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Abstract 

Background: Zellweger spectrum disorders (ZSDs) are a rare, heterogenous group of autosomal recessively inherited 
disorders characterized by reduced peroxisomes numbers, impaired peroxisomal formation, and/or defective peroxi-
somal functioning. In the absence of functional peroxisomes, bile acid synthesis is disrupted, and multisystem disease 
ensues with abnormalities in the brain, liver, kidneys, muscle, eyes, ears, and nervous system.

Main body: Liver disease may play an important role in morbidity and mortality, with hepatic fibrosis that can 
develop as early as the postnatal period and often progressing to cirrhosis within the first year of life. Because hepatic 
dysfunction can have numerous secondary effects on other organ systems, thereby impacting the overall disease 
severity, the treatment of liver disease in patients with ZSD is an important focus of disease management. Chol-
bam® (cholic acid), approved by the U.S. Food and Drug Administration in March 2015, is currently the only therapy 
approved as adjunctive treatment for patients with ZSDs and single enzyme bile acid synthesis disorders. This review 
will focus on the use of CA therapy in the treatment of liver disease associated with ZSDs, including recommenda-
tions for initiating and maintaining CA therapy and the limitations of available clinical data supporting its use in this 
patient population.

Conclusions: Cholbam is a safe and well-tolerated treatment for patients with ZSDs that has been shown to improve 
liver chemistries and reduce toxic bile acid intermediates in the majority of patients with ZSD. Due to the systemic 
impacts of hepatic damage, Cholbam should be initiated in patients without signs of advanced liver disease.

Keywords: Zellweger spectrum disorder, Zellweger disease, Peroxisome biogenesis disorder, Hepatic injury, Cholic 
acid therapy
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Background
When the liver is confronted with chronic injury, the 
result is often hepatic fibrosis, which involves the excess 
deposition of extracellular matrix and production of 
fibrous connective tissue as a reparative process to 

contain the site of injury [1]. Formation of fibrous scar 
tissue distorts the hepatic architecture and, in the pres-
ence of continued insult, subsequently leads to cirrhosis. 
Chronic injury leading to fibrosis may occur in response 
to a number of insults, among which are genetic disor-
ders [2]. The Zellweger spectrum disorders (ZSDs) repre-
sent one such genetic disorder that may result in hepatic 
fibrosis early in the postnatal period [3–5].

ZSDs are a rare, heterogeneous group of autosomal 
recessively inherited disorders characterized by defec-
tive peroxisomes [3, 4]. These disorders are caused by 
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pathogenic sequence variants in one of 13 different PEX 
genes encoding peroxins, which are involved in peroxi-
some formation and/or peroxisomal protein import [4]. 
Peroxisomes, which are subcellular organelles present in 
all eukaryotic cells, catalyze a number of essential meta-
bolic functions, including the α- and β-oxidation of very 
long-chain, branched-chain, and dicarboxylic fatty acids, 
the biosynthesis of plasmalogens and bile acids, and the 
detoxification of glyoxylate and reactive oxygen species 
(ROS) [4–6]. The ZSDs encompass a spectrum of dis-
ease symptoms and severity, with phenotypes ranging 

from mild (infantile Refsum disease, IRD) and interme-
diate (neonatal adrenoleukodystrophy, NALD) to severe 
(Zellweger syndrome, ZS) [7]. Common symptoms 
include craniofacial dysmorphism, cognitive defects, 
visual impairment and sensorineural hearing loss, liver 
dysfunction, adrenal insufficiency, and renal stones [4, 8]. 
Patient survival varies with disease severity: patients with 
mild ZSD survive into adulthood, patients with moderate 
ZSD tend to survive into their teens, and patients with 
severe ZSD typically do not survive beyond their first 
year [9, 10].
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C27-bile acid intermediates

