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Abstract
Introduction Currently, no therapies are available for Zellweger spectrum disorders (ZSDs), a group of genetic metabolic
disorders characterised by a deficiency of functional peroxisomes. In a previous study, we showed that oral cholic acid (CA)
treatment can suppress bile acid synthesis in ZSD patients and, thereby, decrease plasma levels of toxic C27-bile acid interme-
diates, one of the biochemical abnormalities in these patients. However, no effect on clinically relevant outcome measures could
be observed after 9 months of CA treatment. It was noted that, in patients with advanced liver disease, caution is needed because
of possible hepatotoxicity.
Methods An extension study of the previously conducted pretest–posttest design study was conducted including 17 patients with
a ZSD. All patients received oral CA for an additional period of 12 months, encompassing a total of 21 months of treatment.
Multiple clinically relevant parameters and markers for bile acid synthesis were assessed after 15 and 21 months of treatment.
Results Bile acid synthesis was still suppressed after 21 months of CA treatment, accompanied with reduced levels of C27-bile
acid intermediates in plasma. These levels significantly increased again after discontinuation of CA. No significant changes were
found in liver tests, liver elasticity, coagulation parameters, fat-soluble vitamin levels or body weight.
Conclusions Although CA treatment did lead to reduced levels of toxic C27-bile acid intermediates in ZSD patients without
severe liver fibrosis or cirrhosis, no improvement of clinically relevant parameters was observed after 21months of treatment. We
discuss the implications for CA therapy in ZSD based on these results.
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FGF21 Fibroblast growth factor 21
PT Prothrombin time
THCA 3α,7α,12α-Trihydroxycholestanoic acid
VLCFA Very long-chain fatty acids
ZSD Zellweger spectrum disorder

Introduction

Zellweger spectrum disorders (ZSDs) are a subgroup of the
peroxisome biogenesis disorders and are caused by biallelic
mutations in one of the PEX genes, leading to a deficiency
of functional peroxisomes. Since peroxisomes are responsi-
ble for a variety of metabolic functions, ZSDs are
characterised by multiple biochemical abnormalities, includ-
ing the accumulation of C27-bile acid intermediates [3α,7α-
dihydroxycholestanoic acid (DHCA) and 3α,7α,12α-
trihydroxycholestanoic acid (THCA)], very long-chain fatty
acids (VLCFAs), branched-chain fatty acids like phytanic
acid and pristanic acid, and plasmalogen deficiency
(Wanders and Waterham 2006). Patients show a spectrum
of clinical manifestations, including retinitis pigmentosa,
sensorineural hearing loss, leukodystrophy and liver disease
as key symptoms. Liver disease encompasses hepatomegaly
with or without fibrosis or cirrhosis. Those with cirrhosis are
at risk of complications, like portal hypertension, cholestasis,
liver failure (Klouwer et al. 2015; Braverman et al. 2016)
and hepatocellular carcinoma (unpublished observations).
Signs of liver disease can be completely absent in ZSD
patients with a relatively mild phenotype. It is still largely
unknown which biochemical abnormalities, either alone or
in combination, contribute to the individual clinical manifes-
tations, although some correlations have been hypothesised
(Braverman et al. 2013; Klouwer et al. 2015). The C27-bile
acid intermediates are toxic and thought to contribute to the
liver disease (Ferdinandusse et al. 2009; Wanders and
Ferdinandusse 2012); however, a role for other biochemical
abnormalities in this process cannot be ruled out.

Only symptomatic therapies are currently available for pa-
tients with ZSDs. Supplementation with the primary bile acid
cholic acid (CA) was suggested to be a potential therapy for
patients with a ZSD, since CA represses the first step of bile
acid biosynthesis via the major pathway, thereby leading to
reduced levels of toxic C27-bile acid intermediates (Setchell
et al. 1992). Moreover, it was hypothesised that CA therapy,
through expansion of the expected small bile acid pool in
patients with ZSDs, would lead to improved solubilisation
of dietary fats and fat-soluble vitamins, leading to a reduction
of steatorrhoea, increased fat-soluble vitamin levels and im-
proved growth.

