
Inborn Errors of Bile Acid
Metabolism
James E. Heubi, MDa,b,*, Kenneth D.R. Setchell, PhDa,b, Kevin E. Bove, MDa,b
KEYWORDS

� Neonatal cholestasis � Cirrhosis � Liver � Zellweger spectrum disorder

KEY POINTS

� Inborn errors of bile acid metabolism are rare causes of neonatal cholestasis and liver dis-
ease in older children and adults.

� Diagnosis of inborn errors of bile acid metabolism requires a high index of suspicion with
low serum bile acids in the presence of hyperbilirubinemia or advanced liver disease.

� Diagnosis is based on either genetic testing using available panels of genes associated
with neonatal cholestasis and/or urine liquid secondary ionization mass spectrometry
(LCIMS).

� Therapy for single enzyme defects with cholic acid is very effective for most inborn errors
of bile acid metabolism except conjugation defects or oxysterol-7a-hydroxylase
deficiency.
INTRODUCTION

Bile acids are synthesized by the liver from cholesterol through a complex series of re-
actions involving at least 15 enzymatic steps. Failure to perform any of these reactions
will block bile acid production with failure to produce normal bile acids and, instead,
the accumulation of unusual bile acids and intermediary metabolites. Failure to syn-
thesize bile acids leads to reduced bile flow and decreased intraluminal solubilization
of fat and fat-soluble vitamins. The intermediates created because of blockade in the
bile acid biosynthetic pathway may be toxic to hepatocytes. Multiple recognized
inborn errors of bile acid metabolism have been identified and caused by enzyme de-
ficiencies and impaired bile acid synthesis in infants, children, and adults. Patients
may present with neonatal cholestasis, neurologic disease, advanced liver disease,
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or fat and fat-soluble vitamin malabsorption. If untreated, progressive liver disease
may develop or reduced intestinal bile acid concentrations may lead to serious
morbidity or mortality. This review focuses on a description of the disorders of bile
acid synthesis that are directly related to defects in the metabolic pathway and their
proposed pathogenesis, treatment, and prognosis.
CHEMISTRY AND PHYSIOLOGY

The bile acids belong to the steroid class classified as acidic sterols. In humans, the
principal bile acids synthesized by the liver have hydroxyl groups substituted in the nu-
cleus at the carbon positions C-3, C-7, and C-12.1,2 During early development, alter-
native pathways for bile acid synthesis and metabolism become quantitatively
important, as is evident from the findings of relatively high proportions of bile acids hy-
droxylated at the C-1, C-2, C-4, and C-6 positions of the nucleus.3,4 The two principal
bile acids synthesized by the liver and referred to as the primary bile acids are cholic
acid (3a,7a,12a-trihydroxy-5ß-cholanoic acid [CA]) and chenodeoxycholic acid
(3a,7a-dihydroxy-5ß-cholanoic acid [CDCA]). These bile acids are almost extensively
conjugated to the amino acids glycine and taurine.5 The biosynthetic pathway for bile
acids is depicted in Fig. 1.
Bile acids perform several important functions. Bile acids are the major catabolic

pathways for the elimination of cholesterol from the body.1,6 Bile acids provide the pri-
mary driving force for the secretion of bile and are essential to the development of the
Fig. 1. Metabolic pathway for the biosynthesis of the primary bile acids in the classic or
neutral pathway and the alternative or acidic pathway. Recognized inborn errors are shown
in boxes in the pathways. (From Bove KE, Daugherty CC, Tyson W, et al. Bile acid synthetic
defects and liver disease. Pediatr Dev Pathol 2000;3(1):1–16; with permission.)
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Inborn Errors of Bile Acid Metabolism 3
biliary excretory route for the elimination of endogenous and exogenous toxic sub-
stances, including bilirubin, xenobiotics, and drug metabolites.7 Within the intestinal
lumen, the detergent action of bile acids facilitates the absorption of fats and fat-
soluble vitamins.
Physiologically, the normal bile acid pool size in the adult is 2 to 4 g, but the effec-

tiveness of this pool is increased by an efficient enterohepatic recycling (10–12 times
per day) stimulated by postprandial gallbladder contraction.8 Conservation of the bile
acid pool occurs by an efficient reabsorption, principally from the small intestine, and
an effective hepatic extraction from the portal venous circulation so that each day less
than 20% of the pool is lost in the stool. This bile acid loss is compensated for by he-
patic synthesis of newly formed bile acids. A fraction of the pool is deconjugated and
then converted to secondary bile acids (deoxycholic and lithocholic acid) by intestinal
bacteria with most recycled within the enterohepatic circulation and reconjugated in
the liver. Although term and preterm neonates are born with a relatively reduced-
size corrected bile acid pool, rapid expansion of the pool in the first months of life en-
sures adequate intraluminal concentrations for fat and fat-soluble vitamin absorption
and promotion of bile flow.9–12
INBORN ERRORS IN BILE ACID SYNTHESIS

