synthesis predominate over the stimulation of choles-
terol 7a-hydroxylase and bile acid synthesis. An added challenge in the devel-
opment of LXR therapeutics is that activation of this receptor in human
hepatocytes causes a decrease in cholesterol 7a-hydroxylase expression (153).
Thus, species-specific regulatory responses must be taken into account. LXR
agonists may find application as antiatherogenic agents in macrophages where
they promote the excretion of cholesterol from the vessel wall (154, 155);
alternatively, receptor antagonists may be useful in lowering plasmalipid levels.

Retinoid X Receptor

LXR and FXR form obligate heterodimers with RXR proteins. The activities of
the heterodimeric LXR and FXR receptors with respect to the regulation of bile
acid synthesis are modulated by ligands that interact with the RXR subunit (147).
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Mice deficient in hepatic RXRa express high levels of cholesterol 7a-hydroxy-
lase, which is consistent with the loss of FXR-mediated feedback inhibition, and
they fail to induce expression of the 7a-hydroxylase gene in response to dietary
cholesterol, which is consistent with reduced LXRa input (156). Two additional
RXR isoforms, B and v, are expressed in the liver (157), but the above results
suggest that RXRa is the predominant heterodimerization partner for nuclear
receptors in this tissue.

Other Nuclear Receptors

The expression of cholesterol 7a-hydroxylase is increased while that of sterol
12a-hydroxylase is decreased in rats administered thyroid hormone (145, 158—
160). Thyroid hormone response elements in the rat cholesterol 7a-hydroxylase
promoter have not yet been defined, but a negative element has been identified
in the human gene (161), which suggests that induction of this gene may result
from the alleviation of inhibition rather than ligand-dependent stimulation of
transcription. The mechanism by which thyroid hormone represses 12-hydroxy-
lase expression is not known (160). Analyses in receptor knockout mice suggest
that thyroid hormone receptor 8 (NR1A2) is responsible for the activation of the
cholesterol 7a-hydroxylase gene (162).

Mice with an induced hepatic deficiency of the nuclear receptor HNF-4a
(NR2A1) have markedly reduced expression of cholesterol 7a-hydroxylase
(163). Many genesinvolved in lipid metabolism have altered expression patterns
in these animals, and thus it is not clear whether the response of cholesterol
7a-hydroxylase is direct or indirect. The expression of the CYP7B1 oxysterol
7a-hydroxylase and sterol 12«-hydroxylase genes is reduced to very low levels
in the HNF-4a-deficient mice, and in vitro studies indicate that these two genes
are direct targets of the receptor. The effects of these changes on bile acid
metabolism in the mutant mice remain to be determined, but the prediction based
on results from other knockout animals is that oxysterols will accumulate and
that cholic acid levels will be very low in the HNF-4a-deficient mice (27, 45).
Certain cytokines decrease the expression of cholesterol 7a-hydroxylase (see
Additional Regulatory Responses), and in vitro studies indicate that these act by
decreasing the activity of HNF-4« (164).

Agonists of PPARa (NR1C1) such as fibrates have multiple effects on bile
acid metabolism (165). In rats and mice, dietary fibrates decrease the expression
of cholesterol 7a-hydroxylase resulting in a reduction in bile acid secretion
(166). In vitro studies indicate that PPAR« antagonizes the positive effects of
HNF4-« on the promoter of the cholesterol 7a-hydroxylase gene (167, 168).
PPAR«a deficient mice express normal levels of cholesterol 7a-hydroxylase
suggesting that the input of this receptor is modest under physiological condi-
tions (168). However, these animals are unresponsive to dietary fibrates (166,
168), and this indicates the response of bile acid synthesis to these agents is
receptor mediated. The expression of sterol 12«-hydroxylase is increased by
fibrates in the mouse (169), which would have the net effect of elevating the level
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of cholic acid in the bile acid pool and of reducing the expression of cholesterol
7a-hydroxylase via activation of the FXR-SHP pathway (45).