Previously, we performed a systematic study of the effects
of 9 months of oral CA treatment in 19 patients with a ZSD
(Berendse et al. 2016b). Bile acid synthesis was, indeed,

suppressed in most patients during treatment, and consequent-
ly led to decreased C27-bile acid intermediates in plasma and
urine of those patients. However, despite the clear biochemical
effects, no positive effects on clinically relevant parameters
could be observed after 9 months of CA treatment. No chang-
es were observed in fat-soluble vitamin levels, coagulation
parameters or body weight. Plasma transaminases [alanine
transaminase (ALT) and aspartate transaminase (AST)] and
conjugated bilirubin levels did not improve, although it should
be noted that most patients had normal levels at baseline.
However, four patients with liver cirrhosis at baseline showed
a profound increase in transaminases and bilirubin levels upon
CA treatment, and discontinuation or dose reduction was nec-
essary. It was, therefore, concluded that CA therapy can be
potentially harmful for ZSD patients with advanced liver dis-
ease and that 9 months of treatment was most likely too short
to conclude whether CA therapy may lead to a clinical benefit
in ZSD patients with a relatively mild liver phenotype.

In this study, we investigated the effect of 21 months of CA
treatment on biochemical parameters and clinically relevant
outcome measures in 17 patients with a ZSD. In addition,
three additional young patients were included in the initial 9
months treatment phase.

Methods

Study design

This study is an extension study of a previously conducted
pretest–posttest design study in which 19 ZSD patients were
treated with CA for 9 months after a run-in period of 2 years.
The results of this study have been previously published
(Berendse et al. 2016b). The initial treatment phase took place
between April 2014 and January 2015 and was extended till
January 2016 (trial registry: http://www.isrctn.com/
ISRCTN96480891). The extension was approved by the
Institutional Review Board of the Academic Medical Center
(AMC) in Amsterdam. Individual written informed consent
was obtained from the patients and/or the patient’s parents.
Two additional study visits at 15 and 21 months after the start
of CA treatment took place during the extended treatment
phase. Patients were followed up in regular patient care after
discontinuation of CA at the end of the study. Similar to the
initial study, blood and urine for biochemical analyses were
collected during both study visits and a physical examination
was performed. Liver stiffness analyses were only performed
at the end of the extended treatment phase.

The primary study objective was to assess whether the
previously observed suppression of bile acid synthesis [as
defined by the change in levels of the bile acid intermediate
7α-hydroxy-4-cholesten-3-one (C4) and the C27-bile acid in-
termediates DHCA and THCA in plasma, and the urinary
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occurrence of bile acid intermediates] was still present after
21 months of CA treatment. Fibroblast growth factor 19
(FGF19) is a bile acid-induced enterokine that negatively reg-
ulates bile acid synthesis by acting on the liver to downregu-
late cholesterol 7α-hydroxylase (CYP7A1), the rate-limiting
enzyme in de novo bile acid synthesis (Schaap et al. 2014),
and was, therefore, measured to evaluate the effect of CA on
bile acid metabolism.

The secondary study objectives were: (1) to determine
whether suppression of bile acid synthesis during a period of
21 months leads to improved clinically relevant parameters
(i.e. liver tests and protein synthesis, liver elasticity, fat-
soluble vitamin levels and growth), (2) to monitor the possible
side effects of CA treatment during a prolonged treatment
phase (including: change in conjugated bilirubin and plasma
transaminases ALT and AST) and (3) to determine whether
patients who develop a worsening of liver tests upon CA can
be identified before initiating CA treatment.

Patients

All ZSD patients who were included in the initial study and did
not show a two-fold or more increase of conjugated bilirubin,
ALT or AST levels upon CA treatment in the initial 9-month
follow-up period were eligible for inclusion in the extension
study. ZSD patients who were not included in the initial study
or were born after April 2014 (i.e. the start of the 9 months
treatment phase of the initial study), were included for 9months
of CA treatment when they met the previously described inclu-
sion and exclusion criteria (Berendse et al. 2016b). The fre-
quency and characteristics of the study visits for these patients
were identical to those in the initial study. All patients attended
the outpatient clinic of the AMC for study visits.

