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Bile acids facilitate the absorption of lipids in the gut, but are also needed to maintain cholesterol ho-
meostasis, induce bile flow, excrete toxic substances and regulate energy metabolism by acting as
signaling molecules. Bile acid biosynthesis is a complex process distributed across many cellular or-
ganelles and requires at least 17 enzymes in addition to different metabolite transport proteins to
synthesize the two primary bile acids, cholic acid and chenodeoxycholic acid. Disorders of bile acid
synthesis can present from the neonatal period to adulthood and have very diverse clinical symptoms
ranging from cholestatic liver disease to neuropsychiatric symptoms and spastic paraplegias. This review
describes the different bile acid synthesis pathways followed by a summary of the current knowledge on
hereditary disorders of human bile acid biosynthesis with a special focus on diagnostic bile acid profiling
using mass spectrometry.

© 2017 Published by Elsevier Ltd.
1. Bile acid synthesis and metabolism

1.1. Introduction and scope

Bile acids are best known for their function in the absorption of
fats and fat-soluble vitamins, however, they also are important for
the maintenance of cholesterol homeostasis, excretion of endoge-
nous and exogenous toxic substances, induction of bile flow and as
signaling molecules that influence glucose homeostasis, lipid
metabolism and energy expenditure (Halilbasic et al., 2013; Russell,
2009). This paper focuses on the mass spectrometry-based
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profiling of human disorders of bile acid biosynthesis. We will not
discuss bile acid transport (Dawson et al., 2009; Halilbasic et al.,
2013) and regulatory aspects of bile acids (Russell, 2003) and
refer the reader to excellent reviews and references on these topics.
1.2. Enterohepatic circulation and secondary bile acids

The two primary bile acids, cholic acid (3a,7a,12a-trihydroxy-
5b-cholanoic acid, CA) and chenodeoxycholic acid (3a,7a-dihy-
droxy-5b-cholanoic acid, CDCA), are synthesized from cholesterol
in the liver. After synthesis, hepatocytes convert bile acids into their
corresponding amine conjugates (glycine or taurine), the bile salts.
Together with phospholipids and other bile components the bile
salts are excreted into the canaliculi and the resulting bile is
transported to and stored in the gallbladder. After a meal,
cholecystokinin-mediated contraction of the gallbladder results in
secretion of bile salts into the duodenum. There, and in the
remainder of the small intestine, bile salts aid in dissolving and
absorbing fats and fat-soluble vitamins. Part of the bile salts are
modified and/or deconjugated by gut bacteria resulting in sec-
ondary bile acids, deoxycholic acid (3a,12a-dihydroxy-5b-chol-
anoic acid) from CA and lithocholic acid (3a-hydroxy-5b-cholanoic
acid) from CDCA, and free primary bile acids (e.g. deconjugated bile
salts). Other secondary bile acids are ursodeoxycholic acid (3a,7b-
dihydroxycholanoic acid, UDCA), hyodeoxycholic acid (3a,6a-
dihydroxycholanoic acid) and hyocholic acid (3a,6a,7a-trihydrox-
ycholanoic acid). Both primary and secondary bile salts/acids are
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reabsorbed in the terminal ileum and in the large intestine after
which they are transported back to the liver via the portal circu-
lation. Hepatocytes then take up the bile acids/salts thereby
completing the so-called enterohepatic circulation. The enter-
ohepatic circulation maintains a bile acid pool of about 2e4 g that
goes through about 10e12 cycles per day (Heubi et al., 2007). Fecal
loss (about 0.2e0.6 g per day, 5% of the total pool) is compensated
by hepatic bile acid synthesis thereby maintaining bile acid ho-
meostasis (Russell, 2003).

1.3. Bile acid synthesis

The biosynthetic pathway from cholesterol to the two primary
bile acids is depicted in Figs. 1 and 2. This synthetic pathway, that is
present in the liver, consists of at least 17 enzymes that are
distributed across several subcellular locations/organelles
including the cytosol, endoplasmic reticulum, mitochondria and
peroxisomes (Figs. 1 and 2). Cholesterol is a C27-sterol with one
double bond at the 5-position (cholest-5-en-3b-ol). In short, for the
conversion of cholesterol into the two primary bile acid CA
(3a,7a,12a-trihydroxy-5b-cholanoic acid) and CDCA (3a,7a-dihy-
droxy-5b-cholanoic acid), one (7a) or two (7a, 12a) a-hydroxyl
groups are added, the double-bond at the 5-position is reduced
with the concomitant generation of a 5b-hydrogen, the 3b-hy-
droxyl group is converted into a 3a-hydroxyl group and the
aliphatic side-chain is oxidized to a carboxyl group and shortened
by three carbon atoms (C27/C24, from cholestanoic to cholanoic
acid). After synthesis of the primary bile acids CA and CDCA,
conjugation to glycine or taurine generates the so-called bile salts.

Four different main pathways of bile acid biosynthesis have
been delineated which are termed the classic or neutral pathway,
the alternative or acidic pathway, the Yamasaki pathway and the
25-hydroxylation pathway (Fig. 1). The exact order of steps in the
biosynthetic pathways of bile acids remains unclear because many
intermediates are substrates for more than one biosynthetic
enzyme (Russell, 2003). Little is also known about the transport of
the bile acids and intermediates between the different compart-
ments, which most likely is an important factor in the bile acid
synthesis process.

In the classic pathway, which starts with the hydroxylation of
cholesterol to 7a-hydroxycholesterol by sterol 7a-hydroxylase
(CYP7A1), modifications of the steroid ring structure precede the
oxidative chain-shortening of the aliphatic side-chain. 3b-hydroxy-
D5-C27-steroid oxidoreductase (HSD3B7) converts 7a-hydrox-
ycholesterol into a 3-oxo-D4-form after which the D4-3-oxosteroid-
5b-reductase (AKR1D1) reduces the D4-double bond and generates
a 5b-hydrogen configuration. The final step of the ring structure
modification is the reduction of the 3-oxo group to a 3a-alcohol by
3a-hydroxysteroid dehydrogenase (AKR1C4). If the 12-position is
hydroxylated by sterol 12-hydroxyase (CYP8B1), the final product
will be CA, if this position is not hydroxylated CDCA is ultimately
formed. After the ring structures have been modified, a carboxyl
group is created at position C27 by sterol 27-hydroxylase (CYP27A1)
producing the C27-bile acid intermediates: 3a,7a-dihydroxy-5b-
cholestanoic acid (DHCA) and 3a,7a,12a-trihydroxy-5b-choles-
tanoic acid (THCA). The hydroxylation of the pro-chiral aliphatic
side-chain by CYP27A1 results in the exclusive formation of the
25R-stereoisomer. The C27-bile acid intermediates are then acti-
vated to their corresponding CoA-ester. To date, two enzymes have
been shown to be able to activate the C27-bile acid intermediates,
i.e. bile acid-CoA ligase (BACS) and very long-chain acyl-CoA syn-
thetase, both located at the endoplasmic reticulum. The C27-bile
acyl-CoAs are transported into the peroxisome by ABCD3, also
called peroxisomal membrane protein 70 (PMP70) where, prior to
chain-shortening, the chiral carbon center at the 25-position needs
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to be racemized from the R- to the S-configuration by a-methylacyl-
CoA racemase (AMACR). Only then can the side-chain be shortened
by peroxisomal b-oxidation (Fig. 2). In the peroxisome, (D/T)HC-
CoA is oxidized by acyl-CoA oxidase 2 (ACOX2) forming a double
bond at the 24-position. This double bond is hydrated to 24-
hydroxy-(D/T)HC-CoA followed by dehydrogenation to 24-keto-
(D/T)HC-CoA, both catalyzed by D-bifunctional protein (DBP). Thi-
olytic cleavage of this ketone by sterol carrier protein X (SCPx) re-
leases propionyl-CoA and CDCA-CoA or CA-CoA. These bile acyl-
CoAs are substrates for the peroxisomal bile acid CoA:amino acid
N-acyltransferase (BAAT) which generates the four primary bile
salts (glycine or taurine conjugated CA/CDCA) (Fig. 2).