Disorders in bile acid synthesis and metabolism can be broadly classified as primary
or secondary. Primary enzyme defects involve congenital deficiencies in enzymes
responsible for catalyzing key reactions in the synthesis of cholic and chenodeoxy-
cholic acids. The primary defects reported thus far include cholesterol 7-hydroxylase
deficiency, 3b-hydroxy-C27-steroid oxidoreductase deficiency (3b-HSD), D4-3-oxos-
teroid 5b-reductase deficiency (5b-reductase deficiency), oxysterol 7a-hydroxylase
deficiency, 27-hydroxylase deficiency or cerebrotendinous xanthomatosis (CTX),
2-methylacyl-coenzyme A (CoA) racemase deficiency, trihydroxycholestanoic acid
CoA oxidase deficiency, amidation defects involving a deficiency in the bile acid–
CoA ligase or bile acid CoA, amino acid N-acyl transferase, acyl CoA oxidase defi-
ciency, ATP binding cassette subfamily D member 3 (ABCD3) deficiency, and a
side-chain oxidation defect in the 25-hydroxylation pathway. Secondary metabolic
defects that impact primary bile acid synthesis include peroxisomal disorders, such
as Zellweger spectrum disorder (ZSD), and Smith-Lemli-Opitz syndrome caused by
a deficiency of D7� desaturase.
The biochemical presentation of these bile acid synthetic defects includes a mark-

edly reduced or complete lack of cholic and chenodeoxycholic acids in the serum,
bile, and urine with elevated concentrations of atypical bile acids and sterols that
retain the characteristic structure of the substrates for the deficient enzyme. These
signature metabolites are generally not detected by the routine or classic methods
for bile acid measurement, and mass spectrometric techniques presently provide
the most appropriate means of characterizing defects in bile acid synthesis. Screening
procedures using liquid secondary ionization mass spectrometry (LSIMS) done in Cin-
cinnati have found that inborn errors in bile acid synthesis accounted for 2.1% of the
screened cases of cholestatic liver disease in infants, children, and adolescents.13

Screening patients in Saudi Arabia using LSIMS in patients with cholestasis, cirrhosis,
or liver failure presenting with low routine serum bile acids concentrations Al-Hussaini
and colleagues14 have found an incidence of 2.7%. Other estimates have been as high
as 6.3%, but these differences likely represent the characteristics of the pool of sam-
ples from which the estimates were derived.15 Although recent studies from Europe
have suggested that the overall incidence may be 1.13 cases per 10 million based
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on surveys from 39 centers, this is likely an underestimate because it is unclear how
many cases may have gone unrecognized.16 The investigators think that the overall
incidence of the primary defects is unknown even with the European data; however,
it is likely that they have an incidence of 1 per 50,000 to 100,000 with an increased inci-
dence in more inbred populations. All defects are inherited as autosomal recessive
mutations of genes coding for the enzymatic defect. Typical LSIMS scans for healthy
and cholestatic infants are shown in Fig. 2. The distribution of the inborn errors diag-
nosed using LSIMS techniques over the last 30 years in Cincinnati are shown in Fig. 3.
Clinical experience with patients with inborn errors of bile acid metabolism has borne
out the observation that defects affecting the steroid nucleus of the bile acid molecule
tend to present with liver disease and potential early mortality, whereas defects that
affect the side chain of the bile acid molecule tend to present with multiorgan disease
with coagulopathies and neurologic disease, with or without cholestasis. This review
focuses on these defects that are of primary interest to the hepatologist.

