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Abstract

Zellweger spectrum disorders (ZSDs), a subgroup of peroxisomal biogenesis disorders, have a
generalized defect in peroxisome function. Liver disease in ZSDs has been linked to accumu-
lation of Cy7-bile acid intermediates due to the lack of peroxisomal B-oxidation of these inter-
mediates to form primary Cz4-bile acids. Oral treatment with primary bile acid, cholic acid (CA),
inhibits formation of hepatotoxic Cz7-bile acids by restoring normal physiologic feedback in-
hibition on bile acid synthesis. We present the long-term CA treatment and liver-related out-
comes for 3 pediatric patients with ZSDs who have received CA treatment for >15 years. On-
going CA treatment was associated with stabilized liver function, as shown by serum biochem-
istries and liver histopathology, and no treatment-related adverse effects were observed. All
3 patients have attended regular school with classroom accommodations and attained a good
quality of life. Our patient outcomes suggest that early and ongoing CA therapy may sustain

liver function in patients with ZSDs. © 2018 The Author(s)
Published by S. Karger AG, Basel
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Introduction

Peroxisomal biogenesis disorders have a generalized or specific defect in peroxisome
function that interferes with fatty acid -oxidation, bile acid synthesis, ether phospholipid
biosynthesis, fatty acid a-oxidation, glyoxylate detoxification, and/or L-pipecolic acid degra-
dation [1]. Patients with Zellweger spectrum disorders (ZSDs, severe OMIM#214100/mild
OMIM#601539), a subgroup of peroxisomal biogenesis disorders, exhibit wide-ranging clini-
cal symptoms that can be categorized as relatively mild, intermediate, or severe [2, 3]. Clinical
features that may occur across the spectrum of ZSD severity include developmental delay and
neurological abnormalities, seizures, liver dysfunction and hepatomegaly, vision and hearing
impairment, and adrenocortical dysfunction [3].

Liver disease in ZSDs has been associated with the accumulation of the Cz7-bile acid syn-
thesis intermediates di- and trihydroxy-cholestanoic acid (DHCA, THCA) [1, 4]. In ZSDs, bile
acid synthesis is dysregulated due to the lack of peroxisomal 3-oxidation of C27-bile acid inter-
mediates that cannot undergo side-chain oxidation to form normal C,4-primary bile acids. This
results in loss of the normal feedback regulation of bile acid synthesis and further produc-
tion/accumulation of Cz7-bile acid intermediates [5]. Oral treatment with primary bile acid,
cholic acid (CA), inhibits formation of Cz7-bile acids from cholesterol via downregulation of
bile acid biosynthesis through activation of the nuclear farnesoid X receptor, resulting in re-
duced transcriptional activation of cholesterol 7a-hydroxylase, the rate-limiting enzyme in
bile acid biosynthesis [1, 6]. CA therapy in ZSD was first examined more than 20 years ago in
an infant with severe ZSD and resulted in reduction in serum liver enzymes, decreased urinary
Cz7-bile acids, and weight gain [7]. Additionally, the infant had a significant reduction in con-
tinuous seizures to 2-3 episodes a day [7]. Recently, 9-month CA treatment in ZSD patients
without advanced liver disease significantly reduced levels of Cz7-bile acid intermediates [5],
confirming the original observations of downregulation in bile acid synthesis by oral CA [7].

Oral CA (Cholbam®; Retrophin, Inc., San Diego, CA, USA) was approved in March 2015 by
the FDA for adjunctive treatment of peroxisomal disorders, including ZSD. The CA treatment
outcomes in 20 ZSD patients included in the registration trial supporting FDA approval of CA
for treatment of single-enzyme defects and adjunctive treatment for ZSDs were recently re-
ported [8]. Normalized urinary bile acid excretion was found in 85.2% of ZSD patients follow-
ing CA treatment, and there was a marked increase in the number of patients with serum liver
enzyme levels below the upper limit of normal. However, specific responses of individual pa-
tients over the long-term course of CA therapy were not reported. Here we present the long-
term CA treatment histories and liver-related outcomes for 3 patients with ZSDs initially
treated with CA under an FDA Investigational New Drug (IND) application who have contin-
ued on CA. Patients 1 and 2, twins diagnosed with mild ZSD, began CA treatment at age 13
months and 19 months, respectively, and were 17 years old at the time of this report. Patient
3, diagnosed with severe ZSD, began CA treatment at age 3 years and was 19 years old at the
time of this report. We report on the metabolites produced because of peroxisomal dysfunc-
tion, liver histology in early infancy and childhood, serum liver chemistries, and quality of life-
related outcomes.
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Methods