In the acidic pathway, a C27-carboxylic acid is first generated,
followed by modifications of the steroid nucleus and finally the
peroxisomal chain-shortening to C24-bile acids. After hydroxylation
at the 27-position (which actually should be systematically named
(25R)26-hydroxycholesterol (Fakheri and Javitt, 2012)), another
enzyme than sterol 7a-hydroxylase is responsible for the 7a-hy-
droxylation, namely oxysterol-7a-hydroxylase (CYP7B1) after
which the same enzymes as in the classic pathway complete the
ring structure modifications. The acidic/alternative pathway pref-
erentially produces CDCA and appears to be the major contributor
to the bile acid pool in young infants (Setchell et al., 1988a). Later in
life, the classic/neutral pathway gains in importancewith respect to
the contribution to the bile acid pool (Russell, 2003).

For the Yamasaki pathway, where the first steps coincide with
the acidic pathway, side-chain oxidation and shortening result in
the formation of the C24-bile acid 3b-hydroxy-5-cholenoic acid
followed by further modifications of the ring structure. In humans,
7a-hydroxylation prior or after peroxisomal b-oxidation is believed
to generate 3b,7a-dihydroxy-5-cholenoic acid (Javitt et al., 1986),
which ultimately results in the formation of CDCA (and not lith-
ocholic acid). CDCA is believed to be the major product of the
Yamasaki pathway in humans. The exact contribution of the
Yamasaki pathway to the bile acid pool in humans is not clear, but
because of the presence of monohydroxy bile acids in fetal bile and
relatively high levels of these bile acids in meconium and amniotic
fluid it was suggested that this pathway may be of quantitative
importance, at least during development (Nakagawa and Setchell,
1990; Setchell et al., 1988a).

Another way to obtain a C24-carboxylic acid after the ring
structure modifications ewithout the need for 27-hydroxylation
and subsequent peroxisomal b-oxidatione is by the 25-
hydroxylation pathway. A microsomal sterol 25-hydroxylase
(CH25H) generates 3a,7a,12a-trihydroxy-5b-cholestane-25-tetrol
which is further hydroxylated at the 24-position to a 24S-pentol,
then (likely) dehydrogenated to a 24-oxo-tetrol (Shefer et al., 1976),
which is subsequently cleaved to yield CA and acetone (Salen et al.,
1979).

1.4. Bile acid analysis

Bile acid analysis was previously done by ion exchange chro-
matography followed by gas chromatography (GC) and electron
ionization mass spectrometry (MS). An important drawback with
these methods was the need for cleavage of conjugated bile acids
and subsequent derivatization to provide the necessary volatility.
Later, fast atom bombardment (FAB)-MS made it possible to
directly analyze native bile acids and salts with minimal sample
preparation after which electrospray ionization (ESI) largely
replaced FAB-ionization and is currently used by themajority of the
laboratories. ESI-MS with prior liquid chromatography (LC) sepa-
ration is now themethod of choice for analyzing a cholanoid profile
(Griffiths and Sj€ovall, 2010). Routinely, the MS operates in the
multi-reaction monitoring (MRM) mode enabling detection and
alysis in human disorders of bile acid biosynthesis, Molecular Aspects



Fig. 1. Bile acid synthesis pathways. The enzymes and biochemical intermediates of the four major bile acid synthesis pathways, the classic/neutral pathway, the acidic/alternative
pathway, the 25-hydroxylation and Yamasaki pathway. Known defects are shown with reference to the corresponding paragraph, pathways are explained in detail in the main text.
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Fig. 2. Peroxisomal steps of bile acid synthesis. The enzymes and biochemical intermediates of the peroxisomal steps of the bile acid synthesis. Known defects are shown with
reference to the corresponding paragraph. The pathway is explained in detail in the main text.
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quantification of more than 20 different bile acids and bile acid
intermediates. These include the unconjugatedmolecules (or “free”
bile acids) but also the conjugates with either glycine, taurine,
sulfate and glucuronic acid (Griffiths and Sj€ovall, 2010). The use of a
full scan of a sample introduced by flow injection is still frequently
used in addition to the specific transitions to get an overview of all
ions in the sample. Specific precursor ion scans for taurine-, glycine
conjugated, glucuronidated and sulfated species can be added to
confirm the identity of unknown peaks or to get an idea of the
distribution of these specific species. Newer applications make use
of ultra performance liquid chromatography (UPLC)-high-resolu-
tion mass spectrometry where the MS operates in full scan mode.
The measurement of the exact mass of ions considerably reduces
the need for specific MRM transitions and makes the correct
annotation of species more reliable. In addition, the acquisition of a
high resolution full scan spectrum makes it possible that com-
pounds not yet in focus can be investigated in the previously
collected data files without the need to re-analyze the samples
(Amplatz et al., 2016).

Below we discuss each disorder in bile acid biosynthesis known
to date focused on the detection of the disorder by bile (LC-)MS-
based bile acid analysis.
2. Disorders of bile acid synthesis

When there is a block in the biosynthesis of bile acids this re-
sults, in most disorders, in a deficiency of the primary bile acids.
The characteristic clinical symptoms of a bile acid deficiency are fat
malabsorption leading to steatorrhea and growth retardation,
deficiency of fat-soluble vitamins and their sequelae (e.g. coagu-
lation defects, rickets). As bile acids excreted into the canaliculi
drive the bile flow, it follows that when bile acids/salts cannot be
synthesized, bile flow is interrupted and metabolites that are nor-
mally excreted via bile accumulate in the circulation (e.g. bilirubin).
In case of a cholestatic patient the analysis of bile acids is indicated
especially if g-glutamyltranspeptidase (g-GT) levels are within the
reference range as bile acids/salts normally release this enzyme
from the canalicular membrane. For this reason, g-GT levels are
elevated in other causes of cholestasis, but not in case of bile acid
synthesis disorders (Clayton, 2011). The bile acid/salt deficiency
causes a feedback response that stimulates the transcription of both
the sterol 7a- and 12a-hydroxylase genes to stimulate bile acid
synthesis ((Russell, 2009, 2003) and references therein). This in
turn leads to accumulation of disease-specific bile acid in-
termediates in plasma and/or urine that, in addition to the bile acid
deficiency, contribute to the clinical problems observed in these
patients. Depending on the exact location of the metabolic block,
different intermediates accumulate or are transported to extrahe-
patic tissues where they can be further metabolized and cause
pathology at these sites (e.g. cholestanol in cerebrotendinous
xanthomatosis (CTX), see 1.2.5). Most bile acid synthesis disorders
present early in life with cholestatic liver disease but a bile acid
synthesis disorder should also be considered in case of neurological
symptoms (neuropsychiatric, neuropathy, spastic paraplegia) in
juvenile or adult patients. When a bile acid synthesis disorder is
considered both plasma and urine bile acid analysis should be
performed. Below we describe the known defects of bile acid
synthesis and how bile acid profiling can aid in the diagnostics of
these disorders. Tables 1 and 2 contain supportive informationwith
regard to the clinical and biochemical phenotype (Table 1) and the
bile acids and pathognomonic intermediates found in the different
disorders (Table 2).
Please cite this article in press as: Vaz, F.M., Ferdinandusse, S., Bile acid an
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2.1. Cholesterol 7a-hydroxylase (CYP7A1) deficiency