CA

The active pharmaceutical ingredient (API) of CA was pro-
vided by Asklepion Pharmaceuticals (since 2015: Retrophin,
Inc., New York, NY, USA). Capsules were developed and
manufactured by Tiofarma (Oud Beijer land, the
Netherlands), according to the guidelines of Good
Manufacturing Practice commissioned by the AMC pharma-
cy, resulting in two dosage forms; yellow 50-mg capsules and
opaque 250-mg capsules. CA capsules of 50 and/or 250 mg
were administered twice a day orally during or shortly before
meals. In 17 patients, CAwas administrated orally and in four
out of 21 patients via a percutaneous endoscopic gastrostomy
tube. When CA was administrated via a percutaneous endo-
scopic gastrostomy tube or when patients were unable to swal-
low capsules, the capsules were opened and their content
mixed with water or food. The dosage of CA of an individual
patient at the end of the initial study was maintained during the
extension study. Patients who were not included in the initial

study started with a total dosage of 15 mg/kg/day. The dosage
was increased to 20 mg/kg/day in case C27-bile acid interme-
diates DHCA and/or THCA were still detectable in plasma
and/or urine and when this patient experienced no side effects.
The effect of the dose escalation was checked after 4 weeks. In
case side effects occurred, particularly diarrhoea, vomiting or
worsening of liver tests (defined as a two-fold or more in-
crease in plasma transaminases or conjugated bilirubin from
baseline), the dosage was reduced to 10 mg/kg/day. The CA
treatment was discontinued in case the plasma transaminases
and/or conjugated bilirubin levels did not decrease after dose
reduction.

Biochemical analysis, liver stiffness measurements
and physical examination

Plasma and urinary bile acids were measured as described
(Bootsma et al. 1999). The lower detection limit of bile acid
intermediates in this assay is 0.05 μmol/L. Urinary bile acids
were measured qualitatively only, and comprised primary bile
acids (conjugates), bile alcohols and C27-bile acid intermedi-
ates as described (Ferdinandusse and Houten 2006). Plasma
FGF19 and FGF21 were determined using specific enzyme-
linked immunosorbent assays (ELISAs; lower detection limit
of 0.01 ng/mL for both assays) as described elsewhere
(Schreuder et al. 2010; Koot et al. 2013). Plasma C4 was
measured using liquid chromatography–mass spectrometry
(LC-MS) after acetonitrile precipitation (Lenícek et al.
2016), with a lower detection limit of 1 ng/mL. Standard di-
agnostic assays were used to measure levels of conjugated
bilirubin, plasma transaminases, fat-soluble vitamins, total
cholesterol, albumin and coagulation factors [i.e. prothrombin
time (PT), partial thromboplastin time (aPTT)].

Liver stiffness analyses were performed by a single trained
observer using transient elastography (FibroScan®), accord-
ing to the standardmanufacturer instructions (Echosens, Paris,
France). Severe liver fibrosis or cirrhosis was defined as a
FibroScan® value ≥ 15.5 kPa (de Lédinghen et al. 2007).

All patients underwent a standard physical and neurologi-
cal examination at each study visit.Weight was measured with
a calibrated balance, and age- and gender-specific standard
deviation (SD) scores were calculated using current Dutch
reference values (Talma et al. 2010).

Statistical analysis

Statistical analyses were performed with GraphPad Prism
software version 7.02. A Wilcoxon matched-pairs signed-
rank sum test was used to evaluate effects (baseline vs. the
follow-up time points) and a Mann–Whitney U-test was
used to compare median levels at baseline between differ-
ent subgroups of patients. A p-value of < 0.05 was consid-
ered statistically significant.
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Results

The individual patient characteristics are presented in
Table 1. The study numbers of the included patients cor-
respond to the data from the initial paper (Berendse et al.
2016b). A total of 22 ZSD patients were included in the 9
months treatment phase (median age 9.5 years). Nineteen
of these were previously reported (Berendse et al. 2016b).
Seventeen completed the 21 months treatment phase (me-
dian age 15 years). Three patients were diagnosed with a
ZSD after April 2014 and were only included for 9 months
of CA treatment. Two patients were excluded during (pa-
tient #16 after 3 months) or after (patient #19 after
9 months) the initial 9 months treatment phase because
of a persistent rise in levels of conjugated bilirubin and/
or plasma transaminases. No patients were lost during
follow-up and vitamins were supplemented at a fixed dose
in all patients throughout the study. Six patients (#16–19,
21 and 22) in the 9 months treatment phase had severe
liver fibrosis or cirrhosis at baseline. Two patients with
severe liver fibrosis or cirrhosis completed 21 months of
CA treatment.

