
Chapter 9

Bile Acids and Cholestatic Liver Disease 3:

Inborn Errors of Bile Acid Synthesis

Hiroshi Nittono, Akihiko Kimura, Hajime Takei, Takao Kurosawa,

and Takashi Iida

Abstract Inborn errors of bile acid synthesis are rare genetic disorders that can

present as neonatal cholestasis and fat-soluble vitamin deficiency. Though rare,

these diseases account for some patients with cholestasis of unknown etiology.

Seven known defects of bile acid synthesis occur in children. These defects may be

categorized as deficiencies in activity of enzymes catalyzing reactions affecting the

steroid nucleus or the side chain. Defects in reactions involving the steroid nucleus

include cholesterol 7α-hydroxylase deficiency, 3β-hydroxysteroid-Δ5-C27-steroid

dehydrogenase/isomerase deficiency, Δ4-3-oxosteroid 5β-reductase deficiency, and
oxysterol 7α-hydroxylase deficiency. Defects in reactions involving side-chain

modification are sterol 27-hydroxylase deficiency, α-methyl-CoA racemase defi-

ciency, disorders of peroxisomal β-oxidation, bile acid-CoA: amino acid

N-acyltransferase deficiency, and bile acid-CoA ligase deficiency. Cholesterol

7α-hydroxylase deficiency and disorders of peroxisomal β-oxidation are not con-

sidered here, since cholesterol 7α-hydroxylase deficiency is not known to occur in

children and disorders of peroxisomal β-oxidation represent disease of peroxi-

somes. When identified early, many patients with inborn errors of bile acid synthe-

sis have a favorable clinical response to oral primary bile acid therapy. These

inborn errors characteristically result in elevated serum bilirubin and aminotrans-

ferase concentrations but produce no abnormalities of serum γ-glutamyltransferase

or of total bile acid concentrations detectable by enzymatic methods. Screening for
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inborn errors of bile acid synthesis using fast atom bombardment ionization mass

spectrometry, gas chromatography-mass spectroscopy, and liquid chromatography-

electrospray ionization tandem mass spectrometry is useful. Genetic analysis is

available for a definitive diagnosis. Disorders of bile acid synthesis account for

some 2–3% of screened cases of cholestatic liver disease in infants and children.

Keywords Inborn error of bile acid synthesis (IEBAS) • Cholestasis • Giant cell

hepatitis • γ-Glutamyl-transpeptidase (GGT) • Oral primary bile acid therapy

9.1 Two Main Pathways from Cholesterol to Primary Bile

Acids [1, 2]

The primary bile acids, cholic acid (CA) and chenodeoxycholic acid (CDCA), are

synthesized by sequential enzymatic modifications to cholesterol that involve at

least 14 enzymes, multiple subcellular compartments, and two complementary

chemical pathways (Fig. 9.1). There are two pathways of 7α-hydroxylation that

include a neutral pathway in which cholesterol is hydroxylated by cholesterol

7α-hydroxylase and an acidic pathway in which cholesterol is hydroxylated and

oxidized at position 27 and then hydroxylated by oxysterol 7α-hydroxylase. Nine
defects in bile acid synthesis show a phenotype of familial and progressive infantile

or late-onset cholestasis or fat-soluble vitamin deficiency. In this chapter, however,

cholesterol 7α-hydroxylase (CYP7A1) deficiency and disorder of peroxisomal

β-oxidation are not considered, because CYP7A1 deficiency has not been found

to occur in children and disorders of peroxisomal β-oxidation are disease of

peroxisomes, representing a separate category.

9.2 Clinical Features and Diagnosis of Inborn Errors

of Bile Acid Synthesis [3]

Although inborn errors of bile acid synthesis (IEBAS) show cholestasis, serum total

bile acid (TBA) concentrations are normal when measured by enzymatic methods.

Serum γ-glutamyltransferase (GGT) concentrations also are normal. Even though

the patient shows obstructive jaundice, pruritus is absent. Histopathologic findings

associated with defects involving reactions affecting the steroid nucleus vary with

patient age and rate of disease progression. Specimens from infants with impaired

steroid nucleus modification show giant cell hepatitis, canalicular bile plugs,

hepatocyte bile stasis, and portal tract inflammation, with variable severity of fibrosis.