Cholesterol 7a-hydroxylase is located at the endoplasmic re-
ticulum, is expressed only in liver and is the rate-limiting enzyme of
bile acid synthesis (Russell, 2003). It is mainly involved in the
classic pathway which in adult humans is the main bile acid
biosynthetic pathway. Deficiency of CYP7A1 does not result in overt
bile acid deficiency as the alternative pathway can still produce bile
acids via oxysterol 7a-hydroxylase (encoded by CYP7B1). In one
investigated CYP7A1-deficient individual the defect did result in
hepatic accumulation of cholesterol and deficient bile acid excre-
tion (Pullinger et al., 2002). Fecal bile acid levels were only 6% of
normal and both fecal and plasma bile acids contained relatively
more CDCA than CA, likely reflecting the enhanced production via
the alternative/acidic pathway. The three described patients all had
statin-resistant hypercholesterolemia (with high LDL levels) and
two out of three had hypertriglyceridemia and a history of (pre-
mature) gallstone disease. The defect is believed to be co-dominant
meaning that heterozygotes also have elevated cholesterol levels
and are maybe at risk for premature atherosclerosis and gallstone
disease (Pullinger et al., 2002). This defect, apart from the possible
overrepresentation of CDCA over CA, cannot be detected by bile
acid profiling.
2.2. 3b-Hydroxy-D5-C27-steroid oxidoreductase (3b-HSOR,
HSD3B7) deficiency

3b-HSOR is located at the endoplasmic reticulum and is
expressed ubiquitously. It catalyzes the conversion of 7a-hydrox-
ycholesterol into 7a-hydroxy-4-cholesten-3-one which is a reac-
tion needed for all bile acid synthesis pathways. 3b-HSOR
deficiency was the first bile acid synthesis disorder to be discovered
(Buchmann et al., 1990; Clayton et al., 1987b; Ichimiya et al., 1991;
Jacquemin et al., 1994) and is clinically characterized by neonatal
cholestasis, fat-soluble vitamin deficiency, steatorrhea, liver disease
(also see Table 1) and responds favorably to bile acid supplemen-
tation (Ichimiya et al., 1991). After identification of the corre-
sponding gene, HSD3B7, mutations therein were identified in
patients affected with the disorder (Cheng et al., 2003; Schwarz
et al., 2000). When deficient, the accumulating 7a-hydrox-
ycholesterol is still converted into a C24-bile acid and may or may
not be hydroxylated at the 12-position, but the D5-double bond
cannot be reduced. As a consequence the 3b-hydrogen cannot be
converted into a 3a-configuration resulting in the accumulation of
3b,7a-dihydroxy-5-cholenoic acid and 3b,7a,12a-trihydroxy-5-
cholenoic acid. These unsaturated C24-bile acids are mostly
sulfated at the 3-position and partly conjugated to glycine. Analysis
of urine or plasma shows the pathognomonic unsaturated bile
acids with mass over charge ratios (m/z) of 469 and 485, the
sulfated D5-3b-bile acids, andm/z 526 andm/z 542, the sulfated D5-
3b-bile acids conjugated to glycine. In plasma, the unconjugated
forms of the D5-3b-bile acids can also be detected (m/z 389 andm/z
405) as well as the same species conjugated to only glycine (m/z
446 and m/z 462). In addition, the unconjugated forms of D5-3b-
C27-bile acid intermediates (3b,7a-dihydroxy-cholestenoic acid (m/
z 431) and 3b,7a,12a-trihydroxy-cholestenoic acid (m/z 447)) can
be present (see Fig. 3). MS/MS analysis in the parent scan mode can
specifically detect glycine conjugates (parents of m/z 97) and
sulfated molecules (parents of m/z 74). The concentrations of the
(conjugated) primary bile acids (withm/z 448, 464, 498 and 514) in
plasma are unusually low for an individual with symptoms of
cholestatic liver disease.
alysis in human disorders of bile acid biosynthesis, Molecular Aspects



Table 1
Clinical and biochemical aspects of bile acid synthesis disorders.

No Enzyme (gene)
defect

OMIM Clinical/laboratory features Plasma bile acid profile* Urinary bile acid profile* References

2.1 Cholesterol 7a-
hydroxylase
(CYP7A1)

*118455 Hypercholesterolemia (total and
LDL-cholesterol, resistant to
HMG-CoA reductase inhibitors),
hypertriglyceridemia, possibly
higher risk for gallstones

Normal. Possibly more CDCA acid
and corresponding secondary bile
acids

Normal (Baumgartner et al., 2014;
Pullinger et al., 2002)

2.2 3b-hydroxy-D5-
C27-steroid
oxidoreductase
(HSD3B7)

#607765 Neonatal cholestasis, jaundice,
itching, fat-soluble vitamin
deficiency, steatorrhea, cirrhosis,
seizures/tetany,
hepatosplenomegaly, rickets,
favorable response to bile acid
supplementation
hypocalcaemia, prolonged
coagulation times, normal g-GT
activity

low/absent primary bile acids/
salts Accumulation of D5-3b-bile
acids. 3b,7a-dihydroxy-5-
cholenoic acid (m/z 389), glycine
conjugated (m/z 446), sulfated
(m/z 469) and glycine conjugated
and sulfated (m/z 526)
3b,7a,12a-trihydroxy-5-
cholenoic acid (m/z 405), glycine
conjugated (m/z 462), sulfated
(m/z 485) and glycine conjugated
and sulfated (m/z 542)

Similar to plasma (Akobeng et al., 1999;
Baumgartner et al., 2014;
Buchmann et al., 1990; Cheng
et al., 2003; Clayton et al., 1987b;
Ichimiya et al., 1991; Jacquemin
et al., 1994; Schwarz et al., 2000;
Yamato et al., 2001; Zhang et al.,
2015)

2.3 D4-3-
oxosteroid 5b-
reductase
(AKR1D1)
previously
known as
SRD5B1

#235555 Neonatal jaundice,
hepatosplenomegaly, fat-soluble
vitamin deficiency, prolonged
coagulation times, normal g-GT
activity

Like urine. Low/absent primary
bile acids

Accumulation of glycine- (m/z
444 and m/z 460) and taurine-
conjugates (m/z 494 andm/z 510)
of 7a-hydroxy-3-oxo-4-cholenoic
acid and 7a,12a- dihydroxy-4-
cholenoic acid and taurine
conjugate of C27-3-oxo-D4-bile
acid intermediate taurine 7a,12a-
dihydroxy-3-oxo-4-cholestenoic
acid (m/z 552)

(Akobeng et al., 1999;
Baumgartner et al., 2014; Clayton
et al., 1996; Gonzales et al., 2004;
Lemonde et al., 2003; Setchell
et al., 1988b; Shneider et al.,
1994)

2.4 Oxysterol 7a-
hydroxylase
(CYP7B1)

#613812 Neonatal cholestasis, fatal
neonatal liver disease,
hepatosplenomegaly, fibrosis,
progressive spastic paraplegia,
cataract.
Normal g-GT

27-Hydroxycholesterol and, 25-
hydroxycholesterol
3b-hydroxy-5-cholenoic acid
conjugated to taurine (m/z 480)
and glycine (m/z 430) and 3b-
hydroxy-5-cholestanoic acid
conjugated to taurine (m/z 522)
and glycine (m/z 472)

3b-Hydroxy-5-cholenoic acids:
sulfated 3b-hydroxy-5-cholenoic
acid (m/z 453), taurine-
conjugated 3b-hydroxy-5-
cholenoic acid (m/z 480) and the
glycine-conjugate of sulfated 3b-
hydroxy-5-cholenoic acid (m/z
510)

(Arnoldi et al., 2012; Baumgartner
et al., 2014; Biancheri et al., 2009;
Dai et al., 2014; Kimura et al.,
2012; Setchell et al., 1998; Ueki
et al., 2008)

