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ABSTRACT

Many inborn errors of metabolism affect pathways involved in the synthesis of a metabolite that has an important biochemical
or physiological function, and adverse effects of the disorder can be attributed to the lack of this metabolite. Thus, there is the
opportunity for treatment by ‘product replacement’. One of the disorders in the pathways for the synthesis of bile acids from
cholesterol, 33-hydroxy-A5-C27-steroid dehydrogenase deficiency, causes cholestatic liver disease in infancy that can be treated
very effectively with chenodeoxycholic acid (CDCA) and/or cholic acid (CA). There are several other enzyme deficiencies that
can cause liver disease in infancy that improve with CDCA or CA or both (alongside a reduction of abnormal bile acids or al-
cohols); however, individuals with the same gene variant(s) may remain asymptomatic or have transient liver dysfunction that
resolves spontaneously. In some disorders, the more usual presentation is with neurological disease later in childhood or in
adolescence or adult life, for example, cerebrotendinous xanthomatosis (CTX), a-methylacyl-CoA racemase deficiency, and ox-
ysterol 7a-hydroxylase deficiency. Treatment with CDCA has been dramatically effective in the neurological disease of CTX. In
the disorders of peroxisome biogenesis, liver disease is a part of the clinical picture although neurological symptoms tend to be
predominant. Treatment with CDCA and CA (or CA alone) leads to a reduction in the levels of C27 bile acids. Some trials suggest
this treatment leads to significant improvement in clinical status and liver function tests; others do not. Defects in individual
peroxisomal enzymes and transporters vary in their clinical presentations. Treatment of acyl-CoA oxidase 2 deficiency with
ursodeoxycholic acid is discussed.

Abbreviations: 38-HSDH, 38-hydroxysteroid-A5-C27-steroid dehydrogenase/isomerase (encoded by HSD3B7); 53-reductase, A4-3-oxosteroid 58-reductase (encoded
by AKR1DI); ABCD3, ATP-binding cassette family member D3 encoding peroxisomal membrane protein PMP70, the importer for C27 bile acid CoA esters; ACOX2,
acyl-CoA oxidase 2; AMACR, a-methylacyl-CoA racemase; BAAT, bile acid CoA; amino acid N-acyl transferase; CA, cholic acid, 3a,7a,12a-trihydroxy-5-cholanoic
acid; CDCA, chenodeoxycholic acid. 3a,7a-dihydroxy-58-cholanoic acid; CTX, cerebrotendinous xanthomatosis; DBFP, D-difunctional protein, peroxisomal enzyme
catalysing enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase reactions; DHCA, dihydroxycholestanoic acid, 3a,7a-dihydroxy-58-cholestanoic acid; FGF19,
fibroblast growth factor 19; FGFR4, fibroblast growth factor receptor 4; FXR, farnesoid X receptor; HNF4, hepatocyte nuclear factor 4 (also called HNF4o, HNF4A);
LRH-1, liver receptor homolog 1 (also called nuclear receptor subfamily 5, group A, member 2R [NR5A2]); ROS, reactive oxygen species; SCP2, sterol carrier protein 2
(peroxisomal thiolase 2, sterol-carrier protein X [SCPX]); SHP, small heterodimer partner (also called nuclear receptor subfamily 0, group B, member 2 [NROB2]);
TGRS, Takeda G-protein receptor 5; THCA, trihydroxycholestanoic acid, 3a,7a,12a-trihydroxy-58-cholestanoic acid; UDCA, ursodeoxycholic acid, 3a,78-dihydroxy-
5@3-cholanoic acid.

The correct chemical name for the product of the oxidation of cholesterol by the ‘CYP27A1’ gene product, ‘cholesterol 27-hydroxylase’ is (25R)-26-hydroxycholesterol;
however, the 27-hydroxy- nomenclature is so embedded in the literature and so important for searching for papers that it is partially retained here (see Figure 2).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | Introduction

The major primary bile acids synthesised in the liver are
the glycine and taurine conjugates of chenodeoxycholic acid
(Ba,7a-dihydroxy-5p-cholanoic acid; CDCA) and cholic acid
(Ba,7a,12a-trihydroxy-58-cholanoic acid; CA) [1] (see Figure 1
for the neutral pathway, Figure 2 for the first few steps of the
acidic bile pathway and Table 1 for a list of single enzyme/trans-
porter defects affecting the pathways).