• Liver dysfunction
• Impaired bile flow
• Malabsorption

Farnesoid X 
receptor

Loss of feedback 
inhibition

SHP-1
LRH-1

A

B Cholesterol

CYP7A1

C24-bile acids restored

• Reduction in levels of toxic 
C27-bile acid intermediates

• Improved bile flow
• Improved absorption

Farnesoid X 
receptor

Negative feedback 
loop reactivated

SHP-1
LRH-1

Exogenous CA

Defect in peroxisome 
formation

Fig. 1 Disrupted bile acid synthesis in patients with ZSD and CA mechanism of action. CA, cholic acid; CDCA, chenodeoxycholic acid; CYP7A1, 
cytochrome P450 7A; LRH-1, liver receptor homolog 1; SHP-1, small heterodimeric partner 1. A Disrupted bile acid synthesis in patients with ZSD. In 
the absence of functional peroxisomes, there is a deficiency of primary  C24-bile acids, which subsequently results in the disruption of the negative 
feedback loop (dotted lines) that maintains bile acid homeostasis under normal physiological conditions. Increased transcription of CYP7A1 causes 
a build-up of  C27-bile acid intermediates, which have been shown to be cytotoxic. Additionally, deficiency in primary bile acids causes impaired 
bile flow and cholestasis, as well as reduced absorption of dietary fats and fat-soluble vitamins. B CA mechanism of action in patients with ZSD. 
Introduction of exogenous CA restores levels of the primary bile acids, improves bile flow and absorption, and reactivates the negative feedback 
loop, which, via repression of CYP7A1, reduces levels of the  C27-bile acid intermediates.  Adapted from Gonzales et al. [13], with permission from 
Elsevier
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As previously indicated, peroxisomes play an impor-
tant role in the biosynthesis of bile acids from cholesterol 
in the liver. The final steps of bile acid synthesis occur 
in the peroxisome, where the side chains of the  C27-bile 
acid intermediates dihydroxycholestanoic acid (DHCA) 
and trihydroxycholestanoic acid (THCA) are shortened 
by β-oxidation, resulting in the formation of the mature 
 C24-bile acids chenodeoxycholic acid (CDCA) and cholic 
acid (CA) [11]. In the absence of functional peroxisomes, 
there is a reduction of  C24-bile acids, as well as a build-
up of the  C27-bile acid intermediates, which have been 
shown to be cytotoxic (Fig.  1A) [11, 12]. Ferdinandusse 
et al. [12] demonstrated that incubation with increasing 
concentrations of  C27-bile acid intermediates resulted 
in a dose-dependent decrease in cell viability, decrease 
in ATP synthesis, and stimulation of ROS generation in 
the rat hepatoma cell line McA-RH7777. Additionally, 
because the CoA esters of DHCA and THCA are poor 
substrates for the glycine/taurine-conjugating enzyme 
bile acid: amino acid N-acyltransferase (BAAT), these 
bile acid intermediates are present mainly in unconju-
gated forms, which are poorly excreted into the canalicu-
lar space and result in increased hepatotoxicity [5]. Taken 
together, these findings suggest that increased produc-
tion of the toxic  C27-bile acid intermediates DHCA and 
THCA are an important contributing factor to the liver 
disease associated with ZSDs.

Treatment of liver disease in ZSD is a complex chal-
lenge involving the totality of the patient’s condition, 
extent of liver involvement, and potential for therapeutic 
benefit. This challenge is further complicated by a lack of 
robust natural history data supporting expectations of 
treatment outcome and by conflicting efficacy and safety 
data. Cholbam® (cholic acid) is the only U.S. Food and 
Drug Administration (FDA)-approved therapy for the 
treatment of ZSDs in both pediatric and adult patients 
who exhibit liver disease, steatorrhea, or complications 
from reduced absorption of fat-soluble vitamins [14]. In 
this review, recommendations for appropriate adminis-
tration of CA will be provided, including the best prac-
tices for initiating and maintaining CA therapy.