2.5 Sterol 27-
hydroxylase
(CYP27A1)

#213700 Childhood: Neonatal cholestasis,
intractable diarrhea, bilateral
cataract, developmental delay.
Adult: tendon xanthomas,
premature atherosclerosis,
neuropsychiatric symptoms,
peripheral neuropathy, dementia

Bile alcohol glucuronides: mainly
cholestanetetrol glucuronide (m/
z 611). Triol (m/z 595) and pentol
(m/z 627) and hexol (m/z 643)
[and their cholestene derivatives]
are also observed

Bile alcohol glucuronides: mainly
cholestanepentol (m/z 627),
tetrol (m/z 611), hexol (m/z 643),
heptol (m/z 659) and octol (m/z
675) glucuronides [and their
cholestene derivatives] are also
observed

(Baumgartner et al., 2014; Inoue
et al., 1999; Pierre et al., 2008;
Seyama, 2003; Verrips et al.,
2000)

3.1 Zellweger
spectrum
disorders

Multiple Liver dysfunction, developmental
delay and other neurological
abnormalities, adrenocortical
dysfunction and hearing- and
vision impairment. Plasma:
elevated very long-chain fatty
acids, phytanic and pristanic acid
(diet- and age-dependent),
pipecolic acid. Erythrocytes:
reduced plasmalogens.

Unconjugated DHCA (m/z 433),
THCA (m/z 449), OH-THCA (m/z
465), tauro-DHCA (m/z 540),
tauro-THCA (m/z 556), tauro-OH-
THCA (m/z 572), tauro-diOH-
THCA (m/z 588) and C29-
dicarboxylic acid (m/z 509). C24-
bile acid levels can be normal or
even elevated.

Tauro-THCA (m/z 556), most
abundant are tauro-OH-THCA (m/
z 572), tauro-diOH-THCA (m/z
588). Bile alcohol glucuronides
can be present.

(Klouwer et al., 2015)

3.2 ABCD3 (PMP70) *170995 Hepatosplenomegaly and severe
progressive liver disease

Unconjugated and taurine
conjugated DHCA and THCA, C29-
dicarboxylic acid.

Not measured (Ferdinandusse et al., 2015)

3.3 a-Methylacyl-
CoA racemase
(AMACR)

#614307 Childhood: mild to severe liver
disease, cholestasis and fat-
soluble vitamin malabsorption.
Adult: progressive neurological
symptoms including peripheral
neuropathy, encephalopathy,
tremor, spastic paraparesis and
progressive loss of vision. Plasma:
elevated pristanic acid.

Unconjugated or taurine
conjugated 25R-isomers of DHCA
and THCA.

Similar to Zellweger, Tauro-THCA
(m/z 556), most abundant are
tauro-OH-THCA (m/z 572), tauro-
diOH-THCA (m/z 588).

(Clarke et al., 2004; Dick et al.,
2011; Ferdinandusse et al.,
2000a; Haugarvoll et al., 2013;
Kapina et al., 2010; Setchell et al.,
2003; Smith et al., 2010;
Thompson et al., 2008; Van
Veldhoven et al., 2001; Verhagen
et al., 2012)

3.4 Acyl-CoA
oxidase 2
(ACOX2)

*601641 Elevated transaminase levels and
liver fibrosis.

Unconjugated or taurine
conjugated DHCA and THCA.
Decreased levels of primary bile
acids.

Unconjugated or taurine
conjugated (OH-)DHCA and (OH-)
THCA.

(Monte et al., 2017; Vilarinho
et al., 2016)

3.5 D-bifunctional
protein (DBP/
HSD17B4)

#261515 Liver dysfunction, developmental
delay and other neurological
abnormalities, and hearing- and
vision impairment. Plasma:
elevated very long-chain fatty

Unconjugated DHCA (m/z 433),
THCA (m/z 449), OH-THCA (m/z
465), tauro-DHCA (m/z 540),
tauro-THCA:1 (m/z 554), tauro-
THCA (m/z 556),), tauro-OH-

Tauro-OH-THCA:1 (m/z 570),
tauro-diOH-THCA:1 (m/z 586).

(Ferdinandusse et al., 2006a,b)
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Table 1 (continued )

No Enzyme (gene)
defect

OMIM Clinical/laboratory features Plasma bile acid profile* Urinary bile acid profile* References

acids and phytanic and pristanic
acid (diet- and age-dependent).

THCA:1 (m/z 570), tauro-OH-
THCA (m/z 572).

3.6 Sterol Carrier
protein X
(SCPx/SCP2)

#613724 Leukencephalopathy with
dystonia and motor neuropathy.
Plasma: elevated pristanic acid.

No significant abnormalities. Tetrahydroxy-27-nor-5b-
cholestane-24-one glucuronide
(m/z 611), 27-nor-5b-
cholestanepentol glucuronide (m/
z 613), pentahydroxy-27-nor-5b-
cholestane-24-one glucuronide
(m/z 627), 27-nor-5b-
cholestanehexol glucuronide (m/
z 629), hexahydroxy-27-nor-5b-
cholestane-24-one glucuronide
(m/z 643), 27-nor-5b-
cholestaneheptol glucuronide (m/
z 645).

(Ferdinandusse et al., 2006a,b;
Horvath et al., 2015)

4.1 Bile acid CoA
ligase (BACS/
SLC27A5)

*603314 Jaundice, with extensive fibrosis
and architectural distortion at
liver biopsy, failure to thrive,
rickets, fat-soluble vitamin
deficiency.

>85% unamidated primary bile
acids, i.e. CDCA (m/z 391) and CA
(m/z 407), latter most abundant.

>85% unamidated primary bile
acids, i.e. CDCA (m/z 391) and CA
(m/z 407). Also sulfated CDCA (m/
z 471), sulfated CA (m/z 487) and
CDCA glucuronide (m/z 567) and
CA glucuronide (m/z 583) can be
present.

(Chong et al., 2012)

4.2 Bile acid
CoA:amino acid
N-
acyltransferase
(BAAT)

*602938 Fat malabsorption, fat-soluble
vitamin deficiency, coagulopathy,
rickets, growth retardation,
transient neonatal cholestatic
hepatitis

Absence of amidated primary bile
acids. Only unamidated primary
bile acids present CDCA (m/z 391)
and CA (m/z 407), latter most
abundant. Sulfated CDCA (m/z
471), sulfated CA (m/z 487), CDCA
glucuronide (m/z 567) and CA
glucuronide (m/z 583) can be
present.

Same as plasma. (Carlton et al., 2003; Had�zi�c et al.,
2012; Setchell et al., 2013)

*Most characteristic abnormalities found or described in literature for the different disorders. Depending on the disorder, the profile can vary considerably and in some
disorders may even be without obvious abnormalities.
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2.3. D4-3-oxosteroid 5b-reductase (AKR1D1) deficiency