The patients were treated with CA within an investigator-initiated compassionate use
program (NCT00007020) followed by an open-label, nonrandomized, noncomparative clini-
cal study (NCT01438411). These studies were approved by the Institutional Review Board of
the Cincinnati Children’s Hospital Medical Center. The parents of each patient provided in-
formed consent for inclusion in the FDA IND studies and in this report.

Patients received clinical care at distant sites, and their local treating physicians provided
patient laboratory data and urine samples for assessments. Data collection was not required
at standardized study time points. Patients were allowed to continue other medications and
medical care. Laboratory assessments of serum liver chemistries included alanine amino-
transferase (ALT), alkaline phosphatase (ALP), aspartate aminotransferase (AST), and biliru-
bin and were performed in certified laboratories (Clinical Laboratory Improvement Act or
College of American Pathologists). Percutaneous liver biopsies prior to CA treatment and up
to 12 months following CA initiation were reviewed in Cincinnati by K.E.B., a pediatric
pathologist. Standard methods were used for liver biopsy processing and section staining
used hematoxylin, eosin, and trichrome. Peroxisome number was assessed using standard
electron microscopy preparation techniques and exhaustive search without catalase markers.
Data from mass spectral analysis of urinary bile acids performed with fast atom bombardment
mass spectrometry (FAB-MS) were reviewed by K.D.R.S. using semiquantitative assessment
of normal, slightly increased, significantly increased, or markedly increased levels of atypical
bile acids.

Patient 1

Clinical History

Patient 1, a Hispanic male, was born prematurely in a twin pregnancy at gestational age
35 weeks and weighed 1.6 kg at birth. He required oxygen in the nursery and at postpartum
age 3 weeks had a seizure and small intracranial hemorrhage secondary to vitamin K defi-
ciency. He had a significant vitamin K-responsive bleeding tendency following immunization
injections that resulted in hematomas. He had low energy, weakness, loss of appetite, hearing
loss, and delayed visual maturation.

At age 5 months he had a markedly prolonged prothrombin time (PT) and no jaundice,
hepatosplenomegaly, or pruritus, but had markedly increased serum and urine bile acids.
Urine FAB-MS showed presence of taurine-conjugated trihydroxy- and tetrahydroxy-choles-
tanoic acids (C27-bile acids) consistent with a defect in peroxisomal (3-oxidation of THCA. Fur-
ther testing resulted in a diagnosis of mild ZSD (Table 1).

Two liver biopsies were performed, the first prior to CA treatment. Histopathology at age
7 months showed moderate lobular disarray with prominent pseudoacinar transformation,
minor focal periportal fibrosis, and minimal inflammation. Portal areas contained rare en-
larged macrophages with slate-grey cytoplasm. Spotty hepatocyte necrosis and mitotic activ-
ity were uncommon. Steatosis, ductular proliferation, and cholestasis were absent. Liver ul-
trastructure showed no normal peroxisomes. Rare peroxisome-like structures showed matrix
separation from membrane and a dense amorphous core.
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Cholic Acid Treatment

At age 13 months, when CA 15 mg/kg/day was started, the patient had frontal bossing, a
liver that was firm and palpable 2-3 cm below the costal margin with a nonpalpable spleen,
and mild developmental delay with no focal neurological findings. Serum ALT, ALP, and bili-
rubin were normal, but AST was elevated (Table 2). For a short period at the beginning of CA
therapy, he received treatment with ursodeoxycholic acid. Histopathology following 7 months
of CA treatment at age 20 months was mostly unchanged, indicating no progression of liver
disease (Fig. 1a-d). Ongoing CA therapy dosing has ranged from 9 to 15 mg/kg/day, and at
the time of this report, the patient has received CA treatment for 15.5 years without any treat-
ment-related adverse events.