When certain bile acids, such as lithocholic acid, accumulate in an organism,
they induce a number of responses that reduce bile acid synthesisin an effort to
protect the liver. These responses are mediated inter alia by three nuclear
receptors, the pregnane X receptor (PXR, NR1I2), the constitutive androstane
receptor (CAR, NRI3), and the vitamin D receptor (VDR, NR1I1). Lithocholic
acid is an agonist for PXR and VDR, and through these receptors stimulates the
transcription of cytochrome P450 and sulfotransferase genes whose products
detoxify the bile acid (170-172). In addition, activated PXR reduces the
expression of cholesterol 7a-hydroxylase by an as yet undefined mechanism
(170, 173). The regulatory contributions of CAR to bile acid synthesis remain to
be determined, but the ligand specificity of this receptor overlaps with that of
PXR (174), which suggests an important role in this regard.

Additional Regulatory Reponses

The actions of nuclear receptors underlie many of the responses of bile acid
synthesis to various dietary and physiological inputs. There are clearly other
regulatory pathways that impinge on synthesis and for which the identities of the
participating proteins are more or less well defined. Underlying transcription
factors have been identified for pathways that involve hepatic nuclear factor-1«
(HNF-1«) and two proteins involved in circadian rhythm, the D site binding
protein (DBP) and the adenovirus E4 promoter ATF site binding protein
(E4BP4). Mice that lack HNF-1« have elevated levels of cholesterol 7«-hydrox-
ylase and increased bile acid synthesis (175). The loss of feedback regulation in
these animalsis due in part to decreased expression of FXR and a corresponding
decline in SHP expression. Cholesterol 7«-hydroxylase is subject to diurnal
regulation mediated by DBP and E4BP4 (176, 177), and the expression of DBP
itself is regulated by circadian rhythm in the liver as well as regions of the brain
involved in an organism’s response to light (177, 178). This level of control
integrates the expression of cholesterol 7a-hydroxylase and bile acid synthesis
with food intake and exposure to light, which are postulated to be at the ancestral
heart of metabolic gene regulation (179).

Evidence for additional regulatory pathways with as yet undefined mediators
comes from the analysis of mice that lack SHP, the central repressor in the
scheme shown in Figure 5. Based on this model, the removal of SHP should
result in the congtitutive expression of cholesterol 7a-hydroxylase and sterol
12a-hydroxylase, and it should eliminate the response of these genes to dietary
bile acids. Experiments in two independent lines of knockout mice reveal that
SHP deficient mice exhibit only modest elevations in hydroxylase gene expres-
sion (~twofold) and respond to dietary bile acids by decreasing expression of
cholesterol 7a-hydroxylase and sterol 12a-hydroxylase (126, 127). The mutant
animals do not respond to an FXR agonist (GW4064), which indicates that FXR
mediates suppression via activation of SHP as predicted by the model.
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These data indicate the existence of one or more SHP-independent pathways
that negatively regulate bile acid synthesis. The modest elevation in hydroxylase
gene expression in the mutant mice is ascribed to atonic suppression of synthesis
mediated by the bile acid pool size. Two observations support this interpretation.
First, the pool sizeisincreased by ~30% in these mice and, as a consequence of
elevated sterol 12a-hydroxylase expression, has more cholic acid in it. These
alterations cause suppression of bile acid synthesis in wild-type mice and in the
knockout mice serve to limit derepression of the biosynthetic enzymes. Second,
the SHP knockout mice induce cholesterol 7a-hydroxylase and sterol 12a-
hydroxylase in response to chol estyramine, a drug whose only known mechanism
of action is to reduce the bile acid pool size (126, 127).

A second SHP-independent pathway comes into play when the SHP knockout
animals consume bile acids. This damages the liver and induces a stress-response
pathway that decreases the expression of bile acid biosynthetic enzymes (126).
The c-Jun N-terminal kinase (JNK) is thought to mediate this repression (127,
180).