CA mechanism of action
Bile acids play several important roles in the liver, includ-
ing transport of nutrients and drugs to the liver for 
metabolism, stimulation of bile flow and enterohepatic 
circulation, and absorption of lipid-soluble vitamins, 
dietary fats, and sterols in the intestine. Additionally, 
bile acids regulate hepatic lipid, glucose, and energy 
metabolism via activation of the nuclear bile acid recep-
tor farnesoid X receptor (FXR) and the membrane G 
protein-coupled receptor TGR5 [15]. Given their essen-
tial role in many physiological processes, as well as the 

fact that several bile acid intermediates are cytotoxic, bile 
acid biosynthesis needs to be tightly controlled. Under 
normal physiological conditions, there exists a negative 
feedback loop that keeps levels of bile acid intermedi-
ates in the liver low to prevent their deleterious effects 
on intracellular processes [5]. The  C24-bile acids CDCA 
and CA bind to FXR, which activates the transcription 
of short heterodimeric partner 1 (SHP-1). SHP-1 then 
inhibits transcription of liver receptor homolog 1 (LRH-
1), which normally transactivates cytochrome P450 7A 
(CYP7A1), the rate-limiting enzyme for bile acid synthe-
sis [5, 16]. In the absence of functional peroxisomes, as 
in ZSD, the defective production of mature  C24-bile acids 
disrupts the negative feedback loop, causing accumula-
tion of toxic  C27-bile acid intermediates (Fig. 1A) [17].

Based on this pathway, CA therapy has been the sub-
ject of a number of studies in ZSD. It is hypothesized that 
introduction of exogenous CA will:

1. Reduce levels of the toxic  C27-bile acid intermediates 
via restoration of the negative feedback loop and sub-
sequent downregulation of CYP7A1 (Fig. 1B), result-
ing in reduction in the level of toxic  C27-bile acid 
intermediates, which will reduce injury to the liver, 
limiting hepatic disease progression, as well as extra-
hepatic injury, which may lead to central nervous 
system (CNS) dysfunction [17–19]. It has been theo-
rized that DHCA and THCA cross the blood–brain 
barrier to mediate effects on the CNS; however, the 
process by which this occurs is not well understood 
[4].

2. Restore  C24-bile acid levels, thereby improving bile 
flow, which will facilitate biliary excretion of bile 
acids and improve cholestasis (Fig. 1B) [17–19].

3. Increase intraluminal bile acid concentration, which 
will facilitate the absorption of dietary fats and fat-
soluble vitamins and potentially improve growth 
[17–19].

Oral bile acid therapy has been tested in animal mod-
els of ZSD, most notably the PEX2 knockout mouse [11]. 
PEX2−/− mice have a marked deficiency of peroxisomal 
assembly characterized by reduced  C24-bile acids, accu-
mulated  C27-bile acid intermediates, and low total bile 
acid levels in both liver and bile. These mice have severe 
intrahepatic cholestasis that abates in the early postna-
tal period and progresses to steatohepatitis by postnatal 
day 36. Treatment of PEX2−/− mice with a mixture of 
CA and ursodeoxycholic acid (UDCA) starting on post-
natal day 1 improved postnatal survival, increased body 
fat deposition with significant resolution of steatorrhea, 
alleviated intrahepatic cholestasis, reduced  C27-bile acid 
intermediate production, and prevented older mutants 
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from developing severe steatohepatitis. Notably, how-
ever, other aspects of the liver worsened in treated mice, 
including steatosis and mitochondrial and cellular dam-
age, suggesting that bile acid therapy has limited effec-
tiveness in preventing hepatic disease [11]. The use of 
the combination of UDCA and CA in these analyses may 
have blunted the potential value of CA since UDCA may 
have competitively inhibited the absorption of CA and 
thereby reduced bile acid pool enrichment with CA and 
inhibited its role in feedback inhibition of Cyp7a and 
reduction in potentially toxic metabolites, THCA and 
DHCA.

