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Summary Zellweger spectrum disorders (ZSD) are

diagnosed by biochemical assay in blood, urine and

cultured fibroblasts and PEX gene mutation identifi-

cation. In most cases studies in fibroblasts corroborate

results obtained in body fluids. In 1996 Clayton and

colleagues described a 10-year old girl with evidence of

a peroxisome disorder, based on elevated bile acid

metabolites and phytanate. At the time it was not

possible to distinguish whether she had a ZSD or a

single peroxisomal protein defect. Studies in our

laboratory showed that she also had elevated plasma

pipecolate, supporting the former diagnosis. Despite

the abnormal metabolites detected in blood (phyta-

nate, bile acid intermediates and pipecolate), analysis

of multiple peroxisomal pathways in fibroblasts

yielded normal results. In addition, she had a milder

clinical phenotype than usually associated with ZSD.

Since complementation analysis to determine the gene

defect was not possible, we screened this patient

following the PEX Gene Screen algorithm (PGS).

The PGS provides a template for sequencing PEX

gene exons independent of complementation analysis.

Two mutations in PEX10 were identified, a frameshift

mutation inherited from her father and a de novo

missense mutation in a conserved functional domain

on the other allele. This case highlights that molecular

analysis may be essential to the diagnosis of patients at

the milder end of the ZSD spectrum. Furthermore, it

supports the concept that some tissues are less affected

by certain PEX gene defects than brain and liver.
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MRI magnetic resonance imaging

MS mass spectrometry

PBD peroxisome biogenesis disorder

THCA 3!,7!,12!-trihydroxy-5"-cholestanoic acid

VLCFA very long-chain fatty acids

ZSD Zellweger spectrum disorder

Introduction

The Zellweger syndrome spectrum of peroxisome

biogenesis disorders (PBD) comprises severe, neuro-

developmental diseases that arise from defects in at

least 12 PEX genes (Steinberg et al 2006). The

peroxins encoded by PEX genes are then unable to

perform their normal role in peroxisome membrane

formation or peroxisome matrix protein import into

these organelles. Since peroxisomes fail to assemble

normally, multiple biochemical pathways are affected.

Patients with a classic presentation have elevations in

plasma very long-chain fatty acids (VLCFA), pipecolic

acid and C27-bile acid intermediates, and also have

diminished erythrocyte plasmalogens. Phytanic acid

and pristanic acid are normal at birth but can

accumulate with dietary exposure to phytol in dairy

and other dietary sources. Cultured fibroblasts have

elevated VLCFA, deficient plasmalogen synthesis,

deficient phytanic acid and pristanic acid oxidation,

mislocalization of the peroxisomal matrix protein

catalase to the cytosol, and absent or morphologically

abnormal peroxisomes.

Not all PBD patients fit this classic picture. Some

have normal erythrocyte plasmalogens and/or fibro-

blast plasmalogen synthesis. Likewise, abnormalities

identified in body fluids are not always confirmed in

cultured fibroblasts or the fibroblasts depict a mosaic

pattern wherein some cells have normal matrix protein

import but others are defective (Gootjes et al 2004a;

Roels et al 2003). In some cases it is a challenge to

discern whether the patient has a PBD or a single

enzyme deficiency of peroxisome fatty acid b-oxida-

tion. Recently a patient originally described as having

trihydroxycholestanoic acidaemia had blood biochem-

istry more suggestive of a PBD; although all fibroblast

parameters investigated yielded normal results, se-

quence analysis identified the PEX12 mutations

R180X and L317F (Gootjes et al 2004b). We have

reinvestigated a patient who presented as an 8-year-

old girl with ataxia and had elevated plasma pristanic

acid, phytanic acid, and bile acid intermediates, but

normal fibroblast fatty acid oxidation (Clayton et al

1996). The determination of elevated pipecolic acid

led us to investigate a PBD. We show that this now

22-year-old woman, referred to as patient PBD687,

has a PEX10 deficiency.