In adults, the first and main rate-limiting step of the neutral
pathway for bile acid synthesis is 7a-hydroxylation of choles-
terol. Cholesterol 7a-hydroxylase (encoded by CYP7A1) is the
site of feedback inhibition by CDCA and CA conjugates. This
occurs by several mechanisms, including direct enzyme inhi-
bition and down-regulation of gene expression by two path-
ways [1]. In the liver, activation of FXR by bile acids induces
SHP to inhibit HNF4 and LRH-1 transactivation of CYP7A1
and CYP8BI gene expression. Activation of FXR in the in-
testine induces FGF19, which is transported to the liver in
the portal vein and activates the FGF receptor 4 (FGFR4)/8-
Klotho complex. This complex inhibits CYP7A1 and CYP8BI
gene expression.

The acidic pathway for bile acid synthesis can start outside the
liver and be completed in the liver [1, 3-4] (see Figure 2). The
first steps produce oxysterols and cholestenoic acids, which are
signalling molecules, so their signalling may be increased if
they are before the block in the acidic pathway or decreased if
they are after the block. In young infants, the acidic pathway
is the main route for bile acid synthesis because CYP7A1 is not
expressed until the time of weaning.

The mechanism of negative feedback control of the acidic path-
way is incompletely understood. The main rate-limiting step is
considered to be cholesterol transport to the inner mitochondrial
membrane by steroidogenic acute regulatory protein (STARD1/
StAR) [5].

Minor pathways for bile acid synthesis start with hydroxylations
at C24 or C25. C24-hydroxylation occurs in the brain catalysed
by the CYP46A1 gene product and C25-hydroxylation occurs in
macrophages catalysed by the CH25H gene product [1, 4, 6].

There are also additional pathways for bile acid synthesis of
bile acids that can come into play when the major pathways
are blocked. For example, in cerebrotendinous xanthomatosis,
when the normal route of side-chain oxidation is blocked by ste-
rol 27-hydroxylase deficiency, CA can be produced by microso-
mal hydroxylation at C24 and C25 (catalysed by CYP3A4 [7])
followed by cleavage between these carbon atoms [8].

The glycine and taurine conjugates of chenodeoxycholic acid
and cholic bile acids are pumped into the biliary canaliculi by
the bile salt export pump (BSEP encoded by ABCBI1); this pro-
vides the driving force for the major component of bile flow (the
bile acid dependent bile flow). Failure to synthesise adequate
amounts of the primary bile acids can lead to a reduction in bile
flow (cholestasis) with a build-up in blood of compounds nor-
mally excreted in bile such as conjugated bilirubin. This should
be correctable by product replacement (giving CDCA and/or

CA). In the intestine, the glycine and taurine conjugated bile
acids are powerful detergents that facilitate the micellar solubil-
isation of lipids, so if their production is impaired by an inborn
error of bile acid synthesis, this can lead to the malabsorption of
fats and the fat-soluble vitamins (A, D, E and K).

2 | Cerebrotendinous Xanthomatosis (CTX,
CYP27A1 Pathogenic Variants) (Figure S1)

CTX was the first bile acid synthesis defect to be treated by prod-
uct replacement therapy. In 1968, Menkes et al. documented
increased cholestanol in the CNS in CTX [9]. In 1971, Salen de-
scribed the low concentration of CDCA in bile [10] and in 1974,
Setoguchi et al. reported the substantial production of bile al-
cohols [11]. Berginer, Salen, and Shefer showed the efficacy of
CDCA therapy in 1984 (see below) [12]. The underlying enzy-
matic defect was shown to be sterol 27-hydroxylase deficiency in
1991 [13]. In the absence of sterol 27-hydroxylase, the sterol side
chain cannot be shortened by oxidation and 27-carbon interme-
diates accumulate.

In 2016, a review of known cases of CTX indicated that the aver-
age age of diagnosis of CTX was 35years, with a diagnostic delay
of 16years [14] and it was in 17 adults with CTX that Berginer
demonstrated the clinical and biochemical efficacy of bile acid
replacement therapy. So, this will be described before the paedi-
atric presentations.

