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“An idea can be produced from something or from 
nothing, and provided this nothing is constant, the 
idea has no less existence or importance.” 
 

Joseph Joubert, 1800 
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Chapter 1 

INTRODUCTION

After the first description of peroxisomes by Rhodin [106], the importance of these organelles 
was first highlighted by Goldfisher’s discovery that patients suffering from Zellweger syndrome
lack discernible peroxisomes [36]. At that time, the first link between peroxisomes and 
metabolic diseases was also made [35]. These discoveries initiated detailed studies on 
peroxisome biogenesis, peroxisomal metabolism and the role of peroxisomes in human health. 
Since then, impaired peroxisomal function has been identified in more than twelve human
disorders [121,136] and we have identified more than 95% of the peroxisomal proteome
[45,68,143]. We also have a better understanding on how peroxisomes are formed and how 
proteins are imported into peroxisomes. For a detailed reading on these topics, I recommend
several outstanding reviews that present and discuss the latest advances in the field of 
peroxisome biogenesis [29,85,86,99,122,123] and biochemistry [108,126,135]. In this 
introductory chapter I will review three peroxisomal disorders that were within the focus of my 
research.

RHIZOMELIC CHONDRODYSPLASIA PUNCTATA

The name Rhizomelic Chondrodysplasia Punctata (or RCDP), denotes a syndrome 
characterized by the presentation of bone abnormalities (Chondrodysplasia). On X-ray imaging
ectopic stippled calcifications (Punctata) can be found in the vertebral bodies and epiphyseal 
cartilages of developing bones, as well as coronal clefts in vertebral bodies [34]. Shorter limbs
are the consequence of a shortening of proximal long bones (Rhizomelic) that affects both arms
and legs [137]. RCDP became a peroxisomal disorder with the discovery of a severe deficiency
of plasmalogens in RCDP patients [40]. 
RCDP is a complex disorder in terms of clinical presentation, pathology and genetics. Although 
most RCDP patients die within the first years of life, some RCDP patients survive well into
their teenage years [7,137]. The most common cause of death during childhood relates to 
respiratory problems (e.g. aspiration, infection). The clinical presentation of RCDP includes: (i) 
short stature, primarily caused by symmetric shortening of proximal limb bones; (ii)
contractures; (iii) atypical facial appearance (with prominent forehead, anteverted nares, long 
philtrum); (iv) bilateral cataracts; (v) growth retardation; and (vi) neurologic impairments
(spastic tetraplegia, epilepsy, mental retardation). Examination of RCDP patients using 
magnetic resonance imaging (MRI) may also reveal delayed myelination, ventricular
enlargement, cerebellar atrophy and neuronal migration defects. Severe and mild presentations 
have been characterized within the RCDP spectrum and may have an outcome in the survival
rate [139], and may be related to the degree of the biochemical defect [7,124]. 
The mechanisms behind the pathology in RCDP are not well understood. It is puzzling to 
realize that the bone defects are prominent in proximal bones (i.e. femur and humerus) but
largely absent from distal bones (ulna, radius, tibia and fibula). The puzzling nature of this 
defect is that all these bones are formed through the process of endochondral ossification 
[59,82,95] and mechanistically it is difficult to explain why only a small subset of bones is 
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affected. The shorter length of both femur and humerus suggests that the ossification process is 
delayed and autopsy studies showed abnormal chondrocytes and abnormal turnover of cartilage 
[34,88,138]. Regarding the mechanism of cataract development even less is known, but
histological analysis revealed swollen and degenerating fiber cells with cellular proliferation in
the anterior lens epithelium [34]. In a few cases of RCDP where the central nervous system has
been analyzed at autopsy, key findings include neuronal degeneration, impaired neuronal 
migration and reduced myelination [1,34,92,93]. 
Genetically, RCDP is divided in three types: (i) RCDP type-1, caused by mutations in the PEX7
gene; (ii) RCDP type-2, caused by mutations in the GNPAT gene; and (iii) RCDP type-3, 
caused by mutations in the AGPS gene. Clinically, all forms of RCDP are indistinguishable 
requiring metabolic and genetic analysis to correctly determine which form a given patient
belongs [134]. 