Clinical studies demonstrating efficacy of CA 
therapy in patients with ZSD
At present, clinical data supporting the efficacy of CA 
therapy in patients with ZSD are limited (Table  1). The 
initial observation of its utility was described in a case 
report of a 2-month-old boy who presented with the 
typical signs of ZS, including marked craniofacial dys-
morphism, severe hypotonia, hearing and retinal abnor-
malities, seizures, and hepatomegaly with signs of 
liver dysfunction [18]. Liver biopsy demonstrated the 
absence of well-formed peroxisomes. At 28  weeks of 
age, the patient was started on 100  mg/day each of CA 
and CDCA. A significant improvement in biochemical 
indices of liver function occurred along with a histologi-
cal decrease in the extent of bile duct proliferation and 
inflammation and a normalization of serum bilirubin and 
liver enzymes, including alanine aminotransferase (ALT) 
and γ-glutamyl transpeptidase. Importantly, plasma and 
urinary levels of  C27-bile acid intermediates decreased 
with treatment. Steatorrhea improved and was accom-
panied by a marked increase in growth. Neurological 
symptoms improved, including reduction in seizures and 
improved spontaneous motility. Despite the observed 
improvements, 8  months after initiating treatment, the 
patient died at one year of age with respiratory failure 
[18].

The case study results reported by Setchell et  al. 
formed the basis for a larger cohort study of CA therapy 
in patients with ZSD. In this open-label, pretest–posttest 

study, 19 patients (aged 2–35 years) with genetically con-
firmed ZSD were treated with 15  mg/kg/day of CA for 
36 weeks [17]. The dose was increased to 20 mg/kg/day 
in five patients at different time points because of per-
sistently elevated plasma  C27-bile acid intermediates, 
and it was decreased to 10  mg/kg/day in four patients 
because of diarrhea (2 patients), an increase in plasma 
transaminases (1 patient), and an increase in conjugated 
bilirubin (1 patient). After 4, 12, and 36 weeks of CA sup-
plementation, there was a significant increase in plasma 
CA levels, as well as a significant decrease in the levels 
of the  C27-bile acid intermediates DHCA and THCA. 
Furthermore, plasma levels of fibroblast growth factor 
19 (FGF19), a negative regulator of CYP7A1 expression, 
were increased, whereas plasma levels of C4, a marker for 
CYP7A1 enzyme activity, were decreased, both of which 
indicated suppression of bile acid synthesis. No changes 
from baseline in median aspartate aminotransferase 
(AST), ALT, and conjugated bilirubin levels; Fibroscan® 
liver stiffness values; fat-soluble vitamin (A, E, and D) 
concentrations; or weight were observed with CA sup-
plementation. As a post hoc analysis, the patients were 
divided into two subgroups based on the degree of liver 
stiffness prior to therapy, as assessed by Fibroscan® anal-
ysis: group 1, Fibroscan® < 15.5 kPa (n = 15) and group 2, 
Fibroscan® ≥ 15.5 kPa (n = 4). Interestingly, the decrease 
in DHCA and THCA following CA supplementation 
was observed in only group 1, not group 2. Similarly, the 
changes in FGF19 and C4 levels were also observed in 
only group 1. The patients in group 2 also had markedly 
increased plasma CA levels upon CA supplementation, 
as well as an increase (albeit not statistically significant) 
in plasma transaminases and conjugated bilirubin, sug-
gesting advanced liver damage [17].

An extension of this study was conducted for an addi-
tional 12  months in 22 patients with ZSD [20]. The 19 
patients continuing from the initial study were main-
tained on the same dose that they were on at the conclu-
sion of the 9-month treatment phase. Patients who were 
not included in the initial 9-month treatment phase were 
started with a dose of 15 mg/kg/day. Again, the dose was 
increased to 20  mg/kg/day when patients demonstrated 

Fig. 2 Klouwer et al. [20]: impact of cholic acid therapy on bile acid levels, and liver chemistry. 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, F 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. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001, ns, not significant. Reprinted from Klouwer et al. [20]; with permission from John Wiley and Sons. 
This is an open access article distributed under the terms of the Creative Commons CC BY license, which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original work is properly cited