Additional lines of evidence support the notion that kinases and other
intracellular signaling molecules regulate bile acid synthesis. For example,
certain strains of mice fail to repress cholesterol 7a-hydroxylase in response to
bile acid feeding, and this outcome is correlated with alterations in cytokine
secretion, in particular with the levels of tumor necrosis factor and interleukin-1,
which repress 7a-hydroxylase expression (181). In addition, mice deficient in the
fibroblast growth factor 4 receptor (FGFR4), a cell surface tyrosine kinase,
express high levels of cholesterol 7a-hydroxylase and have markedly elevated
bile acid pool sizes and fecal excretion rates (182). When fed bile acids and
cholesterol, they develop massive liver enlargement, which is correlated with the
induction of a corepressor of nuclear hormone receptors termed receptor inter-
acting peptide 140 (RIP140). This induction in turn is postulated to antagonize
the positive actions of LXR on the cholesterol 7a-hydroxylase promoter and thus
to mimic the phenotype associated with loss of LXR (182).

Theinvolvement of cytokines and atyrosine kinase receptor in regulating bile
acid synthesis means that any number of intracellular signaling molecules may
affect the system, which include intracellular kinases, phosphatases, and adaptor
proteins. The identification of these regulatory proteins is an active area of
current research.

GENETICS OF BILE ACID SYNTHESIS

Inherited genetic diseases that affect bile acid synthesis provide a unique window
on the biological roles of bile acids and of individua enzymes in the pathways.
Seven defects involving enzymes that catalyze both early and late steps in the
pathways are known (Table 2), and several more have been reported in abstract
form. In general, those that affect early biosynthetic steps cause disease in
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newborns, while the consequences of those affecting later steps are varied.
Several disorders, including Zellweger syndrome, neonatal adrenoleukodystro-
phy, and infantile Refsum disease, affect peroxisome assembly and thereby
impair bile acid synthesis. These diseases are not considered further here, as they
do not involve mutations in genes encoding biosynthetic enzymes.

Cholesterol 7a-Hydroxylase Deficiency

A prismatic pedigree of cholesterol 7a-hydroxylase deficiency is known in which
affected individuals present with elevated plasma cholesterol levels, decreased
bile acid excretion, and accumulation of cholesterol in the liver (32). A two base
pair deletion in exon 6 of the gene (CYP7A1) in these subjects causes a shift in
the trandlational reading frame and the synthesis of a truncated protein with no
enzymatic activity. Individuals heterozygous for the mutant alele have modest
elevations in serum cholesterol, which suggests that the disorder is inherited in
a codominant fashion. The hyperlipidemic phenotype associated with cholesterol
7a-hydroxylase deficiency in humans contrasts with the normolipidemic pheno-
type of mice that lack this enzyme (12). This difference may reflect aterationsin
how bile acid synthesis is regulated in the two species, for example, via LXR
(153). The hyperlipidemia of human cholesterol 7«-hydroxylase deficiency is
resistant to treatment with hydroxymethylglutaryl CoA reductase inhibitors
(statins) (32). The effects of bile acid therapy have not yet been tested in these
individuals.

Sterol 27-Hydroxylase Deficiency

Loss of sterol 27-hydroxylase (Figure 1, reaction 4 and Figure 3, reaction 11)
causes the neuropathological disorder cerebrotendinous xanthomatosis (CTX)
(59). CTX is characterized by the synthesis of abnormal bile alcohols, a reduced
synthesis of normal bile acids, and the accumulation of cholesterol and the
S5a-reduced derivative of cholesterol, cholestanol, in the blood and tissues of
affected individuals. The buildup of the latter sterols in the myelin sheaths
surrounding neurons in the brain gradually disrupts the ordered structure of this
tissue and causes progressive neurological dysfunction and eventual death. Since
an initial description of the molecular basis of this disease in 1991 (183), more
than 43 mutations have been described in the CYP27A1 gene that cause CTX
(184), and the consequences of an induced mutation in the mouse are well
characterized (54-56). There are marked differences between the phenotypes of
the mutant mice and human subjects with this disorder, which, as described
above, appear to be due to alterations in transcriptional regulatory mechanisms
and biosynthetic enzyme expression. CTX is treated effectively with oral bile
acid therapy if diagnosed by mass spectrometry or molecular methods at an early

age (59).
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Oxysterol 7a-Hydroxylase Deficiency