Long-Term Outcome

With ongoing CA treatment, FAB-MS showed a normal urinary bile acid profile consistent
with resolution of the cholestasis (data not shown) and the serum liver chemistries stabilized
(Table 2). The patient has attended regular school with classroom accommodations and con-
tinues to receive CA.

Patient 2

Clinical History

Patient 2, a Hispanic female and twin of patient 1, was born prematurely at gestational
age 35 weeks, weighing 2.2 kg. She had a 1-week stay in the newborn intensive care unit for
feeding and had strabismus, nystagmus, and hearing loss. She was evaluated following her
twin’s ZSD diagnosis and was diagnosed with mild ZSD at age 15 months. A panel of peroxiso-
mal metabolites (Table 1) and urine FAB-MS findings, including slight/mild elevation in uri-
nary bile acid excretion, mild cholestasis, and presence of abnormal bile acid metabolites,
were characteristic of a peroxisomal function disorder.

Before CA treatment, liver histopathology showed normal lobular architecture. Hepato-
cytes had clear expanded cytoplasm with subtle pseudoacini and a rare glycogen pseudonod-
ule. Rare but conspicuous Kupffer cells and portal macrophages had expanded cytoplasm with
a slate-blue tint that was positive with PAS diastase. Mild portal fibrosis with incomplete septa
and focal sinusoidal fibrosis were present (Fig. 1e), and occasional storage-type Kupffer cells
contained negatively staining linear inclusions (inset Fig. 1e). Liver ultrastructure failed to
identify peroxisomes; Kupffer cells contained prominent dense polymorphous residual bodies
without crystalloids. Pre-CA treatment serum ALT, AST, and ALP were elevated, whereas bil-
irubin and PT were normal (Table 1).

Cholic Acid Treatment

CA 15 mg/kg/day was initiated at age 19 months. Examination prior to CA was unremark-
able except for nystagmus and a liver palpable 2 cm below the right costal margin without
splenomegaly. Ongoing CA therapy has ranged from 9 to 15 mg/kg/day without any treat-
ment-related adverse events. Her FAB-MS scores for urinary bile acid excretion normalized
(data not shown), and serum liver chemistries stabilized (Table 2).
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Long-Term Outcome
The patient has attended regular school with classroom accommodations and success-
fully received a cochlear implant. She continues to receive CA treatment.

Patient 3

Clinical History

Patient 3, a Caucasian male, was a small-for-gestational-age, term infant born weighing
2.5 kg. Severe ZSD was diagnosed at age 3 months, following newborn jaundice, feeding prob-
lems, malabsorption of fat-soluble vitamins, steatorrhea, failure to thrive, and hypotonia, and
based on a peroxisomal metabolites panel (Table 1). The patient had impaired vision, im-
paired hearing, adrenal insufficiency, hepatomegaly, ataxia, and severe developmental delay
with noted concerns about myelination.

Liver histology at initial ZSD diagnosis included bridging fibrosis with giant-cell for-
mation. Approximately 13 months later, mild periportal inflammation, bridging fibrosis, and
lobular cholestasis persisted. Liver histology at age 3 years, just prior to CA therapy, included
intact lobular architecture, but hepatocytes generally showed a mosaic architecture with oc-
casional pseudoacinar transformation (Fig. 2a-c). Liver ultrastructure failed to identify perox-
isomes or candidate peroxisomal structures.

Prior to CA treatment initiation, serum ALT and AST were elevated, serum bilirubin was
normal, and PT was slightly elevated (Table 2).

Cholic Acid Treatment

CA 15 mg/kg/day was started at age 3 years and has been ongoing for 16 years, ranging
from 11 to 18.8 mg/kg/day with no treatment-related adverse effects. Over the course of CA
treatment, the patient’s liver size normalized and serum liver chemistries stabilized (Table 2).
Liver histology at age 4 years, after 1 year of CA treatment, was essentially unchanged, indi-
cating no progression of liver disease (Fig. 2d, e). No hepatocyte steatosis or cholestasis were
identified.

Long-Term Outcome

The patient continues to receive CA therapy. His serum liver chemistries have been stable
through age 19 years (Table 2). Within the context of multifaceted medical and supportive
treatment, including full-time assistance with daily living activities, he attended regular school
with classroom accommodations and graduated from high school. He is a published author of
poetry and he has composed music.