Methods

Plasma VLCFA, erythrocyte plasmalogens, plasma and

urine pipecolic acid, fibroblast VLCFA, fibroblast

plasmalogen synthesis, fibroblast phytanic acid oxida-

tion, fibroblast pristanic acid oxidation, catalase local-

ization as assessed by the proportion of the total

released to a soluble fraction (% soluble) after selective

permeabilization of the plasma membrane with digito-

nin, and fibroblast immunocytochemical analysis were

all performed as previously described (Bjorkhem et al

1986; Kelley 1991; Moser and Moser 1991; Roscher et al

1985; Wanders et al 1984; Zenger-Hain et al 1992).

Immunocytochemical double labelling was performed

using rabbit anti-PEX14 (1:200, gift of Dr Stephen

Gould), mouse anti-catalase (1:5, gift of Dr Ronald

Wanders), AlexaFluor 594 donkey anti-mouse (1:200,

Molecular Probes, Eugene, OR, USA) and AlexaFluor

488 donkey anti-rabbit (1:200, Molecular Probes).

Genomic DNA isolation and the PEX Gene Screen

were performed as previously described (Steinberg et al

2004). Analysis of bile acids from urine, bile, and serum

was performed as described previously (Setchell and

Heubi 2006; Setchell et al 2003). Cloning was per-

formed using the TOPO TA cloning kit (Invitrogen,

USA) following the manufacturer_s instructions.

The PEX10 gene was reported to have two tran-

scripts based on alternative splicing of intron 3

(Warren et al 2000); the shorter transcript encoding

19 fewer amino acids is the predominant transcript.

According to ENSEMBL transcript ENST00000288774

there are 20 additional amino acids in the longer

isoform (see http://www.dbpex.org/refseq/PEX10.pdf;

retrieved 27 October 2006). Of the two longer putative

transcripts, in silico modelling indicates that the splice

site adding 19 amino acids is more favourable than the

site that would add 20 amino acids (Yeo and Burge

2004). This is supported by the results of Warren and

colleagues (2000), who detected a second, less abun-

dant transcript with 57 additional nucleotides. Until

this is resolved we have annotated sequence changes at

the cDNA level based on the longest putative tran-

script (i.e. transcript 1 in Fig. 1).

Clinical summary

Patient PBD687 has two unaffected younger sisters;

her mother had a spontaneous abortion at 14 weeks
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prior to the birth of patient PBD687. She was

originally presented in this journal by Clayton and

colleagues (Clayton et al 1996). At the time of

publication she was 10 years old, and biochemical

investigations indicated a novel, uncharacterized dis-

order of peroxisomal branched-chain fatty acid oxida-

tion. In review, she was born of a full term pregnancy,

birth weight 2.9 kg, and had normal early develop-

ment. Around 3–4 years, she was first noted to have an

unsteady gait, and then had progressive deterioration

of motor abilities, including ataxia and dysarthria. IQ

testing placed her cognitive abilities in the low normal

range. Her past medical history was significant for

absence of liver disease, retinal disease, or cataracts.

She did not have hearing impairment or evidence of

peripheral neuropathy.

At 10 years of age she was started on bile acid

supplementation with oral administration of cholic

acid (10–15 mg/kg of body weight per day) with the

aim of preventing onset of liver disease (Setchell et al

1992). She has continued on this regimen for the past

13 years. On examination at Kennedy Krieger Institute

at age 10 years, her growth parameters were normal,

and there were no dysmorphic features, ichthyosis or

hepatomegaly. Her neurological examination was

abnormal. She had slow speech with variation in

volume, difficulty with handwriting, spelling and

calculations. She did not have nystagmus, but had

breakdown of pursuits and dysmetric saccades. She

had marked ataxia on finger-to-nose and heel-shin

testing, as well as gait ataxia. She had mild hypotonia,

reflexes were 1+ knees, 0 elsewhere, downgoing toes,

negative Romberg_s sign, and normal sensation. The

MRI report showed moderately severe cerebellar

atrophy and evidence of leukodystrophy.