Berginer et al. reported that ‘before treatment, all subjects were
symptomatic, with Achilles tendon xanthomas (15/17), cataracts
(12/17), dementia (13/17), pyramidal-tract signs (17/17), cere-
bellar dysfunction (13/17), mild peripheral neuropathy (7/17),
electroencephalographic abnormalities (10/13), and abnormal
cerebral computerised axial tomographic scans (10/12). After at
least one year of CDCA treatment (750 mg per day), dementia
cleared in 10 subjects, and pyramidal and cerebellar signs dis-
appeared in 5 and improved in another 8. Peripheral neuropathy
was no longer detected in six. The electroencephalogram be-
came normal in five and showed fewer abnormalities in another
three subjects. Cerebral computerised axial tomographic scans
improved in seven patients; the changes included the disappear-
ance of a cerebellar xanthoma in one case. Concomitantly, mean
plasma cholestanol levels declined threefold, and abnormal bile
acid synthesis was suppressed. We conclude that long-term ther-
apy with CDCA may correct the biochemical abnormalities and
arrest and possibly reverse the progression of CTX’ [12]

CTX has been the subject of several recent reviews [14-18]; this
paper will only consider the treatment by product replacement
therapy and first treatment of adults, particularly their neuro-
psychiatric disease.

Intellectual disability may be present in the first decade of life,
but neuropsychiatric dysfunction then becomes more obvious
in late adolescence or early adult life. Psychiatric symptoms
include behaviour disorders, agitation, hallucinations, and de-
pression; dementia is common. Pyramidal signs (hyper-reflexia
and spasticity) and cerebellar signs (ataxia and dysarthria) are
common. Extrapyramidal signs are present in some individu-
als, including parkinsonism, dystonia, myoclonus, and tremor.
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FIGURE1 | The ‘neutral pathway’ for bile acid synthesis. Enzymes catalysing the individual steps are indicated by the genes encoding them—
see the table for the full enzyme name. In adults, the major pathway for the synthesis of CDCA and CA is the so-called ‘neutral pathway’ that starts
with the modification of the steroid nucleus of cholesterol by hydroxylation, isomerisation, and reduction reactions catalysed by enzymes located
in the cytosol and endoplasmic reticulum (encoded by CYP7A1, HSD3B7, AKRIDI, and AKRIC1/C4 for CDCA and additionally CYP8BI for CA).
This is followed by side chain oxidation in the mitochondria, producing the C27 bile acids, 3a,7a-dihydroxy-58-cholestanoic acid (DHCA) and
3a,7a,12a-trihydroxy-58-cholestanoic acid (THCA). The 25R isomers of DHCA and THCA (as their CoA esters) are imported into the peroxisomes
by the ABCD3 transporter (PMP70) and are converted to the 25S isomers by a-methylacyl-CoA racemase (AMACR). In the peroxisomes, oxidation

of the side chain is completed by the $-oxidation enzymes, acyl-CoA oxidase 2 (ACOX2), the D-bifunctional protein (HSD17B4) and the peroxisomal
thiolase, SCPX (SCP2) [2]. The resulting CoA esters of CA and CDCA are converted to the glycine and taurine conjugates of the bile acids by the per-

oxisomal enzyme bile acid CoA; amino acid N-acyl transferase [BAAT].
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FIGURE 2 | The first steps of the ‘acidic pathway’ for bile acid syn-
thesis. Enzymes catalysing the individual steps are indicated by the
genes encoding them—see the table for the full enzyme name. The
acidic pathway starts with oxidation of the cholesterol side-chain in
the mitochondria, producing 27-hydroxycholesterol and 3@-hydroxy-
5-cholestenoic acid. This is catalysed by the mitochondrial sterol
27-hydroxylase encoded by CYP27A1. 33-Hydroxy-5-cholestenoic acid
is then hydroxylated in the 7a-position by the oxysterol 7a-hydroxylase
encoded by CYP7BI. Subsequent steps include (i) the completion of
nuclear modifications which are thought to be catalysed by the same
enzymes as in the neutral pathway (enzymes encoded by HSD3B7,
AKRIDI and AKRIC1/C4), and (ii) beta-oxidation in the peroxisomes
(again using the same enzymes and transporter as in the neutral path-
way), and finally conjugation to produce mainly the taurine and glycine
conjugates of CDCA.