The D4-3-oxosteroid 5b-reductase enzyme, encoded by the
AKR1D1 gene (previously known as SRD5B1), is located in the
cytosol and expressed ubiquitously. It catalyzes the reduction of the
D4-double bond and the concomitant generation of the 5b-
hydrogen configuration for different bile acid intermediates
including 7a-hydroxy-4-cholesten-3-one and 7a,12a-dihydroxy-4-
cholesten-3-one. D4-3-oxosteroid 5b-reductase is required for all
bile acid synthesis pathways. Similar to 3b-HSOR deficiency, pa-
tients with AKR1D1 deficiency usually present in the neonatal
period with cholestatic liver disease and fat-soluble vitamin defi-
ciency (see Table 1) (Akobeng et al., 1999; Clayton et al., 1996;
Gonzales et al., 2004; Lemonde et al., 2003; Setchell et al., 1988b;
Shneider et al., 1994). The accumulating unsaturated C27-3-oxo-
D4 steroids are converted into the corresponding C24-bile acids and
can be detected in both plasma and urine (the latter being the
preferred matrix). Primary bile acid levels in plasma are low and
glycine- (m/z 444 and m/z 460) and taurine-conjugates (m/z 494
and m/z 510) of 7a-hydroxy-3-oxo-4-cholenoic acid and 7a,12a-
dihydroxy-4-cholenoic acid, respectively, can be detected in plasma
and urine. The taurine conjugate of C27-3-oxo-D4-bile acid inter-
mediate 7a,12a-dihydroxy-3-oxo-4-cholestenoic acid (m/z 552) is
sometimes also observed. It is important to realize that patients
with liver disease/damage can have reduced activity of D4-3-
oxosteroid 5b-reductase without mutations in AKR1D1 gene. The
resulting bile acid profile cannot be distinguished from that of a
primary defect in the AKR1D1 gene and hence genetic confirmation
of an aberrant bile acid profile pointing at D4-3-oxosteroid 5b-
reductase deficiency is necessary to confirm the primary disorder
(Lemonde et al., 2003). Another pitfall in the diagnosis of D4-3-
oxosteroid 5b-reductase deficiency is that a D4-3-oxosteroid 5a-
Please cite this article in press as: Vaz, F.M., Ferdinandusse, S., Bile acid an
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reductase exists that can convert accumulating C27-3-oxo-D4 ste-
roids into 3-oxo-5a-steroids which in turn are converted into so-
called allo-(5a)-bile acids (Setchell et al., 1988b). As these metab-
olites are isobaric with the regular (5b)-bile acids, there is a risk
that these allo-metabolites are mistaken for primary bile acids and
that the diagnosis of D4-3-oxosteroid 5b-reductase deficiency is
deemed less likely or even missed. LC-MS (or GC-MS) approaches
have the potential to chromatographically separate the allo- and
normal bile acid, but when in doubt genetic analysis of the AKR1D1
gene is warranted.

2.4. Oxysterol 7a-hydroxylase deficiency (CYP7B1)

Oxysterol 7a-hydroxylase, encoded by the ubiquitously
expressed but liver-enriched CYP7B1 gene, is located at the endo-
plasmic reticulum and is part of the acidic/alternative pathway
where it hydroxylates different oxysterols (e.g. 25- and 27-
hydroxycholesterol) at the 7-position producing a hydroxyl group
with an a-stereoconfiguration. In the brain, oxysterol 7a-hydroxy-
lase hydroxylates dehydroepiandrosterone (DHEA) and related
steroids (Rose et al., 1997). The first two patients described with
oxysterol 7a-hydroxylase deficiency (OMIM #613812) had severe
liver disease (Setchell et al., 1998; Ueki et al., 2008) characterized by
cholestasis, failure of protein/metabolite synthesis, giant cell hep-
atitis, severe fibrosis and even cirrhosis but with normal g-GT
levels. Both patients died in early infancy either before or after liver
transplantation. A third patient had a very similar phenotype as the
first two patients but was successfully transplanted (Mizuochi et al.,
2011). The fourth patient was, after unsuccessful treatment with
UDCA, treated with CDCAwhich restored bile acid homeostasis and
the child recovered (Dai et al., 2014). Biochemically, the disorder is
characterized by urinary accumulation of 3b-hydroxy-5-cholenoic
alysis in human disorders of bile acid biosynthesis, Molecular Aspects



Table 2
Overview of (exact) masses of bile acids and intermediates in disorders of bile acid synthesis.

Nominal mass Exact mass Compound name Disorder

375 375.2905 3b-hydroxy-5-cholanoic acid (litocholic acid)
389 389.2697 dihydroxy-cholenoic acid 3b-HSOR
391 391.2885 dihydroxy-cholanoic acids (e.g. chenodeoxycholic acid) BAAT, BACS
405 405.2646 trihydroxy-cholenoic acids, 3b,7a,12a-trihydroxy-5-cholenoic acid 3b-HSOR
407 407.2803 trihydroxy-cholanoic acids (e.g. cholic acid) BAAT, BACS
431 431.3169 3b,7a-dihydroxy-cholestenoic acid 3b-HSOR
432 432.3119 3b-hydroxy-5-cholanoic acid (litocholic acid) glycine
433 433.3323 dihydroxy-cholestanoic acid (e.g. DHCA) Zellweger, AMACR,DBP
444 444.2755 7a-hydroxy-3-oxo-4-cholenoic acid glycine 5b-reductase
446 446.2912 3b,7a-dihydroxy-5-cholenoic acid glycine 3b-HSOR
447 447.3116 3b,7a,12a-trihydroxy-cholestenoic acid 3b-HSOR
448 448.3069 dihydroxy-cholanoic acids (e.g. chenodeoxycholic acid,deoxycholic acid) glycine
449 449.3273 trihydroxy-cholestanoic acid (e.g. THCA) Zellweger, AMACR,DBP
453 453.2316 3b-hydroxy-5-cholenoic acid sulfate oxysterol 7a-hydroxylase
460 460.2705 7a,12a-dihydroxy-3-oxo-4-cholenoic acid glycine 5b-reductase
462 462.2861 3b,7a,12a-trihydroxy-5-cholenoic acid glycine 3b-HSOR
464 464.3018 trihydroxy-cholanoic acids glycine (e.g. cholic acid)
465 465.3222 tetrahydroxy-cholestanoic acid (e.g. OH-THCA, varanic acid) Zellweger, AMACR,DBP
465 465.3044 cholesterol sulfate
469 469.2265 3b,7a-dihydroxy-5-cholenoic acid sulfate 3b-HSOR
471 471.2422 dihydroxy-cholanoic acid sulfate BAAT, BACS
472 472.3432 3b-hydroxy-5-cholestanoic acid glycine oxysterol 7a-hydroxylase
480 480.2789 3b-hydroxy-5-cholenoic acid taurine oxysterol 7a-hydroxylase
480 480.2967 tetrahydroxy-cholanoic acids glycine
482 482.2946 3b-hydroxy-5-cholanoic acid (litocholic acid) taurine
485 485.2215 3b,7a,12a-trihydroxy-5-cholenoic acid sulfate 3b-HSOR
487 487.2371 trihydroxy-cholanoic acid sulfate BAAT, BACS
488 488.3381 3b,7a-dihydroxy-cholestenoic acid glycine
490 490.3538 dihydroxy-cholestanoic acid (e.g. DHCA) glycine Zellweger, AMACR,DBP
494 494.2582 7a-hydroxy-3-oxo-4-cholenoic acid taurine 5b-reductase
498 498.2895 dihydroxy-cholanoic acids (chenodeoxycholic acid) taurine
506 506.3487 trihydroxy-cholestanoic acid (e.g. THCA) glycine Zellweger, AMACR,DBP
507 507.3327 C29-dicarboxylic acid Zellweger
510 510.2531 7a,12a-dihydroxy-3-oxo-4-cholenoic acid taurine 5b-reductase
510 510.2531 3b-hydroxy-5-cholenoic acid glycine and sulfate oxysterol 7a-hydroxylase
514 514.2844 trihydroxy-cholanoic acids (cholic acid) taurine
522 522.3259 3b-hydroxy-5-cholestanoic acid taurine oxysterol 7a-hydroxylase
526 526.2480 3b,7a-dihydroxy-5-cholenoic acid glycine and sulfate 3b-HSOR
528 528.2637 dihydroxy-cholanoic acids (e.g. chenodeoxycholic acid) glycine and sulfate
530 530.2793 tetrahydroxy-cholanoic acids taurine
540 540.3364 dihydroxy-cholestanoic acid (e.g. DHCA) taurine Zellweger, AMACR,DBP
542 542.2429 3b,7a,12a-trihydroxy-5-cholenoic acid glycine and sulfate 3b-HSOR
552 552.3000 7a,12a-dihydroxy-3-oxo-4-cholestenoic acid taurine 5b-reductase
554 554.3157 trihydroxy-cholestenoic acid (e.g. THCA:1) taurine DBP
556 556.3313 trihydroxy-cholestanoic acid (e.g. THCA) taurine Zellweger, AMACR,DBP
567 567.3175 dihydroxy-cholanoic acids glucuronide BAAT, BACS
570 570.3106 tetrahydroxy-cholestenoic acids (e.g. OH-THCA:1) taurine DBP
572 572.3263 tetrahydroxy-cholestanoic acids (e.g. OH-THCA) taurine Zellweger, AMACR,DBP
583 583.3124 trihydroxy-cholanoic acids glucuronide BAAT, BACS
586 586.3055 pentahydroxy-cholestenoic acids (e.g. diOH-THCA:1) taurine DBP
588 588.3212 pentahydroxycholestanoic acid taurine Zellweger
609 609.3644 5b-cholestanetriol-?-one glucuronide, 5b-cholestenetetrol glucuronide CTX
611 611.3801 5b-cholestanetetrol glucuronide CTX
611 611.3437 tetrahydroxy-27-nor-5b-cholestane-24-one glucuronide SCPx
613 613.3593 27-nor-5b-cholestanepentol glucuronide SCPx
625 625.3593 tetrahydroxy-5b-cholestane-?-one glucuronide, 5b-cholestenepentol glucuronide CTX
627 627.3750 5b-cholestanepentol glucuronide CTX
627 627.3386 pentahydroxy-27-nor-5b-cholestane-24-one glucuronide SCPx
629 629.3543 27-nor-5b-cholestanehexol glucuronide SCPx
641 641.3543 5b-cholestanepentol-?-one glucuronide, 5b-cholestenehexol glucuronide CTX
643 643.3699 5b-cholestanehexol glucuronide CTX
643 643.3335 hexahydroxy-27-nor-5b-cholestane-24-one glucuronide SCPx
645 645.3492 27-nor-5b-cholestaneheptol glucuronide SCPx
651 651.3862 dihydroxy-cholanoic acid glycine and N-acetylglucosamine
659 659.3648 5b-cholestaneheptol glucuronide CTX
701 701.3689 dihydroxy-cholanoic acid taurine and N-acetylglucosamine