Table 2 Studies performed in cultured fibroblasts from patient
PBD687

Biomarker PBD687 Normal mean

C26:0 (mg/mg) 0.054 0.07 T 0.04

C26:0/C22:0 0.05 0.08 T 0.03

Plasmalogen synthesis (3H/14C) 0.7 0.67 T 0.19

Phytanic acid oxidation

(pmol/48 h per mg protein)

866 958 T 110

Pristanic acid oxidation

(pmol/48 h per mg protein)

379 464 T 146

Catalase solubility (%) 27 21.4 T 11.1

Table 1 Blood metabolites in the patient PBD687

Plasma analyte PBD687 Normal mean

C26:0 (mg/ml) 0.24 0.22 T 0.08

C24:0/C22:0 1.1 0.84 T 0.08

C26:0/C22:0 0.036 0.01 T 0.01

Phytanate (mg/ml) 1.2 mg/ml 0.8 T 0.4

Pipecolic acid (mmol/L) 80 1.6 T 0.6

C16DMA/C16:0
a 0.06 0.077 T 0.009

C18DMA/C18:0
a 0.148 0.167 T 0.015

aDMA, dimethylacetal; representative of plasmalogen content in
erythrocytes

Transcript 1: 
tgaacgtgtgaccctcccagCAGGCGCTGAGGCCAGATCCCCTCAGGGTCCTGATGAGT
GTGGCGCCATCTGCCTTACAGCTC 

Transcript 2: 
tgaacgtgtgaccctcccagcagGCGCTGAGGCCAGATCCCCTCAGGGTCCTGATGAGT
GTGGCGCCATCTGCCTTACAGCTC 

Transcript 3: 
tgaacgtgtgaccctcccagcaggcgctgaggccagatcccctcagggtcctgatgagt
gtggcgccatctgccttacagCTC 

Maximum Entropy Model Analysis % of Highest 

Transcript 1 3.36 38%
Transcript 2 7.25 82%
Transcript 3 8.87 100%

Fig. 1 PEX10 splicing of intron 3. Three splice variants have
been recognized for PEX10. The three different potential intron
3 acceptor sites are shown as individual transcripts. In silico

maximum entropy modelling suggests that transcripts 2 and 3 are
the most likely isoforms (Yeo and Burge 2004)
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At age 17 years, she was a well-developed, well-

nourished young woman who was normal with the

exception of having ataxia and delayed menarche that

required oestrogen therapy. Pubic hair and breast

development were Tanner Stage 4. She weighed

48.1 kg and was 163 cm tall with a body mass index

of 18 kg/m2. Her vital signs were normal and her

physical examination was unremarkable except for

incoordination of gait and hand movement. Her

laboratory examinations were unremarkable with

normal serum alanine aminotransferase, aspartate

aminotransferase, alkaline phosphatase, g-glutamyl

aminotransferase, albumin, total and conjugated bili-

rubin, and coagulation studies. Her serum cholesterol

was 93 mg/dl. Complete blood count was normal, as

were levels of vitamins 25-OH D, E and A. Liver
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Fig. 2 Biochemical Analyses in Fibroblasts Cultured at 37-C and
40-C. Biochemical assays were performed using cultured fibroblasts
from patient PBD687, a normal control, and two other patients with
PEX10 mutations. PBD052 had the genotype PEX10-R125X/
H310E (Warren et al 1998) and had a mild biochemical defect,
exhibiting normal very long-chain fatty acid (VLCFA) content
(A) and plasmalogen synthesis (B) when cultured at 37-C. PBD100
was homozygous for c.600+1G>A (Warren et al 1998) and had a
severe biochemical defect, with elevated VLCFA content (A) and

deficient plasmalogen synthesis (B) at 37-C. However, PBD052 had
mislocalized catalase (C), as determined by catalase solubility, and
when cultured at 40-C elevated VLCFA (A). In contrast, patient
PBD687 had normal results for all three parameters when cultured
at 37-C and 40-C. The catalase solubility for patient PBD687 at
40-C is in the range (37.8%T 13.6, n=32) we observe for patients
with the peroxisomal single enzyme disorder D-bifunctional protein
deficiency
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biopsy histology revealed normal lobular architecture

with no intralobular fibrosis and no cholestatic

changes. Central vein and zone 3 sinusoidal architec-

ture was normal.

There has been no neurological deterioration over

the past decade, but she has not had a repeat brain

scan. She has persistent nystagmus and ataxia, but

there has been no cognitive decline and she completed

a college programme.