Non-neurological features of CTX in adults include tendon xan-
thomata, premature atherosclerosis, diarrhoea, cataracts, and
osteoporosis.

In 2018, Duell et al. reported on 43 individuals with CTX, with
mean age at diagnosis 32years [19]. They had the following major
symptoms: cognitive impairment (74%), premature cataracts
(70%), tendon xanthomata (77%) and neurological disease (81%).
They were treated with CDCA 250mg tds. Plasma cholestanol
was normalised in 63%. Ninety-one percent had normal liver
function tests on treatment, but 9% developed moderate liver en-
zyme elevations (presumed CDCA hepatotoxicity) requiring re-
duction of the dose. Mean duration of follow-up was 8 years (range
0-35years). The treatment improved symptoms and then stabi-
lised the disease in 57% of the cases; however, the disease contin-
ued to progress in 7 cases (20%). The latter were all aged 25years
or older, with significant neurological disease at diagnosis.

In 2019, Stelten et al. reported the largest retrospective cohort
study of CDCA treatment (56 patients) [20]. Twenty-four patients
were started on treatment before the age of 24 years and 32 after
the age of 24years. The initial dose of CDCA ranged from 5 to
15mg/kg/day in children <16years and up to 750 mg/day in
adults. The dose of CDCA was adjusted on the basis of body
weight and measurements of plasma cholestanol and urinary
bile alcohol excretion. As a result of the biochemical measure-
ment, the dose was increased to 1000mg/day in nine patients.
All patients who started on treatment before age 24years had
complete resolution of existing neurological symptoms and did
not develop any new symptoms. In contrast, 61% of patients
who started treatment after 24years had neurological deterio-
ration, with parkinsonism as the main treatment-resistant fea-
ture. Rubio-Agusti et al. had also reported on CDCA-resistant
atypical parkinsonism, with functional dopaminergic imaging
frequently demonstrating presynaptic denervation [21]. It is
possible that the product we should be replacing to treat atyp-
ical parkinsonism in CTX is not CDCA but 33,7a-dihydroxy-5-
cholestenoic acid. The production of this LXR agonist is reduced
in CTX [22] and LXR agonists can protect dopaminergic neu-
rons [23].

Women with CTX have had successful pregnancies on CDCA
(750mg/day) [24]. In 11 pregnancies where mothers continued
CDCA treatment, no complications were reported and babies
were born at or near full term, with normal birthweight and
Apgar scores. In eight pregnancies in which the mothers did not
receive CDCA, two newborns had elevated bilirubin soon after
birth. One woman who stopped CDCA during a pregnancy dete-
riorated neurologically while off treatment.