Measurements of bile acid intermediates

The median plasma levels of the C27-bile acid intermediates
DHCA and THCA significantly decreased after 1, 3, 9, 15 and
21 months of CA treatment compared to baseline (Fig. 1a, b).
When excluding baseline data from the patients who did not
complete the full duration of 21 months of treatment, the me-
dian levels after 15 and 21 months of treatment remained
significantly lower compared to the median baseline levels
(data not shown). No significant differences in the median
plasma DHCA and THCA levels were observed at baseline
and 2 years prior to treatment initiation (Fig. 1a, b). Six to 12
months after discontinuation of CA (i.e. end of the treatment
phase), the median DHCA and THCA levels significantly
increased and approached pre-treatment levels (Fig. 1c, d).
Nine out of 21 patients had detectable C27-bile acid interme-
diates in urine at baseline (one missing value). For eight of
these patients, follow-up urine analysis was available, reveal-
ing detectable C27-bile acid intermediates in two cases after
3 months of treatment. One of these patients was excluded
afterwards (#16). The other patient (#19) had no detectable
intermediates in urine after 9 months of treatment, but was

Table 1 Patient characteristics of 22 Zellweger spectrum disorder (ZSD) patients treated with cholic acid (CA)

Patient # Gender Age at start
of CA (years)

Allele 1 Allele 2 CA dose at end of
trial (mg/kg/day)

Duration of
treatment (months)

1 F 7 PEX1 c.1007T>C, c.1663T>C PEX1 c.2845C>T 10 21

2 M 23 PEX1 c.2528G>A PEX1 c.2528G>A 10 21

3 F 15 PEX1 c.2528G>A PEX1 c.2528G>A 10 21

4a F 35 PEX1 c.2528G>A PEX1 c.2528G>A 15 21

5a M 30 PEX1 c.2528G>A PEX1 c.2528G>A 15 21

6b F 17 PEX1 c.2528G>A PEX1 c.2528G>A 15 21

7 F 17 PEX1 c.2528G>A PEX1 c.2528G>A 15 21

8 M 8 PEX1 c.2528G>A PEX1 c.2528G>A 15 21

9 F 18 PEX6 c.1801C>T PEX6 c.1992G>C 15 21

10 F 20 PEX1 c.1777G>A PEX1 c.2528G>A 15 21

11c M 9 PEX1 c.2528G>A PEX1 c.2528G>A 15 21

12 M 16 PEX26 c.292C>T PEX26 c.292C>T 20 21

13 F 8 PEX10 c.1A>G PEX10 c.199C>T 20 21

14b M 12 PEX1 c.2528G>A PEX1 c.2528G>A 20 21

15c F 2 PEX1 c.2528G>A PEX1 c.2528G>A 20 21

16 M 4 PEX1 c.2614C>T PEX1 c.2528G>A Dropped out 3

17 F 7 PEX1 c.2528G>A PEX1 c.2528G>A 15 21

18 F 8 PEX1 c.2528G>A PEX1 c.2528G>A 15 21

19 F 10 PEX1 c.2097insT PEX1 c.2528G>A Dropped out 9

20 M 9 PEX6 c.1891del PEX6 c.2735C>T 15 9

21 F 2 PEX1 c.2097insT PEX1 c.2528G>A 15 9

22 M 2 PEX1 c.3379dup PEX1 c.2528G>A 20 9

Patients #16–19, 21 and 22 had severe liver fibrosis or cirrhosis based on ultrasound and/or elastography value ≥ 15.5 kPa
a , b , c Pairs of siblings
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also excluded from the study after that study visit due to signs
of liver toxicity. The individual levels of the C27-bile acid
intermediates in plasma and urine for each time point are
presented in Supplementary Table 1.

The median FGF19 levels increased significantly upon
CA treatment after 3, 9, 15 and 21 months of treatment,
whereas the median C4 levels significantly decreased
compared to the median baseline levels. This is compat-
ible with suppression of the bile acid synthesis through
bile acid-induced upregulation of FGF19 in the terminal

ileum (Fig. 1e, f). Also when excluding baseline data
from the patients who did not complete 21 months of
treatment, the median FGF19 and C4 levels after 15
and 21 months of treatment remained significantly al-
tered compared to baseline (data not shown). No signif-
icant differences were observed between the median
FGF19 and C4 levels at baseline and 2 years prior to
treatment initiation. The individual FGF19 and C4 levels
in plasma for each time point are presented in
Supplementary Table 1.