RCDP TYPE-1, the most frequent type, is caused by mutations in the PEX7 gene [12-
14,78,79,97]. The PEX7 gene encodes Peroxin 7, a cytosolic protein responsible for the import
into peroxisomes of proteins carrying a peroxisomal targeting signal type-2 (PTS2) 
[31,58,80,96]. So far, only three proteins have been identified carrying a bonafide PTS2: (1) 
acetyl-Coenzyme A acyltransferase 1 (ACAA1; also called peroxisomal 3-oxoacyl-Coenzyme
A thiolase or thiolase), (2) alkylglycerone phosphate synthase (AGPS; also called alkyl-
dihydroxyacetonephosphate synthase, ADHAPS or alkyl-DHAP synthase) and (3) Phytanoyl-
CoA 2-hydroxylase (PHYH). In RCDP type-1, as a consequence of the mutations in Peroxin 7, 
all PTS2 proteins are not imported into peroxisomes and remain in the cytosol [10,20,39,83]. 
The effect of this mislocalization in the cytosol is, to some extent, readily seen at the 
biochemical level [41] because in the cytosol, these PTS2 enzymes are easily degraded or 
unable to perform their function. Biochemically, RCDP type-1 patients are characterized by: (1) 
impaired biosynthesis of plasmalogens that results in extremely reduced levels of plasmalogens
in cells and tissues, (2) impaired -oxidation of phytanic acid that results in accumulation of
this fatty acid in plasma and tissues, and (3) accumulation of very-long-chain fatty acids 
(VLCFA) in erythrocytes, lymphoblasts and platelets. 
In RCDP type-1 the plasmalogen deficiency is thought to be the underlying cause of the 
pathology because (i) the severity of the disease presentation correlates with the residual levels 
of plasmalogens [7] and, (ii) the clinical presentation of RCDP type-1 patients is similar to that
of RCDP type-2 and -3 (see below). Nevertheless, the impaired -oxidation of phytanic acid 
may also modulate the severity of the pathology since the accumulation of phytanic acid may
cause additional abnormalities [7,92].
Although thiolase is not properly imported into peroxisomes, RCDP type-1 patients do not have 
a generalized accumulation of VLCFA [39]. The mechanism behind this observation is thought
to involve sterol carrier protein X (SCPx), since this peroxisomal enzyme can accommodate
both straight and branched-chain fatty acids [115,127]. The observation that some blood cells of 
RCDP type-1 patients accumulate VLCFA [114] suggests that the compensatory role of SCPx 
may be cell and tissue dependent. 
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RCDP TYPE-2 is caused by mutations in the GNPAT gene [81], that encodes for 
glyceronephosphate O-acyltransferase (GNPAT, also known as acyl-
CoA:dihydroxyacetonephosphate acyltransferase (DHAP-AT)), the first enzyme of the 
plasmalogen biosynthesis pathway (see chapter 2). RCDP type-2 patients are characterized by 
impaired biosynthesis of plasmalogens that results in extremely reduced levels of plasmalogens
in cells and tissues. No other biochemical abnormality has been detected in RCDP type-2 
patients. The clinical presentation of RCDP type-2 patients does not differ from that of RCDP 
type-1 patients. 

RCDP TYPE-3 is caused by mutations in the AGPS gene [9,21-23] that encodes AGPS, the
second enzyme in the plasmalogen biosynthetic pathway (see chapter 2). RCDP type-3 patients 
are characterized by impaired biosynthesis of plasmalogens that results in extremely reduced
levels of plasmalogens in cells and tissues. No other biochemical abnormality has been detected
in RCDP type-3 patients. The clinical presentation does not differ from that of RCDP type-1 
and type-2 patients. 