Compared to the extensive literature on the use of CDCA for
the treatment of adults with CTX, there is only limited infor-
mation on the use of CA. In 2019, Mandia et al. reported on 12
patients [25]. There were two subgroups: the treatment-naive
group (who had never had CDCA prior to starting CA) and the
non-treatment-naive group who had CDCA prior to CA. They
reported that treatment with CA significantly and strongly re-
duced cholestanol levels in all patients. Additionally, 10 out of
12 patients clinically improved or stabilised with CA treatment.
Worsening was noted in one treatment-naive patient and one
non-treatment-naive patient, but both patients experienced sim-
ilar outcomes with CDCA treatment. No adverse effects were
reported from patients with CA treatment, whereas elevated
transaminases were observed in some patients while they were
treated with CDCA.
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More than 25years after CTX was identified as a neurological
disease of adults, it was recognised as a cause of cholestatic
liver disease in infancy. Indeed, the first case was initially
thought not be CTX but another defect leading to increased
urinary excretion of bile alcohol glucuronides (58-cholestane-
3a,70,12a,248,25-pentol, 58-cholestane-3a,7a,12a,25-tetrol and
5B-cholestane-3a,7a,120,24&-tetrol) [26]. The 9-week-old boy
had familial giant cell hepatitis and his affected sibling had died
at the age of 13 months from progressive liver disease. Plasma
concentrations of CDCA and CA were low. Treatment with
CDCA (10mg/kg/day) at age 19 weeks caused the plasma CDCA
to rise to very high levels and there was a rise in bilirubin and
in AST (to 2530 U/LU/L). The treatment was stopped but then
tried again at 24 weeks with 10mg/kg CDCA, then 5mg/kg/day
of both CDCA and CA and then CA alone at 5mg/kg/day. On
this second attempt at bile acid replacement therapy the plasma
CDCA and CA rose to well above physiological levels but instead
of a rise in bilirubin and AST there was a fall to normal values.
He was well when last seen at the age of 20years. In 2002, se-
quencing of CYP27A showed that he was homozygous for a de-
letion (525/526delG) causing a frameshift and a premature stop
codon [27]. This genotype had been described in an adult female
with classical symptoms of CTX (tendon xanthomata, cataracts
and deteriorating cognitive function). A review of past medical
histories of patients with CTX revealed that prolonged neona-
tal cholestatic jaundice was common. The family histories also
revealed fetal and neonatal deaths among siblings of patients
with CTX.

Other cases of CTX treated with CDCA or CA in the first years of
life have been described. Pierre et al. described affected siblings
[28]. The older sibling developed neonatal jaundice shortly after
birth, and a biopsy showed chronic active hepatitis. Treatment
at 3 months included ursodeoxycholic acid, and the abnormal
liver function tests became normal by 8 months. He was sub-
sequently shown to have CTX by CYP27A sequencing and the
demonstration of urinary excretion of bile alcohol glucuronides.
CA treatment (15 mg/kg/day) was commenced at age 14 months
and led to marked reduction in bile alcohol excretion. The sibling
was treated from 5 months and never developed jaundice. On
follow-up to 8 and 6.5years, both siblings had low average neu-
rodevelopmental performance, so it is not clear whether early
treatment with cholic acid can prevent neurological damage.

Huidekoper et al. described a girl in whom CTX was diagnosed
shortly after birth [29]. She was started on CDCA at (15mg/kg/
day). Within 6 weeks, she developed jaundice with hepatomeg-
aly, so CDCA was stopped, after which liver size and function
rapidly normalised. CDCA was then restarted and maintained
at a dose of 5mg/kg/day. On this regimen, cholestanol, liver en-
zymes, and total bilirubin have remained normal, and she has
shown normal psychomotor development. So the current con-
sensus is that infants diagnosed with CTX should be treated
with 5mg/kg/day of CDCA, and it may be necessary to reduce
or stop if LFTs become abnormal.

Lipinski et al. reported on two siblings with neonatal cholesta-
sis due to CTX [30]. The first developed cholestatic jaundice at
10weeks and developed end-stage liver disease. He was trans-
planted but died 3years post-transplant. CYP27A sequencing
after he had died indicated the diagnosis of CTX. The second

sibling had cholestatic jaundice from 1 day but was treated with
CDCA (5mg/kg/day) from 4 months of age. After a year of treat-
ment, she was well with normal LFTs.

Lipinksi et al. reviewed the literature of infants diagnosed with
CTX in the first 2years of life up to 2021 [30]. Apart from the
cases already described above, there were 5 infants who died
without having received CDCA or CA, 2 who only received
ursodeoxycholic acid (UDCA) but survived, one who received
UDCA but required transplantation, 1 who was treated with
CDCA but required transplantation, and one successfully
treated with CDCA at a dose of 10-15mg/kg/day.

It is clear that without bile acid replacement therapy, infants
with CTX can have liver involvement that ranges from asymp-
tomatic, through self-limiting neonatal cholestasis to death from
end stage liver disease/liver transplantation. Treatment with
CDCA or CA can reduce bile alcohol excretion and normalise
cholestanol and LFTs; however, high doses of CDCA can be hep-
atotoxic and a dose of 5mg/kg/day is recommended.

In childhood, a common feature of CTX is diarrhoea. Treatment
with CDCA (15mg/kg/day up to 750mg/day) [31] led to im-
provement in all patients; in 68% of cases, resolution was com-
plete and sustained for as long as 25years.