3b-HYDROXY-C27-STEROID OXIDOREDUCTASE DEFICIENCY

This defect is the most common of the bile acid synthetic defects presenting in chole-
stasis in infancy and childhood involving the conversion of 7a-hydroxycholesterol to
7a-hydroxy-4-cholesten-3-one, a reaction catalyzed by a 3b-hydroxy-C27-steroid
oxidoreductase (HSD3B7). Although the clinical presentation of this disorder is some-
what heterogeneous, most patients present as neonates with elevated serum
Fig. 2. Negative-ion LSIMS mass spectrum analysis of typical urine from a (A) healthy and (B)
cholestatic infant. FAB-MS, fast atom bombardment ionization mass spectrometry.
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Fig. 3. Distribution of defects identified by LSIMS from 1987 to 2016 in Cincinnati.
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aminotransferases, conjugated hyperbilirubinemia, and normal serum gamma glu-
tamyl transpeptidase (GGT).17–21 Clinical features include hepatomegaly, with or
without splenomegaly, fat-soluble vitamin malabsorption, and mild steatorrhea. Pruri-
tus is usually absent. The liver histology findings include cholangiolcentric hepatitis
with giant cells and evidence of cholestasis17–21 (Fig. 4A, B). The heterogeneity in
the clinical course of those with early onset disease is illustrated by some patients
who initially resolve their jaundice and are identified later in life with persistent small
duct injury to those with progressive liver disease, eventuating in cirrhosis, death, or
transplantation (Fig. 5A, B). The median age of presentation in the registration trial
for CA was 3 years; increasingly, idiopathic late-onset chronic cholestasis has been
explained by this disorder with cirrhotic adults identified with this defect.21–23

In such patients, liver disease is not always evident initially and patients may have
Fig. 4. (A) Liver in 3b-HSD deficiency with persistent cholestasis in a 6-month-old infant.
Prominent ballooned multinucleate hepatocytes surround expanded inflamed portal areas
(hematoxylin-eosin stain, original magnification �150). (B) Liver in 3b-HSD deficiency with
persistent cholestasis in a 6-month-old infant. Portal inflammatory infiltrate includes neu-
trophils oriented to swollen cholangiocytes (arrow) of small bile ducts and ductules along
limiting plate (hematoxylin-eosin stain, original magnification �250).
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Fig. 5. (A) Liver in 3b-HSD deficiency with mild hyperbilirubinemia presenting at 2 years of
age. Three portal areas in this field show variable inflammatory infiltrate. Pattern of incom-
plete septal cirrhosis is well established (Masson trichrome stain, original stain �100). (B)
Liver in 3b-HSD deficiency with mild hyperbilirubinemia presenting at 11 years of age. Portal
area (arrow) contains heavily pigmented macrophages clustered near barely perceptible
duct remnant. Lobular hepatocytes are uniformly normal. Central vein (asterisk) (hematox-
ylin-eosin stain, original magnification �150).
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fat-soluble vitamin malabsorption and rickets, which are corrected with vitamin sup-
plementation. Serum liver enzymes in this subset of patients are often normal or mini-
mally abnormal in the early stages of the disease that later have progressive increases
in liver chemistries with evidence of progressive hepatic fibrosis. Definitive diagnosis
of 3b-HSD deficiency requires either mass spectrometric analysis of urine with a char-
acteristic ion pattern seen (Fig. 6) using LSIMS, formerly referred to as fast atom
Fig. 6. Typical LCIMS findings in 3b-HSD deficiency, 2-methylacyl-CoA racemase deficiency
and ZSD, 5b-reductase deficiency, sterol 27-hydroxylase deficiency (CTX), oxysterol 7a-hy-
droxylase deficiency, and bile acid conjugation defects.
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bombardment ionization mass spectrometry (FAB-MS),2 by electrospray ionization
tandem mass spectrometry24–26 or specific gene testing for HSD3B7 or testing of
panels of genes that cause cholestasis at multiple Clinical Laboratory Improvement
Amendments–certified commercial laboratories. The mechanism of cholestasis and
liver injury is thought to result from failure to synthesize adequate amounts of primary
bile acids that are essential to the promotion and secretion of bile and the increased
production of unusual bile acids with hepatotoxic potential.27,28 Treatment with CA
leads to gradual resolution of biochemical and histologic abnormalities with an
excellent long-term prognosis. In selected older children/adolescents presenting
with extensive fibrosis or cirrhosis, CA therapy has prevented progression of
disease.21,29,30