Currently there is no therapeutic approach to treat RCDP patients. For RCDP type-1, some care 
is taken to follow-up the plasma levels of phytanic acid. Usually RCDP type-1 patients receive 
a diet free of phytanic acid or its precursor, phytol [125]. This approach is similar to that used as 
a therapeutic approach in Refsum’s patients [32,66,67], to lower the levels of phytanic acid. The 
defect in plasmalogens found in patients suffering from all types of RCDP, may be rescued 
using alkyl-glycerols. It has been known for a long time, that alkyl-glycerols can circumvent the 
peroxisomal steps involved in the plasmalogen biosynthesis pathway and normalize the levels 
of plasmalogens in fibroblasts of RCDP patients [17,113]. Alkyl-glycerols have been used in 
some patients with Zellweger syndrome, but the outcome varied and did not show major
improvements [17,18,113,144]. These limited results may have hindered the use of alkyl-
glycerols in RCDP patients, but one must be aware that Zellweger patients have a multitude of
biochemical defects [37,134] that may have obscured any beneficial effects caused by the 
restoration of plasmalogens.

REFSUM’S DISEASE

Refsum’s disease is the disorder first delineated by Dr. Sigvald Refsum in 1945 as
“heredopathia atactica polyneuritiformis” [100]. This syndrome was characterized by: (i) 
polyneuritis, ataxia, muscular atrophy and increased amounts of albumin and globulin in the 
cerebrospinal fluid; (ii) retinitis pigmentosa and night blindness; (iii) hearing abnormalities; (iv)
electrocardiographic disturbances, bone abnormalities and ichthyosis [101,102]. More than 60 
years have passed and the original description remains the most comprehensive and only 
recently was anosmia described as a common presentation in Refsum’s patients [33,141]. 
Refsum’s disease is a progressive disorder thus adding important challenges for correct 
diagnosis. Usually the tetrad of symptoms that may help in the initial diagnostic triage for 
Refsum’s disease is: (1) retinitis pigmentosa, (2) peripheral neuropathy, (3) cerebellar atrophy 
and (4) high protein content in cerebrospinal fluid. The symptomatology in Refsum patients has 
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been carefully evaluated and studied during the progression of the disease [140,141]. From
these studies we can infer that the most common and frequent presentation is retinitis 
pigmentosa, followed by anosmia and neuropathy. Refsum’s disease is a progressive disorder 
that despite having its first symptoms during late childhood [104] develops into a more severe 
presentation during adulthood [16]. This progressive nature of the disorder was explained after 
the discovery that Refsum’s patients were characterized by the accumulation of a branched-
chain fatty acid, i.e., phytanic acid (3,7,11,15-tetramethyl-hexadecanoic acid) [50].
Resfum’s disease was classified as a lipid storage disorder in which the accumulation of 
phytanic acid would have detrimental effects in the target tissues. The tissue distribution of 
phytanic acid in Refsum’s patients was first evaluated in nervous tissues [61] where it was 
found that phytanic acid accumulated preferentially in peripheral nerves when compared to
central white and gray matter. At this time it was again proposed that the degree of phytanic 
acid accumulation would be roughly proportional to the extent of pathology. To explain the 
characteristic neuropathy with a demyelination component, the authors proposed that in 
Schwann cells (the cells responsible for myelination of the peripheral nervous system) phytanic 
acid would not only disrupt the packing of myelin sheaths but also influence the ability of
Schwann cells to correctly re-myelinate the damaged nerves. Follow-up studies [145] did not 
support these predictions since: (i) biopsies of nerves from Refsum patients showed minor
accumulations of phytanic acid which were greater in the epineurium and perineurium when 
compared to the levels found in the endoneurium and, (ii) tissue distribution of phytanic acid in 
a variety of tissues from Refsum patients showed that nervous tissues had the lowest degree of 
phytanic acid accumulation when compared to liver, heart and kidney [30]. 
Although it is still unsolved by which mechanism phytanic acid leads to the observed pathology, 
the accumulation of phytanic acid found in many of the target tissues in addition to the certain 