(See figure on next page.)
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persistently elevated plasma  C27-bile acid interme-
diates, and it was decreased to 10  mg/kg/day when 
adverse events, such as diarrhea, vomiting, or worsen-
ing liver tests, occurred. After 3, 9, 15, and 21  months 
of CA supplementation, median plasma levels of DHCA 
and THCA significantly decreased (Fig.  2A–D), median 
FGF19 levels significantly increased, and median C4 lev-
els significantly decreased compared with median base-
line levels, indicating suppressed bile acid synthesis. 
Similar to the findings of Berendse et al. [17], no changes 
from baseline in median AST, ALT, and conjugated bili-
rubin levels; liver elasticity values; fat-soluble vitamin 
(A, E, and D) concentrations; or weight were observed 
with CA supplementation (Fig. 2E, F) [20]. Patients were 
divided into two subgroups, those with (n = 6) and those 
without (n = 16) severe liver fibrosis or cirrhosis, based 
on ultrasound and/or elastography values ≥ 15.5  kPa, 
and significant differences in baseline levels of FGF21, an 
endocrine factor that becomes elevated under conditions 
of stress in the liver, were found. Compared with the 16 
patients without severe liver fibrosis/cirrhosis, the 6 
patients with severe liver fibrosis/cirrhosis had markedly 
elevated baseline FGF21 levels. During CA supplemen-
tation, these same patients had elevated baseline levels 
of conjugated bilirubin, as well as a progressive increase 
in conjugated bilirubin levels. Based on the results of 
the initial 9-month treatment period and the 12-month 
extension study, the authors concluded that CA therapy 
may be effective in a subset of patients with ZSD, lead-
ing to a partial suppression of bile acid synthesis in the 
majority of patients. However, in patients with advanced 
liver disease, CA therapy may have been hepatotoxic; 

thus, the authors cautioned against its use in patients 
with a more severe liver phenotype [17, 20]. Based upon 
experience in patients with ZSD, it is clear that patients 
with advanced disease may not benefit from CA therapy 
and progress despite its use. However, anecdotal evi-
dence from patients with single-enzyme defects suggest 
that CA, if started rapidly after diagnosis, is effective 
even in patients with severe liver disease and fibrosis, dis-
tinguishing patients with advanced damage due to single-
enzyme deficiency from counterparts with ZSD [19].

Results from the largest clinical study to date investi-
gating the use of CA in patients with a bile acid synthe-
sis disorder led to the FDA approval of Cholbam (CA) in 
March 2015 [14, 19]. In this phase 3, open-label, single-
arm, nonrandomized, noncomparative study conducted 
over 18 years, the efficacy and safety of oral CA were eval-
uated in 70 patients with either a single enzyme defect 
(SED; n = 50) or ZSD (n = 20) [19]. ZS (median age, 
6 years) and NALD (median age, 2 years) were the most 
common ZSDs. Patients were administered 10–15  mg/
kg/day of CA once daily or in divided doses twice daily 
as capsules emptied into food or as a liquid formula-
tion (15  mg/mL) for patients who could not swallow 
capsules. The mean duration of treatment for patients 
in the safety set was 145  weeks (range 0–545  weeks). 
Treatment with CA significantly improved urine bile 
acid fast atom bombardment ionization mass spectrom-
etry (FAB-MS) scores in patients with SED and ZSD, 
indicating improved urinary bile acid excretion. Among 
patients with ZSD, the percentage with normal FAB-
MS scores increased from 33.3% to 85.2% (P < 0.0001) 
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with CA treatment (Fig. 3A). CA treatment significantly 
improved liver chemistries, with a marked increase in the 
number of SED and ZSD patients with serum ALT and 
AST values below the upper limit of normal (ULN) and a 
marked decrease in the number with values ≥ 2 times the 
ULN (P < 0.0001). The majority of patients with ZSD had 
elevated AST (77.8%) and ALT (59.3%) levels at baseline. 
Posttreatment, 42.3% had elevated AST levels (P = 0.007), 
and 11.1% had elevated ALT levels (P = 0.0003), sug-
gesting a reduction in biochemical markers of liver dis-
ease (Fig.  3B). Serum direct bilirubin also significantly 
decreased from 3.5 to 0.6  mg/dL (P < 0.001). CA treat-
ment significantly improved weight profiles for both 
patients with SED (P = 0.006) and those with ZSD, with 
the weight percentiles of patients with ZSD increas-
ing from 8.3% pretreatment to 25.6% posttreatment 