D4-3-OXOSTEROID 5b-REDUCTASE DEFICIENCY

Deficiency of D4-3-oxosteroid 5b-reductase, which catalyzes the conversion of the in-
termediates 7a-hydroxy-4-cholesten-3-one and 7a,12a -dihydroxy-4-cholesten-3-
one to the corresponding 3-oxo-5b(H) intermediates31 is responsible for 5b-reductase
deficiency. The clinical presentation is similar to 3b-HSD deficiency; however, the
average age at diagnosis is 3 months in patients with 5b-reductase deficiency.21 In
contrast to 3b-HSD, infants with 5b-reductase deficiency tend to have more severe
liver disease with rapid progression to cirrhosis and death without intervention.
5b-Reductase deficiency has since been found in several patients presenting with
what was formerly presumed to be neonatal hemochromatosis that may now be
considered to have gestational alloimmune liver disease. These cases most likely
had reduced 5b-reductase activity due to end-stage liver disease rather than a primary
enzyme deficiency.32 Infants with 5b-reductase deficiency present with elevations in
serum aminotransferases, markedly elevated serum conjugated bilirubin, and coagul-
opathy. Liver histologic20,33 findings include marked lobular disarray as a result of gi-
ant cell and pseudoacinar transformation of hepatocytes, hepatocellular and
canalicular bile stasis, and extramedullary hematopoiesis (Fig. 7A). On electron micro-
scopy, bile canaliculi were small and sometimes slitlike in appearance and showed
few or absent microvilli containing electron-dense material.33 Diagnosis of this defect
is possible by LSIMS and gas chromatography–mass spectrometry (GC-MS) analysis
Fig. 7. (A) Liver in 5b-reductase deficiency, neonatal jaundice with liver biopsy at 3 weeks of
age. Periportal hepatocytes are swollen and cholestatic with acinar change and scattered
necrotic cells. Portal area contains a light inflammatory infiltrate and a duct (asterisk) lined
by reactive cholangiocytes (hematoxylin-eosin stain, original magnification �250). (B) Liver
in 5b-reductase deficiency after 16 months of therapy with CA demonstrates resolution of
previous cholestatic changes in hepatocytes and portal inflammation with residual mild
fibrosis (Masson trichrome stain, original magnification �150).
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of the urine or by genetic testing for mutations in AKR1D1. LSIMS spectra reveal a
characteristic ion profile consistent with increased production of D4-3-oxo bile acids
(see Fig. 6) in patients with severe liver disease34 but because these bile acids are
also excreted in elevated levels by infants during the first few weeks of life35 it is, there-
fore, important to perform a repeat analysis of urine when there is a suspected
5b-reductase deficiency because, on rare occasions, a resolution of the liver disease
occurs and these atypical bile acids disappear. Similarly, complementing mass spec-
trometry analysis with genetic analysis permits confirmation of the presence or
absence of primary enzyme deficiency.
The liver injury in this defect is likely due to diminished primary bile acid synthesis

and the hepatotoxicity of the accumulated D4-3-oxo bile acids. The lack of canalicular
secretion can be explained by the relative insolubility of oxo-bile acids, and the chole-
static effects of the taurine conjugate of 7a-dihydroxy-3-oxo-4-cholenoic acid have
been demonstrated in rat canalicular plasma membrane vesicles.28 The unique
morphologic findings in these patients33 may indicate that maturation of the canalic-
ular membrane and the transport system for bile acid secretion may require a
threshold concentration of primary bile acids in early development. Treatment with
CA leads to resolution of histologic and biochemical abnormalities with an excellent
long-term prognosis (Fig. 7B).21,29
CHOLESTEROL 27-HYDROXYLASE DEFICIENCY: CEREBROTENDINOUS
XANTHOMATOSIS

CTX is a rare inherited lipid-storage disease, with an estimated prevalence of 1 in
70,000, first described in adults in 1937.36 Characteristic features of the disease in
adults include progressive neurologic dysfunction, dementia, ataxia, cataracts, and
xanthomata in the brain and tendons. Affected patients may present with neonatal
cholestasis, diarrhea during infancy, and juvenile cataracts. In the second and third
decades of life they may develop neurologic symptoms and xanthomata. Patients
with CTX have significantly reduced primary bile acid synthesis; elevations in biliary,
urinary, and fecal excretion of bile alcohol glucuronides; low plasma cholesterol con-
centration, with deposition of cholesterol and cholestanol in the tissues; and marked
elevations in cholestanol. Point mutations in CYP27A1 have been identified that lead
to reduced sterol 27-hydroxylase and clinical findings characteristic of CTX.37