Generally, urinary screening for IEBAS uses fast atom bombardment ionization mass

spectrometry (FAB-MS) in the USA and Europe and gas chromatography-mass

spectroscopy (GC-MS) or liquid chromatography-electrospray ionization tandem

mass spectrometry (LC-ESI-MS/MS) in Japan [4] (Table 9.1). Genetic analysis is

available for definitive diagnosis [5].
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Fig. 9.1 Simplified scheme of the two major pathways for the synthesis of bile acids from

cholesterol and for their recycling. The “neutral” pathway starts with conversion of cholesterol

to 7α-hydroxycholesterol, while the “acidic” pathway begins with formation of

27-hydroxycholesterol. Numbered bars indicate blockades imposed by enzymatic defects. (1)
cholesterol 7α-hydroxylase; (2) 3β-hydroxy-Δ5-C27-steroid dehydrogenase/isomerase; (3) Δ4-3-

oxosteroid 5β-reductase; (4) sterol 27-hydroxylase; (5) α-methylacyl CoA racemase; (6) proteins
involved in peroxisomal biogenesis and β-oxidation; (7) bile acid-CoA: amino acid N-acyl

transferase; (8) bacterial deconjugation in the gut; (9) bile acid-CoA ligase; (10) oxysterol

7α-hydroxylase; (11) sterol 12α-hydroxylase. Known enzyme defects are depicted by solid bars

across the arrows (Adapted from [1])
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9.3 Inborn Errors of Bile Acid Synthesis [3]

9.3.1 Defects Involving Reactions Affecting the Steroid
Nucleus

9.3.1.1 3β-Hydroxy-Δ5-C27-Steroid Dehydrogenase/Isomerase

(3βHSD, HSD3B7) Deficiency [6]

3βHSD deficiency, the most common bile acid synthetic defect, is caused by

mutation in the HSD3B7 gene on chromosome 16p. The inheritance pattern is

autosomal recessive. The major bile acids present in serum and excreted as

sulfate esters in the urine are Δ5-3β,7α-dihydroxy-5-cholenoic and Δ5-3β,7α,12α-
trihydroxy-5-cholenoic acids. About 50 patients with this disorder have been

reported. Even adults with this disease have been reported reflecting its relatively

mild nature. Some treated patients with this disease have had normal children

[7]. Orally administered primary bile acids (CA and/or CDCA) represent an

effective treatment that may normalize and growth and development. However,

ursodeoxycholic acid (UDCA) is not effective. Bile acid profiles in serum and urine

after bile acid therapy show a marked decrease in amounts of unusual bile acids but

no decrease in their percentages.

9.3.1.2 Δ4-3-Oxosteroid 5β-Reductase (5β-Reductase, SRD5B1,
AKR1D1) Deficiency [8, 9]

5β-Reductase deficiency is an autosomal recessive disorder. The affected enzyme,

Δ4-3-oxosteroid-5β-reductase, is encoded by the gene AKR1D1 (or SRD5B1) and
converts 7α-hydroxy-4-cholesten-3-one and 7α,12α-dihydroxy-4-cholesten-3-one
into 3-oxo-5β analogues. Excretion of large amounts of 3-oxo-Δ4-bile acids also

may be detected in urine from children with severe liver disease arising from causes

other than primary defects in bile acid biosynthesis. An alternative clinical presen-

tation, neonatal liver failure resembling neonatal hemochromatosis, also has been

described in patients with 5β-reductase deficiency, although no patient with this

presentation has been shown to have mutations in the AKR1D1 gene. Histopathol-

ogy in patients with 5β-reductase deficiency is typical for neonatal hepatitis, with

findings of giant cell hepatitis, pseudoacinar transformation, hepatocellular and

canalicular cholestasis, and extramedullary hematopoiesis. Investigation of the

urinary steroid profile of patients with this disease showed that tetrahydrocortisone,

whose synthesis is catalyzed by 5β-reductase activity in the liver, is decreased;

however, no symptoms of adrenal dysfunctional arise, because of compensation by

5β-reductase [10].
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9.3.1.3 Oxysterol 7α-Hydroxylase (CYP7B1) Deficiency [11]

Deficiency involving the enzyme oxysterol 7α-hydroxylase, which is enclosed

by the CYP7B1 gene, interrupts the alternative acidic pathway for synthesis

of the bile acid steroid nucleus. Liver function tests show elevated alanine amino-

transferase, but serum TBA and GGT are within the normal range. Large amounts

of 3β-monohydroxy-Δ5 bile acids are detected in serum and urine. Several patients

have been reported to be homozygous for nonsense mutations in the CYP7B1
gene encoding oxysterol 7α-hydroxylase. Further information concerning possible

consequences of oxysterol 7α-hydroxylase deficiency has been uncovered by a

gene mapping study of hereditary spastic paraplegia [12]. Patients with oxysterol

7α-hydroxylase deficiency have a marked bleeding tendency and are severely ill.

Recently, two patients rescued by liver transplantation [13] or CDCA therapy

(11 mg/kg/day) [14] have been reported.

9.3.2 Defects Involving Reactions Leading to Side-Chain
Modification

9.3.2.1 Sterol 27-Hydroxylase (CYP27A1) Deficiency

CYP27A1 deficiency has two possible phenotypes. One is a cholestatic disorder

with neonatal [15]. Another is cerebrotendinous xanthomatosis (CTX), which

develops in adolescence [16].