Discussion

Our observational case series suggests that long-term treatment with oral CA may sustain
liver function and prevent progression of liver disease in patients with ZSDs who have abnor-
mal liver chemistries at initiation of therapy. In our 3 patients, ongoing CA treatment up to
16 years at the time of this report was associated with stable liver function, as evidenced
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from serial serum chemistries, with no treatment-related adverse effects. Consistent with our
cases, patients with ZSDs have been shown to survive into adulthood [9]. Early intervention
with CA prior to onset of advanced liver disease has been emphasized to minimize progression
of liver damage and to maximize the potential for positive treatment outcomes [5]. Liver dis-
ease in ZSD may present with early cholestasis and giant cell transformation and progress
rapidly to cirrhosis in infants [5, 9]. The liver disease in our 3 patients was never severe de-
spite presentations in infancy, but subtle signs of mild fibrosis and low-grade progressive liver
injury were identified in later biopsies. Angulate lysosomal inclusions in macrophages, as
demonstrated in the twins, have been reported previously in ZSD [10]. Importantly, we ob-
served no histologic evidence for progressive disease comparing pre- and posttherapy biop-
sies over 6 months to 1 year of CA therapy. This finding supports CA treatment for prevention
of liver disease progression in patients with ZSD.

The responses of our patients to CA therapy are consistent with a recent report of 15 ZSD
patients without advanced liver disease who started CA treatment at ages 2-35 years [5]. Fol-
lowing 9 months of CA therapy, these patients had a significant decline in the bile acid inter-
mediates DHCA and THCA, and liver function tests (AST, ALT, bilirubin) remained stable. Sim-
ilar to our patient outcomes, although over a much shorter period, there was no progression
of liver disease or worsening of liver chemistries. This is in contrast to the apparent disease
progression in the remaining 4 ZSD patients with very advanced liver disease at the time of
CA treatment initiation who were also described by Berendse et al. [5]. In these patients with
cirrhosis and very elevated plasma AST, ALT, and conjugated bilirubin, a small reduction in
bile acid intermediates was found, but plasma AST, ALT, and bilirubin increased further dur-
ing the 9 months of CA treatment. Early intervention with CA before liver disease has pro-
gressed to an advanced stage may be vital for optimal responsiveness in ZSD patients.

The mechanisms by which CA therapy may sustain liver function in ZSDs include restora-
tion of the normal physiologic feedback inhibition on bile acid synthesis and replenishment of
primary Cz4-bile acid to stimulate bile flow and increase intraluminal bile acid concentration,
with consequent improved absorption of fat and fat-soluble vitamins [6, 7]. In the absence of
peroxisomal B-oxidation of Cz7-bile acid intermediates to form normal Cz4-primary bile acids,
the main accumulating C27-bile acid intermediates in ZSDs are tauro-THCA, followed by un-
conjugated THCA, and accumulation of THCA and its more polar metabolites, including 13-
and 6a-hydroxylated derivatives of THCA and side-chain-hydroxylated metabolites [6, 7].
These atypical bile acids have been associated with hepatic mitochondrial damage [11] and
hepatotoxicity [1, 12].