Impaired oxidation of the cholesterol side chain results in accelerated cholesterol
synthesis and metabolism that leads to greatly increased production and excretion
of bile alcohol glucuronides detectable by LSIMS38 (see Fig. 6). The elevation in
5a-cholestan-3b-ol (cholestanol) in the nervous system of patients with CTX and the
high plasma concentrations of this sterol are unique features of the disease. CDCA
is effective in arresting progression of neurologic disease in adults with CTX.39 Early
diagnosis of this disorder, which is readily achieved by mass spectrometry analysis
of the urine or by sequencing of the CYP27A1 gene, is crucial to prevent the progres-
sive accumulation of cholestanol and cholesterol in tissues in the long-term. Several
infants and children have been identified with sterol 27-hydroxylase deficiency
because they presented with elevated serum aminotransferases and total and conju-
gated bilirubin with normal serum GGT.21,40 In the identified patients, liver dysfunction
normalized over time, which was likely independent of CA therapy; however, early
introduction of CA likely prevents the long-term extrahepatic complications of CTX.
The histopathology findings on liver biopsy in these young patients are similar to those
observed in idiopathic neonatal hepatitis. A recent report suggests that sterol 27-hy-
droxylase may not be a benign condition in infancy. Gong and colleagues41 reported
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biochemical and genetic findings in a group of 8 Chinese infants with neonatal chole-
stasis with a very rapidly progressive liver resulting in the death or transplantation in 5
with clearance of jaundice in the remaining 3.

DEFECTIVE AMIDATION: BILE ACID-COENZYME A LIGASE DEFICIENCY AND BILE
ACID-COENZYME A: AMINO ACID N-ACYL TRANSFERASE DEFICIENCY

The final step in bile acid synthesis involves conjugation with the amino acids glycine
and taurine. Two enzymes catalyze the reactions leading to amidation of bile acids. In
the first, a CoA thioester is formed by the rate-limiting bile acid-CoA ligase (BACL), af-
ter which glycine or taurine is coupled in a reaction catalyzed by a cytosolic bile acid-
CoA:amino acid N-acyltransferase (BAAT). A defect in BACL, caused by homozygous
disease causing mutations in SLC27A5 with biochemical findings consistent with fail-
ure to conjugate bile acids found in urine and plasma, was described in 2 Pakistani
siblings. The index case presented with conjugated hyperbilirubinemia and elevated
serum aminotransferases with normal serum GGT activity and fat-soluble vitamin defi-
ciency. Biochemical resolution occurred by 49 weeks without therapy. The sibling,
with the same mutation in SLC27A5, did not have cholestasis; both are well without
therapy.42 Patients with the second amidation enzyme deficiency BAAT typically pre-
sent with neonatal cholestasis, fat-soluble vitamin deficiency, and growth failure. In 10
patients identified by the authors, the diagnosis was based on the LSIMS analysis of
the urine and serum and bile revealing a typical pattern devoid of conjugated bile acids
but including bile acids conjugated with glucuronide and sulfates (see Fig. 6).43 Hadzic
and colleagues44 have described a single case and Carlton and colleagues45 have
described a kindred of Amish descent with mutations in the BAAT. Patients with ho-
mozygous mutations of BAAT have increased serum bile acids and variable growth
failure and coagulopathy without jaundice and normal serumGGT concentrations. Ho-
mozygotes have only unconjugated bile acids in serum, whereas heterozygotes had
increased amounts unconjugated serum bile acids. Treatment of 5 patients with
BAAT with the conjugated primary bile acid glycocholic acid improved their growth
and corrected their fat-soluble vitamin malabsorption.46 The recognition that genetic
defects in bile acid synthesis are associated with fat-soluble vitamin malabsorption
warrants a more concerted effort to explore this type of patient population, particularly
because conjugated bile acids in the form of glycocholic acid are available under a
treatment Investigational New Drug (IND) from the US Food and Drug Administration.

OXYSTEROL 7a-HYDROXYLASE DEFICIENCY

The genetic defect (CYP8B1) in oxysterol 7a-hydroxylase47 established the acidic
pathway as a quantitatively important pathway for bile acid synthesis in early life.
This defect has been found in a limited number of infants. Patients present with severe
progressive cholestasis, hepatosplenomegaly, cirrhosis, and liver synthetic failure in
early infancy. Serum aminotransferases are markedly elevated, and serum GGT is
normal. Liver biopsy findings included cholestasis, bridging fibrosis, extensive giant
cell transformation, and proliferating bile ductules.48–50 In these patients, analysis of
the urine by LSIMS reveals a pattern consisting of glycol-sulfate conjugates of 3b-hy-
droxy-5-cholenoic and 3b-hydroxy-5-cholestenoic acids (see Fig. 6) shown to be
extremely cholestatic that likely explains the severe liver disease in affected patients.51

Alternatively, the condition may be diagnosed by genetic testing for mutations in
CYP8B1. Unlike the other two nuclear defects in bile acid synthesis, the oxysterol
7a-hydroxylase deficiency is particularly severe and is unresponsive to cholic acid;
however, in one report, CDCA was reported to be effective.52
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2-METHYLACYL-COENZYME A RACEMASE DEFICIENCY