Results

We measured blood metabolites when this patient was

10 years old (Table 1). Her plasma VLCFA had

normal C26:0, but a slight increase in C26:0/C22:0 and

borderline normal C24:0/C22:0. Her phytanic acid level

was normal, but she was following a special low-phytol

diet. When she was younger and on an unrestricted

diet, her branched-chain fatty acids levels were elevat-

ed (Clayton et al 1996). Erythrocyte plasmalogens and

urine pipecolic acid were normal, but plasma pipecolic

acid was significantly elevated. Further studies in cul-

tured fibroblasts did not identify any defects in per-

oxisome metabolism or assembly (Table 2). In

addition, we cultured the cells at 40-C (Gootjes et al

2004a) but were unable to elicit any biochemical

phenotype in the cultured cells at this higher temper-

ature (Fig. 2). Neither was catalase import perturbed

at 40-C. Figure 3 shows catalase immunocytochemical

analysis in patient PBD687 and in PBD052, another

Zellweger spectrum disorder (ZSD) patient with a

PEX10 defect whose cultured cells had normal

VLCFA at 37-C, but was responsive to the stress of

40-C (Fig. 2).

Urinary fast-atom bombardment–mass spectrome-

try (FAB-MS) analysis revealed normal levels of bile

acids (18.9 mmol/L; normal <20 mmol/L), but detected

C27-cholestanoic acids (15% of the total). Gas chro-

matography–MS documented the presence of both

dihydroxycholestanoic acid (DHCA) and trihydroxy-

cholestanoic acid (THCA) along with a number of

more polar hydroxylated cholestanoic acids (data not

shown). FAB-MS analysis of the bile was also abnormal,

detecting the taurine conjugate of DHCA (m/z 556)

and THCA (m/z 572) (Fig. 4A). These ions are diag-

nostically definitive for a peroxisomal disorder involv-

ing the b-oxidation of bile acid intermediates. The lower

intensity ions at m/z 448, 464, and 480 and m/z 498 and

514 reflect the synthesis of the usual glycine- and
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Fig. 3 Immunostaining of fibroblasts cultured at 37- and 40-C.
Fibroblasts from patient PBD687 and from PBD052, another
PEX10-deficient cell line, were double-labelled with antibodies
to the peroxisomal membrane protein PEX14 and the peroxi-
somal matrix protein catalase. For PBD052, peroxisome struc-

tures are detectable (A), but catalase is distributed throughout
the cytoplasm (B). In contrast, fibroblasts from PBD687 show
normal catalase import when cultured at 37-C (D) and 40-C (F).
The approximate number and size of the peroxisome structures
appear within normal limits at both temperatures (C, E)
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taurine-conjugated primary bile acids; the concentra-

tions were relatively low, but consistent with impaired

peroxisomal b-oxidation.

The patient has been undergoing bile acid therapy

with oral cholic acid since 10 years of age and routine

annual monitoring of her urinary bile acid excretion

Fig. 4 Bile acids in bile and serum DHCA enantiomers from
PBD687. Negative ion FAB-MS spectra comparing the bile acid
composition of bile from patient PBD687 before (A) and 7 years
after treatment (B) with oral cholic acid (10 mg/kg body weight
per day) are shown. Suppression of endogenous bile acid synthesis
by cholic acid administration is confirmed by the disappearance
of the highlighted ions m/z 540, 556 and 572 that represent
dihydroxy-, trihydroxy- and tetrahydroxy-cholestanoic (C27) acids

characteristic of the peroxisomal b-oxidation defect. The bile
became enriched with conjugated cholic acid (m/z 514) and its
metabolites derived from the therapy. Electrospray LC-MS
analysis of bile from patient PBD687 identified the presence of
both 25R and 25S diastereoisomers of THCA and DHCA, thus
ruling out 2-methylacyl-CoA racemase deficiency. The ion current
plot for tauro-THCA is shown (C)
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has confirmed compliance with therapy and an essen-

tially normal bile acid profile (results not shown).

Downregulation in bile acid synthesis led to a marked

decline in the proportions of C27 bile acids, particularly

DHCA and THCA. FAB-MS analysis of bile showed

a virtual disappearance of the C27 ions m/z 556 and

m/z 572, concomitant with a predominance of the ions

m/z 514 and m/z 464, representing the taurine and gly-

cine conjugates, respectively, derived from cholic acid

(Fig. 4B). Using electrospray liquid chromatography–

MS we analysed the serum of this patient to ascertain

the enantiomeric nature of the C27-cholestanoic acids.