ZSD mouse model studies suggest that the effects of CA treatment in ZSD may potentially
extend to an important role in the developing central nervous system (CNS). Selective absence
of liver peroxisomes, with consequent lack of hepatic peroxisomal metabolism, in the Alfp-
Pex5 knockout mouse model of ZSD has been associated with a persistent deleterious effect
on developing neocortex and cerebellum [13]. The major abnormalities in CNS development
included disordered lamination of the cortical plate, clustered neurons “stuck” in the interme-
diate zone, much greater cell death in the cortex and cerebellar impaired foliation, delayed
granule cell migration and greater cell death, and stunted Purkinje cell arborization. Alterna-
tively, using a peroxisome-deficient mouse model of ZSD (Pex5 knockout), partial reconstitu-
tion of hepatic peroxisome function resulted in a significant improvement in brain neuronal
migration [14]. Further, bile acid treatment of newborn mice in the Pex2~/- mouse model of
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ZSD partially restored cerebellar abnormalities and improved dendritic arborization of
Purkinje cells [15]. Although the potential role of toxic C;7-bile acids in CNS developmental
abnormalities is not yet known, increased C;7-bile acids in brain tissue have been shown in
patients with a peroxisome deficiency disorder compared with control patients [6]. The accu-
mulating C;7-bile acid intermediates were unconjugated THCA, DHCA, and OH-THCA, indicat-
ing more efficient movement across the blood-brain barrier versus conjugated bile acid inter-
mediates. Altogether, these findings suggest that early intervention with CA in patients with
ZSD to sustain liver function may be important for optimal responses beyond hepatic disease.
As shown in our patients with ZSDs who continue to receive ongoing CA treatment, long-term
CA therapy has sustained stable liver function without treatment-related adverse events,
helping to optimize quality of life in these patients.
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Fig. 1. Liver histology of patient 1 during CA therapy and liver histology of patient 2 before CA therapy.
Patient 1: a Portal areas are prominent due to delicate septal fibrosis. Pale pseudonodules are composed
of hyperglycogenated hepatocytes (arrow). Trichrome stain, x50. b Pale hepatocytes with expanded cyto-
plasm contain excess glycogen, further accentuated in scattered glycogen pseudonodules (arrow). PAS-
diastase, x100. ¢ The portal area contains clusters of macrophages with abundant slate-gray granular cy-
toplasm highlighted by PAS stain (arrows). PAS-diastase stain, x400. d Hepatocyte cytoplasm contains ex-
cess glycogen granules that displace normal-appearing mitochondria. Peroxisomes are absent. The Kupffer
cell (arrow) contains multiple dense polymorphous secondary lysosomes with unusual angulated crystal-
line profiles. Uranium acetate and lead citrate, x2,500. Patient 2: e The portal areas are expanded by deli-
cate fibrous septa. Hepatocyte cytoplasmic clarity is due to mild excess of glycogen. Inset: Expanded cyto-
plasm in a rare Kupffer cell is storage cell-like with needle-shaped linear inclusions. Main panel: Trichrome
stain, x100. Inset: PAS-diastase stain, x800. CA, cholic acid.
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Fig. 2. Liver histology of patient 3 before and during CA therapy. Before CA therapy: a Lobular architecture
is accentuated by vague pseudonodularity and focal periportal fibrosis. Trichrome stain, x50. b Hepatocyte
cytoplasm is clear and mildly expanded. Nuclear glycogen inclusions are prominent in zone 1. H&E stain,
x200. c All hepatocytes contain mild excess of secondary lysosomes (lipofuscin granules). Scattered portal
(arrow) and sinusoidal macrophages contain abundant granular secondary lysosomes. PAS-diastase, x320.
During CA therapy: d Vague pseudonodularity is due to mild delicate periportal incomplete septal fibrosis.
Trichrome stain, x50. e Hepatocyte appearance is unchanged compared to before CA therapy, including
prominence of glycogen nuclear pseudoinclusions in zone 1. Macrophages with slate-gray cytoplasm ag-

gregate in the portal zone (arrow). H&E stain, x200. CA, cholic acid.

Table 1. Plasma total lipid very-long-chain and branched-chain fatty acids prior to CA therapy

Test Patient 1 Patient 2 Patient 3 Reference
range (SD)
Very-long-chain fatty acids
C22:0, ug/mL 4.245 5.009 NA 16.14 (3.77)
C22:1w9, pg/mL 0.577 NA NA 0.47 (0.20)
C24:0, ug/mL 5.470 6.573 NA 13.34 (3.78)
C26:0, ug/mL 0.727 0.998 NA 0.22 (0.08)
C26:1, ug/mL 0.345 1.55 NA 0.12 (0.05)
C24/C22 1.288 1.314 1.737 0.84 (0.08)
C26/C22 0.171 0.200 0.170 0.01 (0.01)
C26:1/22.0 NA NA 0.134 NA
Phytanic acid, pg/mL 7.420 6.920 39.8 (nmol/mL) 0.80 (0.40)
Pristanic acid, pg/mL 1.951 2.265 11.9 0.31 (0.41)
Pipecolic acid (plasma), pmol/L 108.1 66.7 NA 0.5-4.9
Pipecolic acid (urine), umol/g NA 11.0 NA 1.6-20.4
C16:0 DMA/C16:0 fatty acid 0.066 0.085 NA 0.051-0.090
C18:0 DMA/C18:0 fatty acid 0.130 0.189 NA 0.137-0.255