As with cholesterol 7a-hydroxylase deficiency, one family with CYP7B1 oxy-
sterol 7a-hydroxylase deficiency is known (185). The affected individual pre-
sented with liver failure as a newborn, a marked elevation of oxysterols in the
serum, and the hyperexcretion of 33-hydroxy-5-cholestenoic and 33-hydroxy-
5-cholenoic acids in the urine. 3B-Hydroxy-5-cholestenoic acid is the expected
product arising from repeated side chain oxidations of cholesterol by sterol
27-hydroxylase (Figure 3, reaction 11), and 3B-hydroxy-5-cholenoic acid is
derived from cholesterol after undergoing all of the side chain oxidation steps
shown in Figure 3. Molecular analysis of this subject’s genomic DNA revealed
a nonsense mutation in exon 5 of the CYP7B1 oxysterol 7a-hydroxylase gene
(CYP7BL) that caused premature truncation of the protein and eliminated enzy-
matic activity (185).

The chemical phenotype in this individual is consistent with a generalized
failure to 7a-hydroxylate oxysterols produced by the alternate pathways of bile
acid synthesis (Figure 1, reactions 2, 3, and 4), while the liver failure is consistent
with the known hepatotoxic properties of oxysterols and the unsaturated mono-
hydroxy bile acids listed above. Cholesterol 7a-hydroxylase protein was present
in the liver of this subject as determined by immunoblotting; however, no
corresponding enzyme activity was detectable (185). Presumably, the accumu-
lated oxysterols inhibited this enzyme and effected a complete loss of bile acid
synthesis. This subject did not respond to oral bile acid therapy and was treated
subsequently by liver transplantation. The phenotype of the CYP7B1 oxysterol
7a-hydroxylase deficient individual, together with data showing that the contri-
butions of the alternate pathways to bile acid synthesis are modest in humans (22,
30, 31), suggest that the most important function of this enzyme is to inactivate
oxysterols by facilitating their conversion to bile acids.

3B-Hydroxy-A>-C,,-Steroid Oxidoreductase Deficiency

Patients with a defect in the C,, 38-HSD enzyme were first described in 1987
(186). They present in the clinic with neonatal jaundice, liver enlargement,
fat-soluble vitamin deficiency, and lipid malabsorption. Mass spectrometry
reveals an accumulation in blood and urine of hepatotoxic C,, and C,; steroids
with 3B-hydroxy-A® structures. Oral bile acid therapy is curative and is thought
to cause suppression of cholesterol 7a-hydroxylase and thus prevent further
synthesis of the cholestatic intermediates. The encoding C,; 3B8-HSD gene
(HSD3B7) was isolated in 2000 (40), and since then 12 different mutations that
inactivate the enzyme have been identified in affected individuals (J. B. Cheng et
al., unpublished observations). Very little, if any, cholic acid and chenodeoxy-
cholic acid are detected by sensitive chemical methods in these subjects, which
indicates that the C,,33-HSD enzyme is unique in the bile acid biosynthetic
pathway.
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A*-3-Oxosteroid 5B-Reductase Deficiency

Loss of thisenzyme activity (Figure 2, reaction 9) causes an accumulation of C,, bile
acids that retain the A*-3-oxo structure in the A-ring and C,, bile acids that have a
S5a-reduced configuration (allo-bile acids) (187). These sterols are hepatotoxic and
over time cause liver failure. The A*3-oxosteroid 5B-reductase enzyme has been
purified to homogeneity, and a putative cDNA cloned (188). Antibodies raised
againgt the protein failed to detect asignal in liver samples from affected individuals
(2); however, no forma description of the molecular basis of this disease has
appeared to date. With respect to bile acid synthesis, the chemica phenotype of these
individuals indicates that the 5B-reductase acts preferentialy on intermediates in the
pathway, but when these accumulate in the absence of the enzyme, the structurally
unrelated, membrane-bound steroid 5Sa-reductase enzymes (189) are capable of
reducing the A* bond to produce allo-bile acids. Steroid 5p-reductase deficiency is
effectively treated with oral bile acid therapy.