Bold designates the molecule conjugated to the bile acid (intermediate).
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acid derivatives (sulfated 3b-hydroxy-5-cholenoic acid (m/z 453),
taurine-conjugated 3b-hydroxy-5-cholenoic acid (m/z 480) and the
glycine-conjugate of sulfated 3b-hydroxy-5-cholenoic acid (m/z
510)) and in plasma accumulation of both the C24- (3b-hydroxy-5-
Please cite this article in press as: Vaz, F.M., Ferdinandusse, S., Bile acid an
of Medicine (2017), http://dx.doi.org/10.1016/j.mam.2017.03.003
cholenoic acid; tauro ¼ m/z 480, glyco ¼ m/z 430) and C27-3b-hy-
droxy-bile acids (3b-hydroxy-5-cholestanoic acid; tauro ¼m/z 522,
glyco ¼ m/z 472). The 3b-hydroxy-D5 bile acids constitute >90% of
the plasma bile acids and >75% of the urinary bile acids (Setchell
alysis in human disorders of bile acid biosynthesis, Molecular Aspects



Fig. 3. Plasma bile acid profiles of CTX and 3b-hydroxy-D5-C27-steroid oxidoreductase deficiency. CTX (A) and 3b-hydroxy-D5-C27-steroid oxidoreductase (B) spectra obtained
by analysis using a high-resolution mass spectrometer (Q-Exactive, Thermo) in the negative ion mode. Mass over charge ratios of pathognomonic metabolites are shown in bold.
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et al., 1998) and are believed to be the major contributors to the
toxic effects to liver and other tissues (Mathis et al., 1983). Oxy-
sterols themselves, although not measured as part of the routine
bile acid profiling, are very good biomarkers in plasma for this
disorders as 27-, 25- and (24S)-hydroxycholesterols are six- to
more than a thousand-fold elevated in oxysterol 7a-hydroxylase
Please cite this article in press as: Vaz, F.M., Ferdinandusse, S., Bile acid an
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deficiency (Dai et al., 2014; Setchell et al., 1998). The 3b-hydroxy-D5

bile acids also accumulate in D4-3-oxosteroid 5b-reductase defi-
ciency but 27-hydroxycholesterol accumulation can be used to
differentiated between the two defects (Kimura et al., 2012). Sur-
prisingly, the CYP7B1 gene was also found to be mutated in spastic
paraplegia 5A (SPG5A, OMIM #270800) (Arnoldi et al., 2012;
alysis in human disorders of bile acid biosynthesis, Molecular Aspects
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Biancheri et al., 2009; Tsaousidou et al., 2008). The phenotype of
this disorder, which is characterized by progressive spasticity of the
lower limbs due to degeneration of upper motor neurons, is very
different than the previously reported cases of oxysterol 7a-hy-
droxylase deficiency with primarily early liver disease. Yet, the
same biomarkers are elevated in SPG5; plasma levels of 27-
hydroxycholesterol are 6- to 9-fold increased and 25-
hydroxycholesterol levels are even increased over 100-fold
(Schüle et al., 2010). Specific bile acid intermediates were
analyzed in plasma and CSF from SPG5A patients confirming the
accumulation of both the C24- and C27-3b-hydroxy-D5 bile acids in
this disorder (Theofilopoulos et al., 2014).

Given the low CYP7A1 activity in infants, the acidic/alternative
pathway is particularly important in the first months of life, as the
classic/neutral pathway contributes relatively little to the bile acid
pool (Setchell et al., 1998). In addition to CYP7B1 there is another
oxysterol 7a-hydroxylase, CYP39A1, which is ubiquitously
expressed, but the contribution of this 7a-hydroxylase to bile acid
metabolism is unknown (Russell, 2003). The importance of the
acidic/alternative pathway in infants may explain the severe
neonatal liver phenotype, however, the occurrence of SPG5without
infantile liver involvement suggests that the situation maybe
similar to Niemann Pick disease type C, where the neonatal
cholestasis can be present or absent and progressive neurological
symptoms develop later in life.
2.5. Sterol 27-hydroxylase deficiency (CYP27A1), cerebrotendinous
xanthomatosis (CTX)

Sterol 27-hydroxylase, encoded by the CYP27A1 gene, is a
mitochondrial enzyme that hydroxylates sterols at the C27-position
and also further oxidizes this hydroxyl group to form a carboxyl
group resulting in the formation of the C27-bile acid intermediates.
It is therefore required for both the classic and the acidic/alternative
pathway but in extrahepatic tissues it also provides a means of
removal of cholesterol from these tissues as 27-hydroxycholesterol
(Clayton et al., 2002). Deficiency of the mitochondrial sterol 27-
hydroxylase causes CTX. This an autosomal recessive disorder
that is characterized by a progressive neurological phenotype.
Symptoms during infancy and childhood include neonatal chole-
stasis, intractable diarrhoea, bilateral cataract and developmental
delay. From the second or third decade onward tendon xanthomas
and neuropsychiatric symptoms, including pyramidal and cere-
bellar signs, peripheral neuropathy and dementia are observed
(Pierre et al., 2008; Verrips et al., 2000). The deficiency of CYP27A1
completely blocks the acid/alternative pathway and halts the
classic pathway at the level of 5b-cholestane-3a,7a,12a-triol,
leading to deficiency of the primary bile acids, stimulation of bile
acid synthesis with concomitant enhanced accumulation of bile
acid intermediates. CA can be synthesized by the 25-hydroxylation
pathway to some extent but this is not sufficient to prevent the
primary bile acid deficiency. 7a-hydroxy-4-cholesten-3-one also
accumulates and this is converted into cholestanol which, together
with cholesterol, accumulates in tissues (and xanthomas). The
pathophysiology of CTX is still poorly understood, however, cho-
lestanol is believed to cause the majority of the observed pathology
(Inoue et al., 1999; Seyama, 2003). 5b-cholestane-3a,7a,12a-triol is
further hydroxylated by microsomal 23-, 24- and 25-hydroxylases
and the resulting bile alcohols are glucuronidated and excreted in
urine. These metabolites are excellent biomarkers for CTX in both
urine (most abundant: 5b-cholestane-3a,7a,12a,(23 or 24),25-
pentol glucuronide (m/z 627)) and plasma (most abundant, 5b-
cholestane-3a,7a,12a,25-tetrol glucuronide (m/z 611)) (Batta et al.,
1987) (see Fig. 3).
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3. Peroxisomal disorders with impairment of bile acid
synthesis