(P = 0.014; Fig.  3C). Furthermore, with the exception of 
bridging fibrosis, all histological parameters improved 
with CA treatment, including cholestasis, giant cells, and 
necrosis. Treatment-emergent adverse events (TEAEs) 
were predominantly mild to moderate. Of the 28 serious 
adverse events (SAEs) reported, the most frequent were 
disease progression, diarrhea (3%), urinary tract infec-
tion (3%), and dehydration (3%). None of the SAEs were 
considered treatment related. The authors concluded that 
orally administered CA at a dosage of 15 mg/kg/day is an 
efficacious, safe, and well-tolerated treatment for patients 
with an SED or a ZSD [19].

A continuation of this study was undertaken for 
an additional 6  years to further evaluate the efficacy 
and safety of CA therapy in patients with a bile acid 
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synthesis disorder [21]. The phase 3, open-label, 
single-arm extension study included a total of 53 
patients, of which 31 (58%) were on CA from the pre-
vious study and 22 (42%) were newly diagnosed and 
treatment naïve. Twelve patients (23%) had a ZSD, 
and the remaining 41 (77%) had SEDs. Patients were 
treated orally with 10–15  mg/kg/day of CA. The 
median duration of treatment for the total population 
was 1517  days (range 1–2404  days). Using baseline-
to-best post-baseline analyses, statistically significant 
improvements were observed in urinary bile acids 
(P = 0.003), height (P < 0.001), and body weight 
(P < 0.001) with CA treatment (Fig.  4A, B). Serum 
AST and ALT levels tended to decrease from baseline 
in treatment-naïve patients and remained stable in 
previously treated patients (Fig.  4C, D). TEAEs were 
predominantly mild or moderate in intensity, and 
the majority were considered unrelated to the study 
treatment. The most common TEAE was upper res-
piratory tract infection (17%), followed by abdomi-
nal pain, diarrhea, disease progression, and reduced 
serum 25-hydroxyvitamin D (11% each). The overall 
baseline-to-best results reinforce the findings of the 
previous study demonstrating efficacy of CA in treat-
ment-naïve patients, as well as indicating an increase 
in efficacy with long-term CA supplementation in 
previously treated patients with ZSD [21].

In support of the findings of Heubi et  al., recent 
case reports have demonstrated the long-term effi-
cacy of CA treatment in patients with ZSD, includ-
ing those presenting with evidence of advanced liver 
disease at diagnosis. The case studies included 4 
pediatric patients who were all diagnosed between 3 
and 15 months of age with mild (2 patients) or severe 
(2 patients) ZSD [9, 22]. Three of these patients, 
including one who presented with bridging fibrosis 
at diagnosis, have been maintained on CA therapy 
for ≥ 15  years; therapy is ongoing, and the patients 
have attained a good quality of life, including attend-
ance at school with classroom accommodations [22]. 
The fourth patient, who presented with moderate 
fibrosis at diagnosis, was successfully maintained on 
CA therapy for 18  years and 6  months, but eventu-
ally died at 19 years of age from hepatocellular carci-
noma [9]. In all four patients, ongoing CA treatment 
was associated with improved or stabilized liver func-
tion, as demonstrated by serum biochemistries and 
liver histology [9, 22]. While these case studies serve 
to demonstrate the potential long-term benefits of CA 
therapy, they also reinforce the importance of early 
intervention with CA before liver disease progresses 
to an advanced stage.

Treatment initiation and maintenance
The clinical studies undertaken by Heubi et  al. [19] and 
Klouwer et  al. [20] represent the two largest, system-
atic clinical trials investigating the use of CA therapy in 
patients with bile acid synthesis disorders to date. While 
the findings and conclusions drawn seemingly conflict, 
the differences may be explained, at least in part, by the 
differences in the study populations from the 2 cohorts 
and the study designs. These differences additionally 
serve to underscore a few important considerations in 
the treatment of ZSD patients with CA therapy.