degree of correlation with the pathology, favors the “molecular distortion” hypothesis [61,146]. 
This hypothesis suggests that the incorporation and accumulation of phytanic acid in biological
membranes would affect the ordered structure of the membranes due to the branched structure
of phytanic acid. In myelin this altered membrane structure could affect membrane stability 
and/or function of membrane proteins. Recent studies have shown that phytanic acid impairs
mitochondrial respiration [51,105,111,112] and this observation suggests that phytanic acid 
may modulate the pathology in Refsum’s disease through a mechanism that involves toxicity. 
Because these recent findings have not been validated in samples from Refsum patients, I will 
not discuss them further. However I would like to point out that there may not be a
uniform/generalized mechanism through which phytanic acid accumulation leads to the 
observed pathology in Refsum patients.
The accumulation of phytanic acid in Refsum patients suggested that Refsum’s disease is a 
disorder of fatty acid -oxidation [27], since the branched-chain structure of phytanic acid, in 
particular the methyl group at the third position, blocks the degradation of this fatty acid 
through the more common -oxidation process. Through -oxidation, one carbon atom is 
removed from phytanic acid resulting in the production of pristanic acid (2,6,10,14-tetramethyl-
pentadecanoic acid). Although pristanic acid is also a branched-chain fatty acid, the methyl
group at the second position does not hinder degradation through -oxidation. The search for 
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the enzymes responsible for the -oxidation of phytanic acid underlined the discovery of the 
genetic basis of Refsum’s disease. Refsum’s disease is caused by mutations in the PHYH gene 
[46,69]. The PHYH gene encodes the protein phytanoyl-CoA hydroxylase (PHYH), the enzyme
responsible for hydroxylation of phytanoyl-CoA into 2-hydroxyphytanoyl-CoA. This first step 
in the -oxidation of phytanic acid is followed by the decarboxylation of 2-hydroxyphytanoyl-
CoA to form pristanal that is then converted to pristanic acid by the action of an aldehyde 
dehydrogenase [47,48,125,128]. So far, phytanic acid accumulation has not been identified in
other human disorders. Moreover, although the process of phytanic acid -oxidation involves 3 
distinct steps, Refsum patients are characterized by mutations in the PHYH gene. An apparent 
exception to this “rule” is the observation that a few patients with the clinical presentation of
Refsum’s disease were found to have mutations in the PEX7 gene [43,124]. From the genetic 
point of view, this small subgroup of Refsum patients would be considered RCDP type-1 
patients but due to the biochemical abnormalities these patients have an atypical presentation
that resembles more Refsum’s disease than RCDP [124]. From the medical point of view this 
small group of patients is very interesting because, as discussed above, if we would be able to 
rescue or improve the plasmalogen levels in RCDP patients, we would be able to treat the major
defects presented by RCDP patients. 
Therapeutic approaches in Refsum patients have so far focused on preventing the accumulation
of phytanic acid through a diet free or with low amounts of phytanic acid and its precursor, 
phytol [28,32,38,66,67,103,120,142]. In Refsum patients with high plasma levels of phytanic 
acid [15] plasma-exchange is also an option to rapidly clear phytanic acid from blood [32,38]. 
The dietary approach aims at halting the progression of the disease, and although having 
beneficial effects it requires a committed compliance by the patients and but it does not restore 
the deficient -oxidation of phytanic acid. An alternative method to degrade phytanic acid has 
been identified in Refsum patients, by the discovery of urine-secreted 3-methyl-adipic acid 
[142]. 3-methyl-adipic acid is a dicarboxylic acid that can be formed through -oxidation of 
phytanic acid [52]. The identification of the enzymes involved in the -oxidation of phytanic 
acid [53,54] may now provide a new therapeutic approach in Refsum’s disease. If -oxidation
of phytanic acid can be induced (e.g. through drug administration) then the combined approach 
of limiting phytanic acid intake with increased -oxidation may provide an improved therapy 
that can maintain very low levels of phytanic and improve clearance [56,129]. 