Stelten et al. have documented that autism is also a frequent
early manifestation of CTX [32]; the behavioural problems stabi-
lised or improved in children treated with CDCA.

3 | 3f-Hydroxy-A5-C27-Steroid Dehydrogenase
Deficiency (HSD3B7 Pathogenic Variants)
(Figure S2)

This disorder was identified in 1987 from the urine bile acids—
3B,7a-dihydroxy-5-cholenoic acid and 3f,7a,12a-trihydroxy-
5-cholenoic acid present as the sulphates and their glycine
conjugates; the report suggested that the disorder should be
treatable with bile acid replacement therapy [33], but the patient
had been lost to follow-up. Confirmation of the enzyme defect
was achieved in 1990 [34]. The affected individual was located
when he was aged 4years and treated with CDCA, initially
18 mg/kg/day, to build up normal bile acid levels but reducing
after 2months to 9mg/kg/day [35, 36]. This led to a very major
reduction in the concentration of the unsaturated bile acids in
the urine, and they were barely detectable in plasma. In bile,
they had been completely replaced by the CDCA conjugated
with glycine and taurine. The patient, who had been jaundiced
with raised transaminases all his life, had normal liver function
tests within weeks, and, on treatment, they have remained nor-
mal for 30years. It should be noted, however, that at the start
of treatment there was a transient rise in AST, consistent with
hepatotoxicity of CDCA at a time when the BSEP was inhib-
ited by high intrahepatic concentrations of the 3@-hydroxy-A5
bile acids.

The third patient we encountered presented a more difficult
problem [37]. When assessed at the age of 7 months, her plasma
bilirubin was 188 pmol/L, the AST was 300-760U/L and a bi-
opsy showed an aggressive hepatitis with hepatocyte necrosis
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and bridging fibrosis. Treatment was commenced with CDCA
at 15mg/kg/day when she was 9.6 months and, over the next
6weeks, her bilirubin rose from 140 to 270 pumol/L and her
AST rose from 270 to over 1000 U/LU/L. Treatment was then
changed to CDCA 7mg/kg/day plus CA 7mg/kg/day. Over the
next year her AST and bilirubin gradually normalised. She is
well at the age of 36 years and had a successful pregnancy at the
age of 32 remaining on the combination of CDCA and CA.

The UK experience of treating 13 patients presenting between
1989 and 2005 was reported in 2008 [38]. Five were treated
with CA and CDCA (7mg/kg/day of each), 7 with CDCA only
(7-18 mg/kg/day) and one with CA only (8 mg/kg/day). There
was quite a variation in the time taken to normalisation of LFTs:
bilirubin median 3 months, range 1-16 months; AST median 2.5
months, range 1-45 months. However, after a median follow-up
of 5.5years (range 1-17years) 12/13 showed no signs of liver
disease or fat-soluble vitamin deficiency; 1/13 had been lost to
follow-up. Four patients who had pre- and post-treatment biop-
sies showed improved liver histology. In addition to the treated
patients, there was documentation of three children who were
not treated and died before the age of Syears.

In 2009, Gonzalez et al. reported 13 patients with 33-HSDH de-
ficiency who were treated with CA alone [39]. Treatment was
started at a median age of 3.9 years (range 0.3-13.1years) with a
median duration of follow-up of 12.4years (range 5.6-15years).
The mean dose of CA was 13mg/kg/day at initiation of treat-
ment and 6mg/kg/day at the most recent evaluation. Physical
examination findings, laboratory tests, and abdominal ultra-
sound all normalised on treatment. The urinary excretion of
3p-hydroxy-AS5 bile acids was reduced 500-fold. Liver biopsies
performed after at least 5years of CA therapy showed marked
improvement. Four successful pregnancies were documented in
two patients with 33-HSDH deficiency who took CA throughout
pregnancy. There were transient signs of CA overdose in 4 chil-
dren. Clinical features of toxicity included pruritus, diarrhoea,
and elevation of GGT, ALT, and total serum bile acids, which re-
solved with reduction of the dose of CA. Gonzales et al. observed
that the suppression of excretion of 33-hydroxy-A5 bile acid ex-
cretion was much greater with CA than with UDCA, consistent
with the inability of UDCA to inhibit oxysterol 7a-hydroxylase.