This ion current chromatogram revealed the presence

in serum of both 25(R)- and 25(S)-DHCA in the

typical normal ratio of 3:1 (Fig. 4C).

Based on the significant elevation in plasma pipe-

colic acid and the bile acid intermediates THCA and

DHCA, we suspected that she had a peroxisome

assembly defect. Since her cultured fibroblasts did

not have a phenotype that could be used for comple-

mentation studies, we followed the PEX gene screen

algorithm (Steinberg et al 2004) to search for PEX

gene mutations. Sequence analysis of PEX10 exons

3–5 identified three heterozygous sequence variations:

c.337delC, c.880A>G and c.890T>C. The mutation

c.337delC causes a frameshift (L113fs) that would

introduce a termination codon 39 amino acids down-

stream. Most likely this transcript is subject to

nonsense-mediated decay (Frischmeyer and Dietz

1999). The variants c.880 A>G and c.890T>C cause

the amino acid substitutions T294A and L297P,

respectively. Other polymorphisms identified after

sequencing the remaining three PEX10 exons are

indicated in Fig. 5. We isolated DNA from the parents

and found that the L113fs and T294A were both on the

paternal allele (Fig. 5). L297P, however, appears to be

a de novo mutation as this was not detected in either

parent. Patient PBD687_s amplicons for exons 4 and 5

(derived from genomic DNA) were T/A cloned and

then sequenced. Three of seven subclones had the

genotypes c.880A and c.890C in cis, consistent with

L297P arising on the maternal allele (Fig. 5); the

remaining four clones had the genotypes c.880G and

c.890T in cis. L297 is highly conserved evolutionarily

(Fig. 6A). In addition, the majority of reported

missense mutations of the PEX10 and PEX12 genes

occur in the C3HC4 domain where L297 is located

(Fig. 6B).
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Fig. 5 Pedigree for PBD687 showing PEX10 sequence varia-
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purified PCR products or T/A clones derived from those
products. The de novo PEX10 mutation at position c.890
(boxed) arose on one of the maternal chromosomes
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Discussion

Zellweger spectrum disorder (ZSD) includes the

neurodevelopmental syndromes Zellweger syndrome

(OMIM 214100), neonatal adrenoleukodystrophy

(OMIM 202370), and infantile Refsum disease (IRD;

OMIM 266510) (Steinberg et al 2006). Patients with

IRD have the mildest clinical and biochemical fea-

tures. Cases have been reported of patients with

biochemical or clinical features that are milder than

the phenotype associated with IRD. For example,

patients with PEX1 or PEX6 defects have been

reported who had sensory defects but not the severe

mental retardation associated with ZSD disorders

(Moser et al 1995; Raas-Rothschild et al 2002).

However, in both instances these patients had bio-

chemical phenotypes in blood and cultured fibroblasts

characteristic of ZSD. In contrast, Gootjes and col-

leagues showed that a patient with apparently normal

peroxisome function in cultured fibroblasts had a

PEX12 defect (Gootjes et al 2004b). In general it is

rare for a patient in the ZSD not to have abnormalities

in blood and cultured fibroblasts that demonstrate

characteristic defects in peroxisome assembly and

metabolism.

Our patient, PBD687, initially appeared to have an

isolated defect in fatty acid metabolism. However, she

also had a persistent significant elevation in plasma

pipecolic acid. Although nonspecific liver disease and

diet may be associated with pipecolic acidaemia (Baas

et al 2002), its coexistence with DHCA and THCA

acidaemia indicated that two separate peroxisomal

pathways were defective, suggesting a generalized

defect in peroxisome assembly. We were not able to

demonstrate any defects in peroxisome metabolism or

assembly in cultured fibroblasts of patient PBD687.

This may be due to the artificial growth conditions of

the cultured cells and/or tissue specificity of the

defect. The abnormal metabolites detected in the

blood of PBD687 are the result of defective liver

metabolism. Stressing the cultured cells by growth at

40-C did not elicit any observable perturbations of

peroxisome metabolism or assembly. Perhaps studies

in liver tissue would demonstrate perturbations of

peroxisome assembly not detectable in the cultured

fibroblasts.