X-LINKED ADRENOLEUKODYSTROPHY

X-linked adrenoleukodystrophy (X-ALD) is a complex disorder first identified by Siemerling
and Creutzfeldt [117] with a adreno-testiculo-leukomyelo-neuropathic presentation. X-ALD is
primary characterized by adrenal insufficiency, testicular atrophy and the destruction of myelin,
particularly in the central nervous system, although it can also affect the peripheral nervous 
system [90]. The disorder has been found to have different clinical presentations that are easily 
divided in three groups: (1) patients suffering only from adrenal insufficiency, called Addison-
only [5,57]; (2) patients suffering from a cerebral form of X-ALD [90,110] and (3) patients 
suffering from a spinal cord form of X-ALD that is denominated adrenomyeloneuropathy
(AMN) [3,65,90,91,94,110]. The cerebral form of X-ALD is the most severe form of the 
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disease and is characterized by a rapidly progressive cerebral inflammatory demyelination. It 
primarily affects children between the ages of 3 to 10 years old although it can also develop in 
adolescents (onset between 10 and 21 years of age). Based on severity AMN may be considered 
a milder variant because it develops slower than the cerebral form. Nevertheless, AMN patients 
gradually develop spastic paraparesis and may even develop a mild to moderate cerebral
involvement similar to that of the cerebral X-ALD variant. The most intriguing aspect of X-
ALD relates to these different clinical presentations of the disorder. What dictates the 
occurrence of the cerebral X-ALD versus the slow progression into AMN? How is the disease 
modulated? Answers to these questions have long been awaited but they should provide us with 
better insights in the neurobiology of the disease. 
At the biochemical level X-ALD patients were found to have a drastic accumulation of VLCFA 
in all target tissues [44,49,109]. This accumulation of VLCFA was linked to a defect in the -
oxidation of these fatty acids [89,118,130] and at that time the defect was thought to be caused 
by an impairment in the synthetase that would activate VLCFA to be -oxidized in peroxisomes
[131,132]. It was puzzling to discover that the molecular basis of X-ALD involves mutations in 
the ABCD1 gene [6,76,77]. The nature of this discovery was puzzling since ALDP, the protein 
encoded by the ABCD1 gene, is a transmembrane protein belonging to the ATP-binding-
cassette (ABC) transporter family [11,24,133], but lacks homology to any known synthetase 
and is predicted to act as a transporter. Today more than 400 different mutations have been 
described in X-ALD patients (www.x-ald.nl) ranging from missense mutation to large deletions.
The identification of these mutations in X-ALD families also showed that there isn’t a well 
defined genotype-phenotype correlation [26]. This is especially striking when we consider that 
multiple presentations can be found within the same kindred [19,64] and even between twins 
[25,55,119]. These studies combined with other observations have led to the proposal that the 
disease may be influenced by modifier genes [2,8,42,63], that could modulate the disease 
progression or could alter the propensity to acquire a given form of X-ALD. Although some
candidate genes have been identified [2] it still remains largely unresolved how these 
genes/proteins modulate the pathology and the progression of X-ALD. 
Therapeutic approaches for X-ALD are hindered by the different variants and by the severe 
nature of the pathology [71]. In cases of Addison-only, appropriate hormone replacement
therapy prevents morbidity and mortality associated with adrenal insufficiency. But treatment
options become scarcer with the progression from an Addison-only presentation to one of the 
other variants of X-ALD. 
The best known therapeutic approach to X-ALD has been the "Lorenzo's oil", a mixture of 
glyceryl trioleate and glyceryl trierucate [70,107]. This dietary supplement was found to 
normalize the level of VLCFA in plasma and peripheral tissues of X-ALD patients [62,72-
74,87]. "Lorenzo's oil" was primarily given to pre-symptomatic X-ALD patients or patients 
showing initial signs of cerebral involvement. Many trials have been performed using 
“Lorenzo’s oil” but recent reviews of long term treatment indicate that it may have reduced
beneficial effects towards halting or preventing the severe cerebral involvement [75]. These 
results although disappointing possibly reflect the observation that in brain tissue of X-ALD 
patients undergoing treatment with "Lorenzo's oil", levels of VLCFA are largely unchanged 
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[98]. Nevertheless, “Lorenzo’s oil” is able to decrease or normalize VLCFA levels in peripheral 
tissues of X-ALD patients. The mechanism behind the normalization of VLCFA levels through 
the "Lorenzo's oil" diet relies on the inhibition of medium and long-chain fatty acid elongation 
to produce VLCFA. This mechanism and "Lorenzo's oil" may still be crucial when developing
other therapeutic approaches. 
Although "Lorenzo's oil" is the best known treatment, the most effective therapeutic approach 
in X-ALD is bone marrow transplantation (BMT) [4,60,84,116]. BMT performed in X-ALD 
patients having mild initial signs of cerebral involvement as been shown to stabilize and even 
alleviate the neurological abnormalities. The mechanisms through which the hematopoietic
stem cells are able to halt or alleviate the pathology are largely unknown [56]. Nevertheless,
since the demyelination observed in the cerebral form of X-ALD has a strong immunologic and 
inflammatory component it is hypothesized that with BMT, the donor cells (e.g. 
macrophages/microglia, and T-cells) could enter the central nervous system and provide 
metabolic and immunologic improvement. Although BMT may be the most efficient treatment
for X-ALD it possesses limitations that hinder the wider application (e.g., the finding of 
appropriate donors, survival rates post-BMT, graft rejection, etc). 