2-Methylacyl-CoA racemase is a crucial enzyme that is uniquely responsible for the
racemization of (25R) 3a,7b,12a-trihydroxy-5b-cholestanoic acid (THCA)-CoA to its
(25S) enantiomer, while also performing the same reaction on the branched-chain fatty
acid (2R) pristanoyl-CoA. Defects in this enzyme, therefore, have profound effects on
both the bile acid and the fatty acid pathways. Mutations in the gene encoding
2-methylacyl-CoA racemase (AMARC) were first reported in 3 adults who presented
with a sensory motor neuropathy53 and later in a 10-week-old infant who had severe
fat-soluble vitamin deficiencies, hematochezia, and mild cholestatic liver disease.54

With the infantile presentation, liver histologic findings include cholestasis and giant
cell transformation with modest inflammation. The infant had the same missense mu-
tation (S52P) described in 2 adult patients, yet was seemingly phenotypically quite
different. Two of the adult patients had neurologic symptoms but were asymptomatic
until the fourth decade of life, whereas the other adult was described as having the
typical features of Niemann-Pick type C disease at 18 months of age and presumably
had liver dysfunction. With the expansion of whole-exome sequencing, additional
neurologic phenotypes in children have been observed (J.E.H., K.D.R.S, personal ob-
servations, 2016.). It is possible that patients presenting later in life could have had
subclinical mild liver disease and fat-soluble vitamin absorption early in life that, if un-
diagnosed in infancy, would likely lead to a neuropathy owing to the tissue accumula-
tion of phytanic and pristanic acids. Diagnosis is based on urinary, serum, and biliary
bile acid analysis by LSIMS (electrospray ionization–tandem mass spectrometry) and
GC-MS, which reveal subnormal levels of primary bile acids and markedly increased
concentrations of cholestanoic acids, which are characteristically found as major bile
acids of the alligator, other reptiles, and amphibians.55 The mass spectrum and gas
chromatography profiles in this defect closely resemble those observed in peroxi-
somal disorders impacting bile acid synthesis, such as ZSD (see Fig. 6). Alternatively,
genetic analysis for mutations in the AMARC gene may be used for diagnostic pur-
poses. Primary bile acid therapy with CA is effective in normalizing liver enzymes
and preventing the onset of neurologic symptoms in the infant coupled with dietary
restriction of phytanic acid and pristanic acids, which are necessary to prevent neuro-
toxicity from their accumulation in the brain.

ACYL-COENZYME A OXIDASE AND 3a,7b,12a-TRIHYDROXY-5b-CHOLESTANOIC
ACID–COENZYME A OXIDASE DEFICIENCY

A limited number of patients have been reported to have side-chain oxidation defects
involving the THCA-CoA oxidase.56,57 The clinical presentation differs; although all
impact on primary bile acid synthesis, neurologic disease is the main clinical feature.12

Whether these are primary bile acid defects or secondary to single-enzyme defects in
peroxisomal b-oxidation is unclear. Two distinct acyl-CoA oxidases have been identi-
fied in humans.57 The human acyl-CoA oxidase (ACOX2) active on bile acid C27 cho-
lestanoic acid intermediates has been found to be the same enzyme that catalyzes the
oxidation of 2-methyl branched-chain fatty acids. Of the case reports of proposed
THCA-CoA oxidase deficiency, phytanic and pristanic acids were elevated.56–58 All
had ataxia as a primary feature of the disease, with its onset occurring at about 3.0
to 3.5 years of age. None had evidence of liver disease. It is possible, with the excep-
tion of the patient described by Clayton and colleagues,56 that these patients had a
2-methylacyl-CoA racemase deficiency; but the analysis of the cholestanoic acids
was not sufficiently detailed to permit the diastereoisomers of THCA and 3a,7a-dihy-
droxy-5b-cholestanoic acid (DHCA) or pristanic acid to be measured. In the case of
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the patient reported by Clayton and colleagues,56 2-methylacyl-CoA racemase defi-
ciency was excluded as an explanation for the clinical presentation. ACOX2 deficiency
as a cause of liver dysfunction, ataxia, and cognitive impairment has been recently
described.59 A case report described an 8 year old who presented at 8 months with
elevated serum aminotransferases with normal GGT levels without jaundice and
reduced vitamin A and E levels. At 6 years of age, liver biopsy findings included fibrous
septa, swollen hepatocytes, and focal acinar transformation. He grew normally but
developed cognitive impairment and ataxia, slurred speech, and dysmetria by
6.5 years of age. His exome sequencing revealed homozygous T207A mutations in
ACOX2. Urine and serum analysis revealed increased DHCA and THCA, commonly
found in peroxisomal disorders. Unlike more generalized peroxisomal disorders,
elevated serum pristanic, phytanic acids, and very long chain fatty acids (VLCFAs)
were not observed.