PEX10 Multiple Sequence Alignment

            *
P L C T L C L E E R R H P

Mouse
Human

P L C T L C L E E R R H S
Rat P L C T L C L E E R R H S
Chicken S R C T L C L E E R R H A
Arabidopsis G K C T L C L S T R Q H P
Yeast R A C T L C L S Y I S A P

* = L297

b

a

The C3HC4 Domain in PEX10 and PEX12 proteins

mouse     CPLCRKTRVNDTVLATSGYVFCYRCVFNYVRSHQACPIT
rat CPLCRKARVNDTVLATSGYVFCYRCVFNYVRSHQACPIT  PEX12
human CPLCRKTRVNDTV AT GYVFCYRCVFHYVRSHQACPIT             L  S

mouse  TL LEERR-HPTATP G LF WE ITAW SSKAE PL 
rat  TL LEERR-HPTATP G LF WE ITAW SSKAE PL PEX10
human  TL  EERR-HSTATP G LF WE ITEW NTKTE PL 

C  C            C H  C  C    C     C  C
C  C            C H  C  C    C     C  C
C  CL           C H  C  C    C     C  C
* **#  *     $  ^*  **  *          **

C3HC4 domain; * = 100% identity;$ = L317F (Gootjes et al
2004) ; ^ = S320F; # = L297P (patient PBD687)

Fig. 6 PEX10 multiple sequence alignment. (a) A multiple
sequence alignment shows that PEX10-L297 is highly conserved
evolutionarily. (b) Alignment of PEX10 and PEX12 in mouse,
rat and human in the region of the C3HC4 domain shows that

PEX10-L297 resides next to a highly conserved cysteine residue.
Furthermore, many other pathogenic amino acid substitutions
have been reported within this domain for both proteins
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We previously reported that sequence analysis of

12 exons across the six PEX genes most commonly

defective in ZSD, the PEX Gene Screen algorithm,

identified at least one pathogenic mutation in 79% of

ZSD patients (Steinberg et al 2004). In the absence of

a marker for complementation studies of patient

PBD687, this patient was an ideal candidate for the

PEX Gene Screen algorithm. This analysis identified

one clearly pathogenic PEX10 mutation (c.337delC)

that was paternally inherited and one PEX10 missense

mutation (L297P) that was de novo. L297 is highly

conserved evolutionarily and resides in the C3HC4

domain, a functionally important part of zinc-RING

finger proteins. Interestingly, other missense mutations

have been reported in this domain in PEX10 and

PEX12 and have on the whole been associated with

milder biochemical and clinical phenotypes. The

PEX12 mutation S320F has been reported multiple

times, often in the homozygous state. Gootjes and

colleagues reported eight S320F homozygotes

(Gootjes et al 2004a) that all had abnormalities of

blood metabolites including VLCFA and bile acid

intermediates, but in cultured fibroblasts the results

were mostly normal. However, their cultured fibro-

blasts had a mosaic pattern of catalase immunofluo-

rescence, meaning that some cells had diffuse,

cytosolic catalase and some cells had particulate,

peroxisome-localized catalase. Furthermore, culturing

the cells at 40-C exacerbated the defect and made the

catalase import defect apparent in all of the cells. In

contrast, we were not able to demonstrate any

evidence of impaired peroxisome import or assembly

in fibroblasts of patient PBD687, whether cultured at

37-C or 40-C. This is significant because catalase is

recognized as one of the peroxisome matrix proteins

most susceptible to perturbations of the import ma-

chinery. Our inability to elicit a defect in peroxisome

assembly at 40-C in fibroblasts of patient PBD687

suggests that PEX10-L297P, in contrast to PEX12-

S320F, is not temperature sensitive.

C27 bile acids are not normally present in the urine

of healthy children and adults. The profiles for patient

PBD687_s urine and bile were consistent with a defect

in peroxisomal b-oxidation. Given the unusual bio-

chemical presentation, we explored the possibility of a

defect involving a deficiency in the 2-methylacyl-CoA

racemase, an enzyme responsible for conversion of

25(S)- to 25(R)- diastereoisomers of DHCA and

THCA (Ferdinandusse et al 2001; Setchell et al

2003). However, the presence of both (R)-and (S)-

diastereoisomers of DHCA and THCA in serum and

bile ruled out the possibility of a deficiency in 2-

methylacyl-CoA racemase. Although the molecular

basis of the error in bile acid metabolism for this

patient was not known, early recognition of DHCA

and THCA uraemia and acidaemia permitted the start

of bile acid supplementation before severe liver

disease developed.