3.1. Zellweger spectrum disorders

Zellweger spectrum disorders, caused by mutations in PEX
genes, are characterized by the absence of functional peroxisomes
(Waterham et al., 2016). As a consequence, there are several
metabolic abnormalities including bile acid abnormalities
(Wanders and Waterham, 2006). The peroxisomal part of the bile
acid synthesis is depicted in Fig. 2. Clinically, Zellweger spectrum
disorders are highly heterogeneous, but the core features are: liver
dysfunction, developmental delay and other neurological abnor-
malities, adrenocortical dysfunction and hearing- and vision
impairment. The Zellweger spectrum is a clinical and biochemical
continuum ranging from very severe to very mild (Klouwer et al.,
2015). Also the bile acid abnormalities can be very prominent but
can also be absent, at least not detectable in plasma and urine, for
example in the mild adult patients (Berendse et al., 2016). Studies
have shown that the extent of the peroxisome deficiency corre-
sponds to the extent of the deficiency in bile acid biosynthesis in
these patients (Van Eldere et al., 1987). The bile acid abnormalities
consist of the accumulation of the C27-bile acid intermediates DHCA
and THCA, and a C29-dicarboxylic acid (Ferdinandusse et al., 2009;
Ferdinandusse and Houten, 2006). Fig. 4A shows the bile acid
profile of a Zellweger patient. The C29-dicarboxylic acid (3a,7a,12a-
trihydroxy-27-carboxymethyl-5b-cholestane-26-oic acid (m/z
507)) is thought to be formed by chain-elongation of THC-CoA
(Parmentier et al., 1993). The C27-bile acid intermediates are only
partly conjugated, due to the low affinity of BAAT towards C27-bile
acyl-CoAs (Czuba and Vessey, 1982; Ferdinandusse et al., 2009;
O'Byrne et al., 2003). Almost exclusively taurine-conjugates of the
C27-bile acid intermediates (DHCA;m/z 540, THCA;m/z 556) can be
detected and almost no glycine-conjugates (DHCA; m/z 490, THCA;
m/z 506). The C24-bile acids in plasma from Zellweger spectrum
patients are normally conjugated to both taurine and glycine. The
C27-bile acid intermediates are also poorly transported over the
canalicular membrane, especially in their unconjugated form
(Ferdinandusse et al., 2009). In urine, the C27-bile acid in-
termediates can also be detected, but predominantly as taurine
conjugated tetrahydroxy-5b-cholestanoic acid (OH-THCA) (m/z
572) or pentahydroxy-5b-cholestanoic acid (diOH-THCA) (m/z 588).
Hydroxylation is an important mechanism for increasing the po-
larity and thereby the urinary excretion of the C27-bile acids. These
hydroxyl-groups can be present on the steroid nucleus and have
been identified as the 1b- and 6a-hydroxylated derivatives of THCA
(Lawson et al., 1986; Une et al., 1987), but microsomal hydroxylases
can also form C24-, C25- or C26-hydroxylated derivatives of THCA
(Clayton et al., 1987a). In addition, bile alcohol glucuronides are
present in urine, which are formed via an alternative pathway for
bile acid biosynthesis not requiring the participation of peroxi-
somes, i.e. the microsomal 25-hydroxylase pathway. The C29-
dicarboxylic acid is often not detected in urine, because it is poorly
excreted.

3.2. ABCD3 deficiency

ABCD3, also known as peroxisomal membrane protein 70
(PMP70), is an ATP-binding cassette (ABC) transporter present in
the peroxisomal membrane catalysing ATP-dependent transport of
the CoA-esters of the C27-bile acid intermediates, DHC-CoA and
THC-CoA into the peroxisome (Wanders and Ferdinandusse, 2012)
where their side-chain is shortened via one cycle of b-oxidation.
Transport activity has not been studied directly, but a patient with a
homozygous deletion in ABCD3 had a marked accumulation of the
alysis in human disorders of bile acid biosynthesis, Molecular Aspects



Fig. 4. Plasma bile acid profiles of Zellweger spectrum disorder and DBP deficiency. Zellweger spectrum disorder (A) and DBP (B) spectra obtained by analysis using a high-
resolution mass spectrometer (Q-Exactive, Thermo) in the negative ion mode. Mass over charge ratios of pathognomonic metabolites are shown in bold. Abbreviations: taurine
(t), glycine (g), (di)hydroxy ((di)OH) and 24-enoyl-(hydroxy)-THCA ((OH)-THCA:1).
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peroxisomal C27-bile acid intermediates DHCA and THCA in plasma
(Ferdinandusse et al., 2015). Also the C29-dicarboxylic acid was
detected. The patient presented with hepatosplenomegaly and
severe progressive liver disease. Studies in Abcd3�/� mice have
confirmed the role of ABCD3 in bile acid synthesis. Bile acid analysis
of liver, bile and intestine of Abcd3�/�mice revealed a reduction of
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the primary C24-bile acids, whereas the C27-bile acid intermediates
were significantly increased (Ferdinandusse et al., 2015).
3.3. a-methylacyl-CoA racemase (AMACR) deficiency

AMACR is an auxiliary enzyme of the b-oxidation system both in
alysis in human disorders of bile acid biosynthesis, Molecular Aspects
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the peroxisome and in the mitochondrion (Ferdinandusse et al.,
2000b). In the peroxisome it is required for the b-oxidation of the
branched-chain fatty acid pristanic acid and the C27-bile acid in-
termediates DHCA and THCA. The side-chain of DHCA and TCHA,
which need to be shortened via b-oxidation, has a methyl-group at
the 25-position. Since sterol 27-hydroxylase exclusively produces
25R-stereoisomers and the first enzyme of the b-oxidation system,
acyl-CoA oxidase 2 (ACOX2), only accepts 25S-stereoisomers (Van
Veldhoven et al., 1996), AMACR is required to convert the 25R-
isomers into the 25S-isomers. As a consequence DHCA and THCA
accumulate in case of an AMACR deficiency in addition to pristanic
acid (Ferdinandusse et al., 2000a). The diagnosis can be made on
the exclusive presence of the 25R-isomers of the C27-bile acid in-
termediates (Ferdinandusse et al., 2001). Most UPLC-MS systems
are capable of separating the stereoisomers of both conjugated
DHCA and THCA, as can be seen in Fig. 5. AMACR deficiency can
either present in childhood with mild to severe liver disease,
cholestasis and fat-soluble vitamin malabsorption or it can present
after adolescence with progressive neurological symptoms
(Ferdinandusse et al., 2000a; Setchell et al., 2003; Smith et al.,
2010). Reported symptoms are peripheral neuropathy, encepha-
lopathy, tremor, spastic paraparesis and progressive loss of vision. It
is believed that the liver disease in childrenwith AMACR deficiency
is mainly caused by the bile acid abnormalities, whereas the pro-
gressive neurological symptoms are mainly attributed to the
accumulation of pristanic acid.
3.4. Acyl-CoA oxidase 2 (ACOX2) deficiency