ADENOSINE TRIPHOSPHATE BINDING CASSETTE SUBFAMILY D MEMBER 3
DEFICIENCY

ATP binding cassette transporters catalyze metabolic pathways of fatty acids and bile
acids in the peroxisome. A case report has described a patient with ABCD3 defi-
ciency, which caused mild neonatal jaundice with recurrence of jaundice at 6 months
of age with the development of hepatosplenomegaly at 18 months of age with anemia,
thrombocytopenia, elevated aminotransferases, mild conjugated hyperbilirubinemia
with normal serumGGT, and coagulopathy unresponsive to parenteral vitamin K. Liver
histology findings included fibrosis with minimal inflammation. Plasma DHCA and
THCA and VLCFA were elevated, and phytanic and pristanic acid levels were normal;
plasmalogens were reduced but not deficient. Her liver synthetic dysfunction deterio-
rated, and she underwent liver transplantation but died postoperatively.60

SIDE-CHAIN OXIDATION DEFECT IN THE ALTERNATE 25-HYDROXYLATION
PATHWAY

A defect in side-chain oxidation in the 25-hydroxylation pathway has been proposed
by Clayton and colleagues61 for a 9-week-old infant presenting with familial giant
cell hepatitis and severe intrahepatic cholestasis. Reduced serum CA and CDCA,
concomitant with high concentrations of serum and urine bile alcohol glucuronides,
were observed. Although the profile resembled that seen in patients with CTX, it
was concluded based on the liver disease (not previously reported for CTX at that
time) that this represented a different side-chain defect and that it was possibly an
oxidation defect downstream of the 25-hydroxylation step in this minor pathway for
bile acid synthesis. The implications of the findings are that it could indicate that the
25-hydroxylation pathway, considered of negligible importance in adults,62 may be
an important pathway for infants. The patient was treated with CDCA and CA with
normalization in serum aminotransferases and suppression in production of bile
alcohols.

SECONDARY DEFECTS OF BILE ACID SYNTHESIS RELATED TO IMPAIRED
PEROXISOMAL FUNCTION

Peroxisomal biogenesis disorders, a genetically heterogeneous group of autosomal
recessive traits, have a generalized or specific defect in peroxisome function that
interferes with fatty acid b-oxidation, bile acid synthesis, ether phospholipid biosyn-
thesis, fatty acid a-oxidation, glyoxylate detoxification, and/or L-pipecolic acid
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degradation.63,64 Clinical features that may occur across the spectrum of ZSD severity
include developmental delay and neurologic abnormalities, seizures, liver dysfunction
and hepatomegaly, vision and hearing impairment, adrenocortical dysfunction, and
dentition enamel hypoplasia.65 In these conditions, there is evidence of peroxisomal
dysfunction of bile acid metabolism, including the presence of increased urinary
and serum elevation of DHCA and THCA (as found in 2-methylacyl-CoA racemase
deficiency, see Fig. 4) and fatty acid metabolism with elevated serum pristanic and
phytanic acids, VLCFAs, and reduced plasmalogens. Liver disease in ZSDs has
been associated with the accumulation of C27-bile acid synthesis intermediates
(DHCA, THCA), which have peroxisomal toxicity ameliorated by bile acid treatment
in a mouse model.64,66–68 In ZSDs, bile acid synthesis is dysregulated because of
the lack of peroxisomal b-oxidation of C27-bile acid intermediates that cannot undergo
side-chain oxidation to form normal C24-primary bile acids. Patients with ZSD
commonly present with liver dysfunction characterized by variable increases in serum
aminotransferases with or without conjugated hyperbilirubinemia with variable syn-
thetic defects as evidenced by coagulopathy or hypalbuminemia. In the registration
trial, 20 patients with ZSD were treated with CA with the total duration of treatment
of all patients of 145 weeks with a range of 0 to 545 weeks.21,69 The median age at
the time of treatment of patients with Zellweger syndrome was 6 years and for
neonatal adrenoleukodystrophy was 2 years. Treatment seems to prevent progression
of liver disease.21 There have been concerns raised that patients with advanced liver
disease may have adverse outcomes with treatment with CA; however, it is likely the
liver disease was so advanced that CA therapy was not as effective as has been
observed in patients with single enzyme defect.21,70
DIAGNOSIS AND TREATMENT OF INBORN ERRORS IN BILE ACID SYNTHESIS