Fig. 1 a, b Tukey box plots
showing the effect of oral cholic
acid (CA) on plasma 3α,7α-
dihydroxycholestanoic acid
(DHCA) and 3α,7α,12α-
trihydroxycholestanoic acid
(THCA) after 1, 3, 9, 15 and
21 months of treatment. The
control reference range for THCA
is < 0.05–0.1 μmol/L and levels
of DHCA are undetectable
(< 0.05 μmol/L) in control
individuals. c, d Tukey box plots
showing the levels of plasma
DHCA and THCA at baseline,
study end (after 9 or 21 months of
CA treatment) and at follow-up
(6–12 months after
discontinuation of CA). Only the
levels of patients for which
follow-up values were available
are shown (n = 16). e, fTukey box
plots showing the effect of CA on
plasma levels of fibroblast growth
factor 19 (FGF19) and 7α-
hydroxy-4-cholesten-3-one (C4)
after 3, 9, 15 and 21 months of
treatment. A control reference
range for FGF19 and C4 in
children is not available. Two
individual C4 data points (patient
#2 after 15 months of treatment
and patient #15 after 21months of
treatment) were excluded from
the analysis, since these
measurements were prone to
interference due to technical
issues. All statistical analyses
were performed with a Wilcoxon
matched-pairs signed-rank sum
test. *p < 0.05, **p < 0.01,
***p < 0.005, ****p < 0.001, ns
not significant. -2yr = 2 years
prior to start of CA treatment
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Liver tests and elasticity

The median plasma levels of conjugated bilirubin and ALT
and AST were normal at baseline and did not significantly
change during CA treatment. However, all six patients with
elevated conjugated bilirubin levels in plasma at baseline (i.e.
patients #16–19, 21 and 22), had a progressive increase of
these levels during the treatment course (Fig. 2a, b). The same
patients also had liver cirrhosis on ultrasound and/or
elastography values of ≥ 15.5 kPa at baseline, indicative for
severe liver fibrosis or cirrhosis. No clear trend of plasma ALT
and AST in time could be observed in these six patients (red
lines in Fig. 2c, d). Additional clinical and biochemical base-
line features of the patients with severe liver fibrosis or cirrho-
sis are presented in Table 2. The median liver elasticity values
did not significantly change after 3, 9 or 21 months of CA
treatment. The individual ALT, AST, conjugated bilirubin and
liver elasticity levels for each time point are presented in
Supplementary Table 2.

Secondary outcome measures

No significant changes were observed in the levels of fat-
soluble vitamins A, D or E at any time point (levels

normalised for total plasma cholesterol, data not shown).
There was a small decrease in PT after 15 months (median
of differences 0.3 s, p = 0.049) and 21months of CA treatment
(median of differences 0.4 s, p = 0.020). However, no signif-
icant differences were found in aPTT (data not shown).
Similar results were found when excluding the baseline data
from the patients who did not completed 21 months of treat-
ment. No significant changes were found in plasma total cho-
lesterol levels or albumin levels (data not shown). Also, no
significant differences in the median SD scores for weight
were observed after 9 months (− 1.05 baseline SD vs. − 1.10
SD, p = 0.71) and after 21 months for the patients who com-
pleted the extended treatment phase (− 1.01 baseline SD vs.
− 0.95 SD, p = 0.33). The individual weight and median SD
score for weight at each time point are presented in
Supplementary Table 2.

Fibroblast growth factor 21

Fibroblast growth factor 21 (FGF21) is an endocrine factor
produced by the liver, with circulating levels increased under
conditions that ‘stress’ the liver (e.g. amino acid deficiency,
liver steatosis, alcohol abuse) (Schaap et al. 2013; Cariello and
Moschetta 2014; Ye et al. 2014). Since we aimed to identify a