CA, cholic acid; DMA, dimethyl acetals; NA, not available; SD, standard deviation.
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Table 2. Serum liver chemistries of patients with ZSDs receiving ongoing CA therapy
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ALT,U/L AST,U/L ALP,U/L Total bilirubin,  PT,s INR
(RR) (RR) (RR) mg/dL (RR) (RR)

Patient 1

Pre-CA (age 13 months) 39 (5-45) 129 (20-60) 261 (145-320) NA 12.1(10.3-13.5) 1.0
6 months CA therapy 9 (5-45) 86 (20-60) 292 (145-320) NA 13.3(10.6-13.8) NA
10 months CA therapy 72 (4-40) 74 (4-40) 266 (50-300) NA NA 12
1 year 4 months CA therapy 41 (8-45) 61 (8-45) 436 (35-125) 0.3 (<1.3) NA NA
3 years 5 months CA therapy 47 (11-66) 67 (10-46) 347 (40-468) 0.8 (0.0-1.3) 12.0(10.2-13.0) 1.2
9 years 5 months CA therapy 43 (21-72) 60 (17-59) 303 (30-315) 0.4 (0.2-1.3) 13.4(10.5-15.0) 12
13 years 6 months CA therapy 70 (8-31) 65 (17-38) 587 (0-900) 0.67 (<1.0) NA NA
15 years 7 months CA therapy 25 (7-55) 35 (10-50) 181 (70-260) 0.3 (0.0-1.2) 14.1 (12.0-16.1) 1.0
Patient 2

Pre-CA (age 19 months) 72 (5-45) 78 (20-60) 458 (145-320) NA 12.4(10.6-13.8) 1.0
4 months CA therapy 55 (4-40) 67 (4-40) 479 (50-300) NA 13.6 (NA) 12
10 months CA therapy 58 (8-45) 61 (8-45) 564 (35-125) 0.3(<1.3) 14.6 (NA) NA
2 years 11 months CA therapy 86 (11-66) 110 (10-46) 369 (40-468) 0.9 (0.0-1.3) 11.1(10.2-13.0) 11
8 years 11 months CA therapy 45 (21-72) 57 (17-59) 288 (30-315) 0.9 (0.2-1.3) 12.5(10.5-15.0) 11
13 years CA therapy 149 (9-41) 75 (14-32) 504 (<900) 0.5 (<1.0) NA NA
15 years CA therapy 27 (7-45) 32 (10-50) 124 (70-260) 0.6 (0.0-1.2) 13.2(12.0-16.1) 1.0
Patient 3

Pre-CA (age 3 years) 83 (5-45) 130 (10-60) NA NA 14.2 (10.3-13.5) 1.4
3 months CA therapy 81 (5-45) 129 (10-60) 190 (30-200) 0.3(0.2-1.2) 14.0 (11.3-13.3) 13
1 year CA therapy 40 (7-50) 68 (15-35) 166 (40-112) 0.0 (0.2-1.0) NA NA
2 years 2 months CA therapy 72 (10-45) 125 (10-60) 257 (30-200) 0.1(0.2-1.2) 17.0 (11.1-13.0) 15
5 years CA therapy 46 (7-50) 72 (15-35) 158 (40-112) 0.6 (0.2-1.0) 15.2 (NA) 15
8 years 8 months CA therapy 50 (8-40) 65 (15-41) 148 (24-280) 0.7 (0.4-1.5) 12.7 (10.1-13.1) 1.1
12 years 3 months CA therapy 86 (8-36) 90 (13-38) 170 (67-372) 0.2 (0.2-14) NA NA
16 years CA therapy 88 (8-36) 66 (13-38) 86 (52-171) 0.5(0.2-1.4) 12.3 (9.6-11.7) 11

Bold values are above the reference range. Gamma-glutamyl transpeptidase (data not shown) was normal in all 3 patients. ALP, alkaline

phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CA, cholic acid; INR, international normalized ratio; NA, not
available; PT, prothrombin time; RR, reference range; ZSDs, Zellweger spectrum disorders.
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