Diagnosis of inborn errors of metabolism should be considered in infants with conju-
gated hyperbilirubinemia with low serum GGT in a neonate and low or normal serum
bile acids measured by conventional testing methods; however, patients with chronic
liver disease may also present later in life. Accurate identification of inborn errors
currently can be done by 2 different but complementary methods. The use of LSIMS,
in conjunction with genetic testing, confirms the biochemical diagnosis as well as
serves as an effective means to assess biochemical response and compliance to ther-
apy.2,71,72 Urine LSIMS screening may be the quickest means to identify inborn errors
of bile acid metabolism with turnaround times typically faster than gene analysis. As a
screening test, in assessing infants with conjugated hyperbilirubinemia, it may be
practical to measure serum bile acids by a standard laboratory technique that will
identify primary and secondary bile acids but not the metabolites typically seen in
the inborn errors of bile acid metabolism. If the serum bile acids by this technique
are elevated, one can safely assume you have ruled out the more life-threatening de-
fects, such as HSD3B7, AKR1D1, and CYP8B1 deficiencies. This simple screen would
not necessarily rule out defects of amidation, which typically present with fat and fat-
soluble vitamin malabsorption, or sterol 27-hydroxylase deficiency; mass spectrom-
etry or genetic analysis would be essential for screening. When assessing for bile
acid metabolites in the urine, it is also essential to note that if ursodeoxycholic acid
(UCDA) is being administered during the screening with either the urine FAB-MS or
conventional serum bile acid methods, the results may be difficult to interpret, so all
specimens should be collected after a period of at least 4 to 5 days off UDCA.
The earliest experience with using primary bile acid therapy was for CTX, even

though chronic liver disease is not typically seen. Long-term treatment with
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CDCA (750 mg/d) normalizes plasma cholestanol concentrations, markedly re-
duces the urinary excretion of bile alcohols, and improves the clinical condition.39

More recently, because it is recognized that patients with CTX may present with
neonatal cholestasis, CA has been shown to be effective in reducing toxic metab-
olites produced in this condition.21 Oral bile acid therapy is a safe and effective
treatment of patients with the 3b-hydroxy-D5-C27-steroid oxidoreductase defi-
ciency, 5b-reductase deficiency, and 2-methylacyl-CoA racemase deficiency and
may provide stabilization of liver disease in patients with ZSD.21,29,30 Cholic acid,
marketed as Cholbam, is the therapy of choice and has been shown to be effective
in a dosage range of 10 to 15 mg per kilogram of body weight per day.21 Although
UDCA may lead to improvement in serum aminotransferase and potentially liver
histology in some patients with the 3b-hydroxy-D5-C27-steroid oxidoreductase
deficiency,18 it does not suppress the synthesis of atypical 3b-hydroxy-D5 bile
acids, which over the long-term is important given that these bile acids are chole-
static and interfere with canalicular bile acid transport.27,28 UDCA should not be
used in combination with cholic acid, because UDCA competitively inhibits the ileal
uptake of CA, reduces the pool of CA acid, and compromises its therapeutic
effectiveness.
The success of CA for patients with multiple defects in the bile acid biosynthetic

pathway is well documented; however, some treatment failures have occurred for
patients with oxysterol 7a-hydroxylase deficiency and amidation defects as well as
patients with very advanced liver disease as commonly found in 5b-reductase defi-
ciency.21,29 Patients with a bile acid conjugation (amidation) defect42–45 who synthe-
size cholic acid almost exclusively may be treated under a treatment IND with
glycocholic acid (available from the authors) or potentially do not require treatment
with close attention to growth and fat-soluble vitamins with appropriate interventions
as needed to address deficiencies.
After initiation of treatment with CA, patients should be monitored frequently with

serum liver chemistries until they normalize and thereafter every 6 to 12 months
with concomitant urine LSIMS analysis. Bile acid therapy is lifelong for the responsive
conditions, and adherence should be periodically confirmed by using LSIMS or in cir-
cumstances when liver chemistries become abnormal. Because of concerns
regarding the long-term risks of hepatocellular carcinoma even in the presence of
apparent health, annual ultrasound and serum alpha fetoprotein should be considered
after the first 5 years of treatment.
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