Fig. 2 a Graph showing the
individual courses of conjugated
bilirubin levels during oral cholic
acid (CA) treatment (n = 22). The
patients with severe liver fibrosis
or cirrhosis based on ultrasound
and/or a elastography value of
≥ 15.5 kPa at baseline (n = 6) are
depicted in red. The upper control
reference range of conjugated
bilirubin (7 μmol/L) is indicated
by the dotted line. b Box plot
(min to max, showing all data
points) of the conjugated bilirubin
levels of patients with severe liver
fibrosis or cirrhosis (n = 6) after 1,
3 and 9 months of CA treatment.
The upper control reference range
of conjugated bilirubin (7 μmol/
L) is indicated by the dotted line. -
2yr = 2 years prior to start of CA
treatment. c, d Graphs showing
the individual courses of alanine
transaminase (ALT) and aspartate
transaminase (AST) levels during
oral CA treatment (n = 22). The
patients with liver cirrhosis are
depicted in red. The upper control
reference ranges of ALT (40 U/L)
and AST (45 U/L) are indicated
by the dotted lines
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biochemical parameter to predict which individual ZSD pa-
tient will likely develop a worsening of liver tests upon CA
treatment, we divided the patients into subgroups of patients
with (n = 6) and without (n = 16) severe liver fibrosis or cir-
rhosis based on ultrasound and/or elastography values
≥ 15.5 kPa. Significant differences were found in the baseline
FGF21 levels, with cirrhotic patients having markedly elevat-
ed levels (median 153 vs. 3742 pg/mL, p = 0.0002) (Fig. 3a).
FGF21 levels significantly increased after 3, 9, 15 and
21 months of CA treatment (Fig. 3b). The individual courses
of FGF21 levels during CA treatment are shown in Fig. 3c.

Discussion

Here, we investigated the effect of 21 months of CA treatment
on biochemical parameters and clinically relevant outcome
measures in 17 patients with a ZSD. CA induced a significant
suppression of bile acid synthesis during the whole treatment
phase, as inferred from a decrease in plasma C4 in these pa-
tients, and may be explained by the elevation of plasma
FGF19 upon CA treatment. The inhibition of bile acid synthe-
sis was accompanied by a decrease in the plasma levels of the
toxic C27-bile acid intermediates DHCA and THCA at all time
points, with normalisation in some patients. Despite the bio-
chemical effects after 21 months of CA treatment, no effect on
liver tests, liver elasticity, fat-soluble vitamin levels or body
weight could be observed.

The discrepancy between the effects on bile acid synthesis
and lack of effect on clinically relevant outcome measures is
remarkable. For some outcome parameters (e.g. liver tests and
elasticity), an explanation could be that the treatment phase is
too short to observe differences. In addition, a substantial part
of the patients already had normal liver tests and liver elastic-
ity at baseline. However, also in individual patients with clear-
ly abnormal liver tests and/or elasticity, no trend towards im-
provement could be observed. Moreover, the duration of the
treatment period does not explain why no noticeable benefi-
cial effect on the (generally low) fat-soluble vitamin levels or
body weight could be found. All patients had impaired fat
absorption, indicated by their need for fat-soluble vitamin
supplementation. Given the theory that C27-bile acid interme-
diates are less able to form mixed micelles in the intestinal
lumen, consequently leading to malabsorption of dietary fat
and fat-soluble vitamins (Van Eldere et al. 1987; Stieger et al.
1997), we should have been able to observe potential benefi-
cial effects of CA supplementation on these parameters in the
relatively short term. This is supported by the experiences
from primary bile acid therapy in other bile acid synthesis
disorders (Clayton 1991; Setchell et al. 2003; Haas et al.
2012). A possible explanation for the lack of effect on the
above described parameters could be that CA supplementa-
tion does not increase the micellar concentration in theTa
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intestinal lumen of ZSD patients enough to reach the critical
micelle concentration.

Our results raise the question as to whether targeting bile
acid metabolism alone is clinically relevant for ZSD patients.
It is largely unknown which biochemical abnormalities make
the greatest contribution to the different clinical symptoms in
ZSD, and it is assumed that it is the combination of abnormal-
ities that is important for the pathophysiological processes. As
mentioned, C27-bile acid intermediates were found to be hep-
a to toxic , especia l ly in thei r unconjugated form
(Ferdinandusse et al. 2009), and their accumulation is, there-
fore, generally considered to be the major cause of the liver
disease in ZSD. However, patients with α-methylacyl-CoA
racemase deficiency, a peroxisomal single-enzyme deficiency
due to mutations in the AMACR gene, show a comparable
accumulation of C27-bile acid intermediates in plasma. Yet,
in the majority of cases, no liver disease occurs, but only adult
onset of neurological symptoms (e.g. peripheral neuropathy,
retinitis pigmentosa and epilepsy) (Ferdinandusse et al. 2000;
Haugarvoll et al. 2013). It should, therefore, be considered to
investigate the effect of CA treatment on, for instance, the
long-term progression of neurological symptoms in ZSD, in-
stead of the liver phenotype alone. We also advise to include
coagulation parameters as secondary outcome parameters in
future studies studying the effect of CA. Moreover, it cannot
be ruled out that the biochemical abnormalities which are not
altered by CA treatment (e.g. accumulation of pristanic acid,
VLCFAs) play a crucial role in the pathogenesis and progres-
sion of liver disease in ZSD. Interestingly, patient #13
(harbouring PEX10mutations) predominantly shows a neuro-
logical phenotype with normal liver tests and elasticity, but
has elevated plasma C27-bile acid intermediates in combina-
tion with a normal VLCFA profile.