Rat studies have shown that administration of

tauro-THCA causes a hepatic lesion with mitochon-

drial membrane disruption similar to that observed in

patients with Zellweger syndrome (Hanson et al 1977;

Mathis et al 1980). Beneficial effects of cholic acid

therapy on liver function were first reported in a

Zellweger syndrome patient and have subsequently

been found to be clinically helpful in a number of

patients with single enzyme defects in peroxisomal

function (Setchell and Heubi 2006; Setchell et al 1992).

The low risk of serious side-effects from cholic acid

therapy and its clinical efficacy in other bile acid

synthetic defects made this an obvious approach to

managing a patient in this situation. Therapy in patient

PBD687 was associated with maintenance of normal

liver function tests and a significant suppression in

endogenous bile acid synthesis as seen from the virtual

disappearance of C27 bile acids.

This patient received bile acid therapy, phytanic

acid restriction, fat-soluble vitamin supplementation,

and DHA supplementation. We do not know whether

any of these therapies alone or in combination

improved her clinical outcome, contributed to arrest-

ing neurological deterioration, or protected her liver

from toxic damage. Biochemistry and histology indi-

cate that her liver is functioning well and remains

healthy. There are additional long-term consequences

of ZSD, including urolithiasis associated with deficient

alanine glyoxylate aminotransferase, adrenal dysfunc-

tion, and the development of leukodystrophy (Gould

et al 2001). The pathogenesis of leukodystrophy is

poorly understood in peroxisomal disorders associated

with elevated VLCFA content. There are, however,

therapeutic options to prevent or minimize the onset

of leukodystrophy. The rationale for treatment with

Lorenzo_s oil would be questionable in a patient who

has relatively normal plasma VLCFA levels (Moser

et al 2005), although we cannot rule out the possibility

of accumulations arising in nervous system and hepatic

tissues. Bone marrow transplantation has been estab-

lished as an approach to halting demyelination in boys

with X-linked adrenoleukodystrophy who have not

been functionally impacted (Mahmood et al 2007).

Annual brain MRI and neuropsychological testing

would be an approach to monitoring a patient such as

this, so that treatment modalities could be imple-

mented at an early stage and have a better chance of

preserving cognitive function.
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This case highlights several important points re-

garding the diagnosis of patients suspected to have a

defect in peroxisome metabolism. The elevation in

pipecolic acid was critical to determining that this

patient had an assembly defect rather than an isolated

defect in peroxisomal b-oxidation. Thus, although

pipecolic acidaemia can be associated with nonspecific

liver disease, diet, or the isolated defect of alpha-

aminoadipic semialdehyde dehydrogenase deficiency,

it is a very useful marker when measured in conjunc-

tion with other peroxisomal biomarkers (Baas et al

2002; Mills et al 2006; Peduto et al 2004). Rarely,

elevations in plasma pipecolic acid have been reported

in patients with the peroxisomal disorders rhizomelic

chondrodysplasia punctata and adult Refsum disease,

although the basis of this is not understood (Peduto

et al 2004). In addition, this case provides another

example of a patient with a clinical phenotype outside

of the classic spectrum associated with assembly

defects. Thus, it highlights the importance of compre-

hensive blood and urine analyses in patients outside

of the classic ZSD to rule out a diagnosis. Further-

more, it shows the utility of direct DNA analysis in

patients suspected to have a PEX gene defect without

first performing complementation studies. Finally,

we suggest that missense alleles in the zinc finger

region of PEX10 and PEX12 are associated with

milder phenotypes as shown here for PEX10-L297P,

and PEX10-H310D (PBD723, http://www.dbpex.org),

PEX10-H310Q (Warren et al 2000), PEX12-S320F

(Gootjes et al 2004a), and PEX12-L317F (Gootjes

et al 2004b).
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