In 2010, Riello et al. described the treatment of 5 patients with
3B-HSDH deficiency [40]. Three had presented with liver dis-
ease (giant cell hepatitis [1], biliary cirrhosis [1] and cryptogenic
cirrhosis [1]) and two were detected by neonatal screening.
Treatment was with UDCA and CDCA. The dose was adjusted
to maintain urinary excretion of 3f,7a-dihydroxy-5-cholenoic
acid at <20umol/mmol creatinine; this was achieved after
3-28months of treatment, and in some patients, doses could
be reduced to 5mg/kg/day of both bile acids. All patients nor-
malised their liver function tests.

Our experience has been similar to that described by Gonzales
et al. and Riello et al.: urine bile acid monitoring to demonstrate
low levels of excretion of unsaturated bile acids works well for
monitoring adequate inhibition of cholesterol 7a-hydroxylase,
but monitoring the saturated bile acids in blood is the best way
to show that the dose of CDCA or CA is too high. In 2016, we
reported a method for quantitation of both 33-hydroxy-A5 bile

acids and saturated bile acids (from treatment) in dried blood
(or plasma) spots [41]. This makes sampling easier and trans-
port from a distant hospital much easier. We used this method
to monitor the early days of treatment of three newly diagnosed
children with 38-HSDH deficiency [42]. Patient 1 was treated
with CA 15mg/kg/day from day 1. Patients 2 and 3 were treated
with the following graded introduction of CA after priming with
ursodeoxycholic acid (UDCA): Week 1: 7.5mg/kg/day UDCA
bd; Week 2: 7.5mg/kg UDCA am and 5mg/kg CA pm; Week 3:
7.5mg/kg UDCA am, 5mg/kg CA midday, and nocte; Week 4:
5mg/kg CA tds. On CA treatment, all patients showed complete
resolution of cholestatic liver disease, malabsorption of fat and
fat-soluble vitamins, and a marked reduction of urinary excre-
tion of unsaturated bile acids. Patient 1, treated with CA at a
dose of 15mg/kg/day, showed a transient rise in the concentra-
tions of TCA and GCA in the first few days of treatment. The
levels reached in blood (TCA =24 uM; control range <1uM; and
GCA =83uM; control range <3uM) are levels similar to those
seen in bile duct obstruction and could indicate TCA and GCA
levels in the hepatocyte that are toxic. The highest recorded
transaminase levels (AST 868 U/L; ALT 680 U/L) were measured
on the day of starting treatment. The total bilirubin increased
from 24mg/dL to 28 mg/dL over the first 4days of treatment.
Transaminases remained >100U/L for 2 months and took 9
months to normalise. In patients 2 and 3, levels of TCA and GCA
did not rise above the normal range, and transaminases did not
rise. We conclude that inducing choleresis with UDCA and then
starting CA at a low dose and building up slowly may avoid the
early CA toxicity.

In 2010, Nittono et al. reported a good response to treatment and
two successful pregnancies in a Japanese patient taking a com-
bination of CDCA (7.4 mg/kg/day) and CA (2.2mg/kg/day) [43].

In 2017, Heubi, Bove, and Setchell reported the outcome of
a clinical trial of CA (10-15mg/kg/day in a cohort of 70 indi-
viduals, 50 with single enzyme defects), over 30 of whom had
38-HSDH deficiency [44]. The cohort as a whole showed a sig-
nificant reduction in urinary excretion of abnormal cholanoids
and significant reductions of serum aspartate aminotransferase
and alanine aminotransferase. There were 6 serious adverse ef-
fects in the single enzyme defect group, including death due to
disease progression in one patient with 33-HSDH deficiency.

Kimura et al. have reported 3 Japanese patients with 33-HSDH
deficiency who have received treatment with CDCA alone for 10
to 21years [45]. Doses were 4.0-7.8 mg/kg/day and the authors
reported gradual improvement in liver function tests with nor-
mal results at the most recent follow-up.

In 2022, Zhang et