OUTLINE AND SCOPE OF THE THESIS

The present work relates and revolves around the human disorder RCDP type-1 and three 
peroxisomal functions: plasmalogen biosynthesis, phytanic acid -oxidation and very-long-
chain fatty acid -oxidation. The work was aimed to study and understand other peroxisomal
disorders, namely X-linked adrenoleukodystrophy and Refsum’s disease through the use and 
characterization of mouse models (reviewed in the addendum to Chapter 1). 
In this body of work we have studied the molecular basis of RCDP type-1 patients (Chapter 3). 
In order to study and understand the disorder we generated and characterized a mouse model for 
RCDP type-1, i.e., the Pex7 knockout mouse (Chapter 4). Based on the work obtained and our 
general interest in plasmalogens (Chapter 2) we have also investigated the consequences of
multiple peroxisomal deficiencies by generating and characterizing a Pex7:Abcd1 double-
knockout mouse (Chapter 5). Furthermore, we have studied the beneficial effects of alkyl-
glycerol as a therapeutic agent for plasmalogen deficiency (Chapter 6). Finally, we have also 
generated and characterized a mouse model for Refsum’s disease (Chapter 7). 
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The dysfunctioning of peroxisomes as observed in cer-

tain inherited disorders leads to defects in neuronal

migration, myelin formation, lens development and

bone ossification. Because of limited knowledge on

how abnormal peroxisomal metabolism causes such

a variety of abnormalities, mutant mice with defined

peroxisomal defects are now in the spotlight. Although

the mutant mice have the same biochemical defects as

patients, the mutant phenotype of these mice is often

rather different from the human disorders for which no

effective therapy is currently available.

Section Editor:
Johan Auwerx—Institut de Genetique et Biologie
Moleculaire et Cellulaire (IGBMC); and Institut Clinique de la
Souris, Strasbourg

The characterization of rare disorders of peroxisomal biogenesis in
humans has been instrumental in furthering our understanding of

intracellular metabolism. These disorders have been extensively
characterized by cell-based approaches, but in vitro studies have fallen

short of the in vivo studies on mouse models. Only the careful study of
such models has allowed us to grasp the full spectrum of abnormalities

induced by dysfunctioning peroxisomes. The authors of this review are

among the leading geneticists and biochemists studying peroxisomal
disorders. They are well placed to summarize how these mouse models

have changed our understanding of peroxisome function and
metabolism.