ACOX2 is the first enzyme of the peroxisomal b-oxidation sys-
tem involved in bile acid synthesis. It oxidizes (25S)-DHC/THC-CoA
Fig. 5. Accumulation of the 25R-THCA in AMACR deficiency. (A) Plasma mass spectrum of
bold. (B) UPCL-MS trace of the taurine-THCA of an AMACR and a Zellweger spectrum disor
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to 24-enoyl-DHC/THC-CoA. Recently, the first two patients with
ACOX2 deficiency have been described with different clinical pre-
sentations (Monte et al., 2017; Vilarinho et al., 2016). The first pa-
tient was an 8 year old boy with intermittently elevated
transaminase levels, liver fibrosis, mild ataxia and cognitive
impairment. Bile acid analysis in plasma and urine revealed strik-
ingly elevated levels of the taurine conjugates of the C27-bile acid
intermediates with low-normal levels of CA and conjugates
(Vilarinho et al., 2016). The second case of ACOX2 deficiency was
identified in an adolescent with persistent hypertransaminasemia.
In plasma and urine the levels of the mature C24-bile acids were
markedly decreased with a concomitant increase in C27-bile acid
intermediates (tauro-THCA, tauro-DHCA and unconjugated THCA).
Tauro-THCA was most abundant and both 25S- and 25R-stereo-
isomers were detected due to the equilibrium established by
AMACR (Monte et al., 2017).
3.5. D-bifunctional protein (DBP/HSD17B4) deficiency

D-bifunctional protein (DBP) catalyzes the second (enoyl-CoA
hydratase activity) and third step (3-hydroxyacyl-CoA dehydroge-
nase activity) of peroxisomal b-oxidation of fatty acids and fatty
acid derivatives such as the C27-bile acid intermediates. Next to bile
acid biosynthesis, it plays an indispensable role in the peroxisomal
degradation of very long-chain fatty acids and branched-chain fatty
acids (e.g. pristanic acid) and biosynthesis of the polyunsaturated
fatty acids (e.g. docosahexaenoic acid) (Wanders and Waterham,
2006). Clinically, DBP deficiency resembles Zellweger spectrum
disorders (Ferdinandusse et al., 2006a,b). In DBP deficiency, DHCA
(unconjugated; m/z 433, taurine conjugated; m/z 540), THCA and
the direct substrate of DBP, the 24-enoyl of the C27-bile acid
AMACR deficiency, mass over charge ratios of pathognomonic metabolites are shown in
der patient showing the absence of the 25S-THCA in AMACR deficiency.
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intermediates are present in plasma. In addition, 24-OH-THCA
(unconjugated; m/z 465, taurine conjugated; m/z 572), also called
varanic acid, either formed by the hydratase unit of DBP if not
deficient or by the hydratase unit of L-bifunctional protein (LBP),
can be present (see Fig. 4B). In urine, the presence of the taurine
conjugate of hydroxylated 24-ene-THCA and dihydroxylated 24-
ene-THCA is characteristic for patients with DBP deficiency
(Ferdinandusse et al., 2009; Ferdinandusse and Houten, 2006).
Note that not all DBP-deficient patients show bile acid abnormal-
ities upon bile acid analysis, most likely because the presence of
alternative biosynthesis pathways including one peroxisomal
pathway involving AMACR and LBP, circumventing DBP (Autio et al.,
2014). Nevertheless, about 75% of the patients do show accumu-
lation of the C27-bile acid intermediates and in general the extent of
the abnormalities correlate with the severity of defect
(Ferdinandusse et al., 2006a,b).
3.6. Sterol carrier protein X (SCPx/SCP2) deficiency

SCPx is responsible for the last step (thiolytic cleavage) in the b-
oxidation of pristanic acid and the C27-bile acid intermediates
(Wanders andWaterham, 2006). Two patients with SCPx deficiency
have been reported so far and only in the first patient bile acids
were analyzed (Ferdinandusse et al., 2006a,b; Horvath et al., 2015).
Only trace amounts of DHCA and THCAwere present in plasma and
urine of this patient. However, large amounts of bile alcohol glu-
curonides were detected in urine. The bile acid spectrum in urine
showed tetrahydroxy-27-nor-5b-cholestane-24-one glucuronide
(m/z 611), 27-nor-5b-cholestanepentol glucuronide (m/z 613),
pentahydroxy-27-nor-5b-cholestane-24-one glucuronide (m/z
627) and 27-nor-5b-cholestanehexol glucuronides (m/z 629). The
presence of large amounts of bile alcohols in urine of this patient
suggests that the block in bile acid biosynthesis at the level of SCPx
may initiate the alternative pathway for bile acid biosynthesis not
requiring peroxisomal b-oxidation; i.e. the microsomal 25-
hydroxylase pathway. Although the bile acid spectrum in urine
resembles that of CTX, it can be differentiated because in CTX m/z
613 and m/z 629 are not present.
4. Amidation defects

4.1. Bile acid CoA ligase (BACS/SLC27A5) deficiency

BACS is the first enzyme required for amidation of the primary
bile acids and converts the C24-bile acids into their corresponding
bile acyl-CoAs (Hubbard et al., 2006; Mihalik et al., 2002). The CoA
is then replaced by taurine or glycine by BAAT. BACS is a liver
specific enzyme located at the endoplasmic reticulum and is
necessary for reconjugation of the bile acids which have been
deconjugated by gut bacteria in the enterohepatic circulation
(Mihalik et al., 2002; Steinberg et al., 2000). Only two siblings have
been identified with BACS deficiency due to a homozygous muta-
tion in SLC27A5 (Chong et al., 2012). Bile acids in plasma and urine
were >85% unconjugated. The predominant peak corresponded to
unconjugated CA (m/z 407). Unconjugated CDCA (m/z 391), and
sulfate and glucuronide conjugates of dihydroxy- and trihydroxy-
cholanoic acids (m/z 471, 487 and 567, 583) were also present.
The index patient developed jaundice with extensive fibrosis and
architectural distortion at liver biopsy, however, she was also ho-
mozygous for a predicted pathogenic mutation in ABCB11 encoding
the bile salt export pump, BSEP. A sister who was heterozygous for
the ABCB11 mutation, had the same bile acid phenotype and
SLC27A5 genotype but without clinical liver disease.
Please cite this article in press as: Vaz, F.M., Ferdinandusse, S., Bile acid an
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4.2. Bile acid CoA:amino acid N-acyltransferase (BAAT) deficiency

BAAT is required for the second step in the amidation of bile
acids. It is a liver enzyme that catalyzes the transfer of the bile acid
moiety from the acyl-CoA thioester to either glycine or taurine. It
has a dual localization, i.e. peroxisomal and cytosolic (Solaas et al.,
2000). In the peroxisome it is involved in amidation of the newly
formed bile acids via peroxisomal beta-oxidation, and in the cytosol
it is involved in amidation of reabsorbed bile acids that have been
deconjugated by bacteria in the gut. Conjugation of bile acids
promotes efficient solubilization and thereby absorption of lipids
and fat-soluble vitamins. In bile of BAAT deficient patient 95% of the
bile acids were unconjugated (Setchell et al., 2013). As a conse-
quence, patients have fat malabsorption and a deficiency of the fat-
soluble vitamins, often resulting in coagulopathy and rickets. Some
patients have growth failure or transient neonatal cholestatic
hepatitis. A common mutation in BAAT was identified causing fa-
milial hypercholanemia in the Amish (Carlton et al., 2003). Just as in
BACS deficiency the major peak in the urinary bile acid profile in
BAAT deficiency is m/z 407 corresponding to unconjugated CA. No
amidated CA or CDCA can be seen but the sulfates and the glucu-
ronides are seen (Clayton, 2011; Setchell et al., 2013).
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