In addition to the 17 patients who were included in the
extended 21 months treatment phase, three newly diagnosed
patients (#20–22) were included in the initial treatment phase
of 9 months. Two of these patients were known to have severe
liver fibrosis or cirrhosis based on ultrasound and/or
elastography values ≥ 15.5 kPa. This made a total of 6/22
patients with advanced liver disease in the 9 months treatment
phase. All these patients showed progressive elevation of con-
jugated bilirubin levels in plasma during CA treatment,
supporting our earlier notion that CA treatment in patients
with advanced liver disease is likely to be hepatotoxic.

We aimed to identify biochemical parameters to predict
which individual ZSD patients will likely develop a worsen-
ing of liver tests upon CA treatment. FGF21, which was sug-
gested to be a potential biomarker for hepatic stress (Cariello
and Moschetta 2014; Ye et al. 2014), was significantly higher
at baseline in patients with advanced liver disease.
Interestingly, there was also a significant increase in the me-
dian FGF21 levels upon CA treatment in the total group of
ZSD patients, but the meaning of this finding remains to be
elucidated.

Recently, another group reported the results of long-term
CA treatment in 20 ZSD patients and claimed significant im-
provement in serum ALT and AST, improved weight percen-
tiles and a significant decrease in serum conjugated bilirubin
levels (Heubi et al. 2017). Those patients were treated with the
same dosage, but it is unclear how long the individual patients
were treated with CA, and follow-up was not structured.
Therefore, an important concern in this study is the phenom-
enon of long-term biochemical normalisation in ZSD patients
with a relatively mild phenotype (Berendse et al. 2016a), a
bias which cannot be ruled out, since the interval between
measurements was not specified. Additional concerns in this

Fig. 3 a Box plot (min to max, showing all data points) of the baseline
fibroblast growth factor 21 (FGF21) levels in patients without liver
cirrhosis (n = 16, levels in patients #10 and 21 are measured 1 year
before treatment initiation because of missing values at baseline) and
patients with liver cirrhosis (n = 6). Liver cirrhosis or severe fibrosis
was defined as an elastography value of ≥ 15.5 kPa at baseline and/or
signs of cirrhosis on ultrasound. Statistical analysis was performed with a
Mann–WhitneyU-test. b Tukey box plot showing the effect of oral cholic

acid (CA) on plasma levels of FGF21 after 3, 9, 15 and 21 months of
treatment. A control reference range for FGF21 is not available. Statistical
analysis was performed with a Wilcoxon matched-pairs signed-rank sum
test. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. c Graph
showing the individual courses of FGF21 levels during CA treatment
(n = 22). The patients with severe liver fibrosis or cirrhosis at baseline
(n = 6) are depicted in red. -2yr = 2 years prior to start of CA treatment
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study were addressed in a recently published letter to the ed-
itor (Klouwer et al. 2017) and stress the need for additional
data about the natural course of liver abnormalities in ZSD.

Taken together, the role of CA treatment in the management
of ZSD is far from established. Since ZSD patients with ad-
vanced liver disease are not deemed eligible for CA treatment,
and a substantial fraction of ZSD patients develops no clear liver
phenotype without intervention, prospective long-term studies
are necessary to define the subgroup of ZSD patients that may
benefit from CA treatment. Despite CA being approved in the
United States by the Food and Drug Administration (FDA) for
the treatment of patients with a ZSD under a ‘rare pediatric
disease priority review voucher’ (FDA 2015), we believe that
the evidence for possible beneficial effects of CA treatment in
ZSD is currently too limited to recommend CA as a therapy in
clinical practice. For ZSD patients that are already on CA, it is
the responsibility of the treating physician to be aware that clin-
ical benefit of CA therapy in ZSD is not proven and possible
side effects in an individual patient should play an important role
in the decision whether to discontinue the therapy in a specific
patient. In addition, we strongly recommend against the use of
CA in ZSD patients with advanced liver disease.
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