The study populations in Heubi et  al. [19] and 
Klouwer et  al. [20] differ in hepatic involvement, dis-
ease severity, and age at initiation of CA therapy. The 
majority of patients with ZSD in the Heubi study had 
baseline ALT and AST levels ≥ 100 U/L (59.3% and 
77.8%, respectively) vs few patients in the Klouwer 
study (4.5% and 15%, respectively) [19, 20]. Given that 
the majority of patients with ZSD in the Klouwer study 
already had normal AST and ALT levels at baseline, 
it is unlikely that significant improvements in liver 
chemistries with CA therapy would be demonstrated 
in this study population; however, liver chemistries 
did not worsen over the course of treatment (Fig.  2E, 
F). This hypothesis is supported by the findings of 
Heubi et  al. [21], in which serum AST and ALT lev-
els improved in treatment-naïve patients but remained 
stable in previously treated patients (Fig.  4C, D). The 
populations also differed in disease severity at initia-
tion of CA therapy. In the Klouwer study, 6 of the 22 
patients with ZSD had severe liver fibrosis or cirrhosis 
at baseline. This subset of patients also had elevated 
conjugated bilirubin levels in plasma at baseline, with 
a progressive increase in these levels during the treat-
ment course. According to the prescribing information 
for Cholbam, worsening liver function is indicative of 
a failure of treatment, and cessation of therapy is war-
ranted [23]. It is possible that, in these patients, the 
disease is so advanced that CA therapy is not effective. 
Patients in the Klouwer study that had normal liver 
function and no evidence of cirrhosis at baseline gen-
erally remained stable for the duration of the study. It 
is unclear whether this was due to CA therapy or due 
to the natural history of their liver disease. Lastly, the 
mean age of patients at initiation of CA therapy in the 
Heubi study was 3 years vs a mean age of 13 years in 
the Klouwer study, suggesting a need for early inter-
vention in patients with ZSD. Liver dysfunction in 
patients with ZSD has considerable impact on other 
organ systems; therefore, intervention before liver dys-
function becomes profound has the greatest potential 
to reduce disease severity.
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The differences in findings between Heubi et  al. [19] 
and Klouwer et al. [20] may also be explained by the dura-
tion of the studies. Klouwer treated patients for slightly 
less than 2 years, whereas Heubi reported the long-term 
outcomes of patients treated over a span of 18 years [19, 
20]. A treatment period of 21 months may be too short 
to conclude whether CA has an effect on clinical pro-
gression. The Klouwer study failed to demonstrate an 
important feature of CA therapy, which is improvement 
in growth. In contrast, Heubi et  al. [19] reported a sig-
nificant improvement in the weight percentiles of ZSD 
patients treated with CA (Fig. 3C).

The differences in the study populations and design and 
in the subsequent therapeutic responses between Heubi 
et al. [19] and Klouwer et al. [20] suggest an approach to 
CA therapy that is dependent on the extent of liver dam-
age when treatment is under consideration:

• Cirrhosis with or without decompensation: If CA is 
used, frequent monitoring for worsening of liver dis-
ease is warranted, and treatment should be stopped 
with any deterioration in condition. Caution should 
be exercised in patients with cirrhosis, as in these 
patients CA therapy may not be efficacious; severe 
cases of hepatotoxicity have been observed in some 
patients with cirrhosis. Therefore, exacerbation of 
liver impairment by CA cannot be ruled out.

• No cirrhosis, but evidence of hepatic injury or risk 
of liver injury (elevations in liver enzymes or atypi-
cal bile acids): CA therapy has been associated with 
improved liver chemistries, reduced atypical bile 
acids, and improved height and weight.