2-Methylacyl-CoA Racemase Deficiency

Ferdinandusse et a. reported two patients with adult-onset sensory motor neuropathy
who had elevated plasmalevels of pristanic acid, a polyisoprenoid fatty acid, and of
two intermediatesin the bile acid biosynthetic pathway, 25(R)3w, 7a,12a-trihydroxy-
5B-cholestanoic acid and 25(R)3e, 7a-dihydroxy-53-cholestanoic acid (190). The
accumulation of these compounds was consistent with defects in the 2-methylacyl-
CoA racemase (Figure 3, reaction 13), and two point mutations were identified in the
encoding gene (AMACR) that inactivated the enzyme. Cultured fibroblasts from these
subjects exhibited a reduced ability to oxidize pristanic acid, but the activities of
downstream enzymes involved in B—oxidation, which included the p-bifunctiona
protein and peroxisomal thiolase 2, were normal. Liver function aso was apparently
normd in these adult individuals. This suggested that the above C,, intermediates
were efficient as bile acids. In agreement with this outcome, several species,
including alligators and frogs, synthesize 3a,7a,12a-trihydroxy-58-cholestanoic
acid and 3«,7a-dihydroxy-58-cholestanocic acid as primary bile acids (191). A
similar phenotype of progressive peripheral neuropathy is characteristic of infantile
Refsum disease in which branched chain fatty acids aone accumulate (192). These
observations together suggest that the buildup of C,; bile acid intermediates in the
racemase deficient subjects does not contribute to the symptoms of the disease.

An infant with 2-methylacyl-CoA racemase deficiency presented a very different
clinica picture (192a). In contrast to the adult subjects, this child had coagul opathy,
vitamin D and E deficiencies, and mild liver impairment. No neurologic disease was
noted. Chemical analysis revealed an accumulation of C,, racemase substrates and
pristanic acid. A point mutation specifying a missense substitution (S52P) was
present in exon 1 of the AMACR gene. Treatment with cholic acid restored liver
function and reduced levels of bile acid intermediates. Together, these findings
suggest that racemase deficiency causes liver failure in children that resolves prior to
adulthood, at which time the progressive accumulation of phytanic acid leads to
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neuropathy. The ontological changes in the phenotype of affected individuals
suggests that cholic acid therapy is appropriate in childhood and that diets low in
branched chain fatty acids may be palliative in adulthood.

p-Bifunctional Protein Deficiency

Loss of this enzyme activity is associated with the accumulation of C,, bile acid
intermediates and pristanic acid, an enlarged liver, developmental defects, hypotonia,
and seizures (193-195). Early studies ascribed the biochemical defect in these
patients to the absence of the L-bifunctional protein (193); however, later studies
showed that mutationsin the structurally related p-bifunctional protein were the cause
of this genetic disease (196—198). Some, but not dl, patients manifest symptoms of liver
failure although all show the associated neurologica deficiencies (76). This presen-
tation makes it difficult to determine whether the accumulation of bile acid interme-
diates or priganic acid is the mgjor contributor to the observed phenotype. An
effective trestment for p-bifunctional protein deficiency is not reported.

FUTURE DIRECTIONS

In conclusion, interest in the synthesis and metabolism of bile acids has
continued to grow over the past decade due in large part to advances in the
biochemistry, regulation, and genetics of the enzymesinvolved. Much remainsto
be learned about the transport of intermediates between subcellular organelles,
the roles of nuclear receptors and their various spliced forms and ligands, the
identities of other transcription factors and intracellular signaling enzymes that
regulate bile acid synthesis, and the physiological importance of tissue specific
cholesterol catabolism. The next several years should be equally exciting.
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