A defect in side-chain oxidation via the 25-hydroxylation pathway has been in a

reported 9-week-old infant who presented with familial giant cell hepatitis and

severe intrahepatic cholestasis. Diagnosis was based upon findings of reduced

primary bile acid concentrations and elevated concentrations of specific bile alco-

hol glucuronides in serum. This boy had consistently normal aminotransferase

concentrations. Bile alcohol production was suppressed by primary bile acids,

CDCA and CA. Subsequently the patient was diagnosed with CYP27A1 deficiency

by demonstrational a mutation in CYP27A1 [17], after which similar cholestatic

disease has been reported in neonates [18].

CTX is a rare inherited lipid storage disease characterized by progressive

neurologic dysfunction, dementia, ataxia, and cataracts. This disorder results from

abnormal side-chain modification of bile acids, which is caused by mitochondrial

sterol 27-hydroxylase deficiency. In patients with CTX, primary bile acid synthesis

is reduced, while bile alcohol glucuronide excretion in bile, urine, and stools is

increased. Serum and plasma cholesterol concentrations are low or normal, while

plasma cholestanol concentrations are markedly elevated. In early childhood, CTX

may present with chronic diarrhea and cataracts or with developmental delay/

regression. Later in childhood, CTX may present with tendon xanthomata, low

IQ, or psychiatric illness. Diagnosis of CTX is established by the finding of a

greatly increased plasma cholestanol/cholesterol ratio or a characteristic metabolite
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in urine, followed by DNA sequencing of CYP27A1. Oral CDCA therapy is

effective.

9.3.2.2 α-Methylacyl-CoA Racemase (AMACR) Deficiency [19]

AMACR deficiency is an autosomal recessive disorder in which cholesterol side-

chain oxidation is inhibited. AMACR is necessary for racemization of

trihydroxycholestenoic acid and pristanic acid into their stereoisomers. Conversion

of these stereoisomers is necessary for the subsequent step of peroxisomal

β-oxidation of the C27 bile acid side chain. AMACR deficiency affects both bile

acid and fatty acid synthesis pathways. Histopathologic findings in infants with this

disease include giant cell transformation, moderate intralobular cholestasis,

scattered necrotic hepatocytes, and foci with multinucleated hepatocytes. Affected

infants’ liver enzyme activities were normalized by treatment with CA therapy

(15 mg/kg/day) and fat-soluble vitamin supplements [19].

9.3.3 Bile Acid Conjugation Defects

Conjugation of CA and CDCA to taurine or glycine, the final step in primary bile

acid synthesis, is catalyzed by bile acid-CoA: amino acid N-acyltransferase

(BAAT) in the liver, after which the conjugate is excreted via the intestine, where

bacterial deconjugation occurs. Reconjugation in the course of the enterohepatic

circulation requires two enzymes, bile acid-CoA ligase (SLC27A5) and BAAT, in

the liver (Fig. 9.1).

9.3.3.1 Bile Acid-CoA: Amino Acid N-Acyltransferase (BAAT)

Deficiency [20]

Patients affected by defects in bile acid conjugation present with marked malab-

sorption and deficiencies of fat-soluble vitamins. These symptoms occur as a

consequence of decreased biliary secretion of conjugated bile acids. Severe chole-

stasis and liver failure also have been described in patients with bile acid conjuga-

tion defects. Oral administration of conjugated primary bile acid, such as

glycocholic acid (15 mg/kg/day), is a potential treatment for these patients [21].

9.3.3.2 Bile Acid-CoA Ligase (SLC27A5) Deficiency [22]

A patient with this disorder developed conjugated hyperbilirubinemia which

persisted until the age of 12 months but was unaccompanied by cholestasis. A

liver biopsy specimen showed portal-to-portal bridging fibrosis. Analysis of urinary
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cholanoids by negative ion electrospray ionization mass spectrometry showed the

major cholanoids to be similar to those seen in BAAT deficiency, with the major

peak representing unconjugated CA. Most serum bile acids were unconjugated.

Sequencing of the BAAT gene showed no mutation, but sequencing of the

SLC27A5 gene, which encodes bile acid-CoA ligase, detected homozygous muta-

tions in a histidine residue. The treatment given was oral UDCA and fat-soluble

vitamins. Interestingly, this patient had a homozygous mutation in the bile salt

export pump (BSEP, ABCB11).
Recently, we encountered a patient with an amidation defect. The specimen

dried urine drops on filter paper was sent from Thailand to our institution. Results of

bile acid analysis in this material showed a likely amidation defect; almost all bile

acids were conjugated to sulfate or glucuronide (Fig. 9.2). Unfortunately, no

genetic analysis was performed in this patient.
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