• No evidence of hepatic involvement (normal liver 
chemistry, no atypical bile acid levels present): CA 
is approved for the treatment of ZSD in patients 
with manifestations of liver disease, steatorrhea, or 
complications from decreased fat-soluble vitamin 
absorption. The efficacy of CA therapy in mitigating 
or reversing liver disease in patients with ZSD is not 
proven, and its use should be considered on a case-
by-case basis, possibly from a nutritional perspective.

Given that ZSD is a rare disease with no cure, the goal of 
treatment is to manage symptoms and improve the qual-
ity of life of patients and their caregivers. ZSDs are clini-
cally heterogeneous, with high morbidity in most patients 
and mortality in some, so it is important to help patients 
and caregivers understand the likely long-term outcomes 
based on the severity of disease at diagnosis [4]. Further-
more, patients and caregivers should understand how CA 
therapy may affect prognosis, particularly as a supportive 
therapy that may help preserve hepatic function. The rec-
ommended dosage of CA is 10–15 mg/kg [23]; however, 

many physicians initiate therapy with a low dose, titrat-
ing up to a higher dosage as needed. Certain parameters 
indicative of effective treatment, such as increases in 
height and weight, may require longer periods of treat-
ment before they become apparent; therefore, continued 
treatment may be required to observe effects when those 
improvements are not immediately apparent.

Limitations and knowledge gaps
The natural history of liver disease in ZSD is poorly 
understood. Infants may present with advanced liver dis-
ease that progresses to liver failure in the first months of 
life, yet there are patients who have ongoing disease for 
years with stabilized liver function and a relatively good 
quality of life. Thus, a significant limitation in the inter-
pretation of clinical data is the broad spectrum of clini-
cal phenotypes and associated biochemical variations 
within these cohorts [4]. To this end, a longitudinal natu-
ral history study of patients with peroxisome biogenesis 
disorders (PBDs) is currently underway, and results are 
expected in early 2022 (clinicaltrails.gov: NCT01668186). 
Furthermore, new biochemical markers that correlate 
with disease progression are necessary [4]. Available 
natural history data and access to improved biochemical 
markers of disease would be helpful assets in determin-
ing the implementation of CA therapy, as well as serving 
as a baseline of comparison for CA therapy effects over 
time.

Data from structured, large-scale, long-term clinical 
studies are scarce. Future studies, particularly those in 
patients with early initiation of CA therapy, are needed 
to elucidate the potential long-term hepatic and extrahe-
patic effects of treatment [9]. These studies would help 
establish the durability of CA therapy in the maintenance 
of liver function in patients with ZSD and could deter-
mine whether there is a threshold for when treatment 
may become less able to preserve function. Moreover, 
future studies should aim to identify whether there is a 
subgroup of patients with ZSD that would most benefit 
from CA therapy with regards to age and varying histo-
logical and biochemical parameters at diagnosis.

Summary/conclusions
Cholbam, an oral CA therapy approved by the US FDA 
in March 2015, is an efficacious, safe, and well-tolerated 
treatment for bile acid synthesis disorder due to single 
enzyme defects, and for adjunctive treatment of peroxi-
somal disorders, including ZSD, in patients who exhibit 
manifestations of liver disease, steatorrhea, or complica-
tions from decreased fat-soluble vitamin absorption [23]. 
For the majority of patients with ZSD, CA therapy has 
been shown to improve abnormal liver chemistries and 
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histology, reduce levels of the toxic  C27-bile acid interme-
diates DHCA and THCA in plasma and urine, stabilize 
or reduce hepatic inflammation and fibrosis, and improve 
growth. The approach to CA therapy in patients with 
ZSDs should be dependent on the extent of liver dam-
age when treatment is under consideration, with patients 
who show signs of liver damage without progression to 
cirrhosis being the most likely to benefit from treatment. 
In ZSD patients with advanced liver disease, caution 
should be used in administering CA therapy because, in 
this subset, CA therapy may not be efficacious; in these 
patients, frequent monitoring of liver function is war-
ranted to help identify a failure of treatment. For patients 
with ZSD, the use of CA should be as a supportive ther-
apy to help manage symptoms and improve quality of life.
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