Introduction

The discovery 30 years ago that patients with Zellweger

syndrome lack peroxisomes initiated detailed studies on

peroxisome biogenesis and the role of peroxisomes and their

metabolism for human health. Since that discovery, more

than 15 different disorders have been identified that are

caused by one or more peroxisomal dysfunction(s) [1]. It is

now known which metabolic functions are deficient in the

various peroxisomal disorders and effective pre- and post-

natal diagnostic tests at the cellular, biochemical, and mole-

cular level have been developed [2,3]. However, how a given

peroxisomal dysfunction causes the associated pathological

condition remains largely unknown. In recent years, several

mutantmice have been generated to study the pathology and

physiology of human peroxisomal disorders. In this review

we discuss the contribution of mutant mice to the under-

standing of the three most common peroxisomal disorders

(PDs): X-linked Adrenoleukodystrophy, Zellweger Syndrome,

and Rhizomelic Chondrodysplasia Punctata (Table 1).

In vitro models for peroxisomal disorders

Skin-derived fibroblasts have long been used for the diagnosis

of PDs [2,4]. Their availability allows the measurement of a

variety of compounds that accumulate (e.g. phytanic acid,

very-long-chain fatty acids) or are deficient (e.g. plasmalo-

gens) in patients with a given PD. More recently, they have

also been used for testing the efficacy of compounds in

restoring peroxisomal function(s) [5–7]. They have been
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valuable in elucidating the metabolic processes that occur in

peroxisomes and in determining the correlation between the

degree ofmetabolic dysfunction and the clinical presentation

and outcome of patients. Despite their significance, certain

results of the studies performed with skin-derived fibroblasts

cannot be extrapolated to other cell types (e.g. neurons and

hepatocytes) and to the in vivo condition. The recently gen-

erated mouse knockouts not only provide in vivo models for

PDs but also provide a source of different cell types that

can be cultured for performing in vitro studies in target cell

types.

In vivo models for peroxisomal disorders

Mouse models for PDs have been generated with the aim of

replicating the human pathogenic condition to study the

mechanisms behind it and to test putative therapeutic com-

pounds. Table 1 lists several PDs and the various mouse

models that have been generated. In this section we discuss

mouse models for the three most frequent PDs, X-linked

Adrenoleukodystrophy, Zellweger syndrome, and Rhizomelic

Chondrodysplasia Punctata.

X-linked adrenoleukodystrophy versus X-ALD

knockout mice

X-linked Adrenoleukodystrophy (MIM300100; X-ALD), the

most frequent of the PDs (incidence of 1:17,000) [8], is a

neurological and endocrine disorder with a wide clinical

spectrum of different phenotypes, ranging from a severe early

childhood-onset to a milder adult-onset form [9]. The reason

for this clinical variability remains largely unknown [10]. The

childhood form of X-ALD is characterized by a rapidly pro-

gressing inflammatory demyelination of the central nervous

system (CNS), whereas the adult form (Adrenomyeloneuro-

pathy, AMN) is a slower progressive noninflammatory

demyelination of the peripheral nervous system (PNS)

[10,11]. Biochemically, X-ALD patients accumulate very-

long-chain fatty acids (VLCFA) in all body tissues and the

disorder is caused bymutations in the ABCD1 gene (Genbank

accession number NM-000033) encoding the ATP-binding

cassette (ABC) transporter protein ALDP (X-ALD protein).

Three groups independently targeted themouse ABCD1 locus

to generate a knockout mouse model for X-ALD [12–14]. All

of these knockout lines showed that, similar to the human

condition, a deficiency in murine ABCD1 (Genbank acces-

sion number NM-007435) leads to the accumulation of

VLCFA in tissues and plasma. Unexpectedly, none of the

knockout mice developed neurological problems caused by

demyelination of either the CNS or the PNS. Nevertheless, it

has been described that in one of these mutant lines, a late

onset mutant phenotype develops that has similarities to the

adult-onset form of the disorder, that is, AMN [15]. X-ALD

knockout mice in a mixed 129Sv � C57BL/6J background

older than 15 months of age developed an abnormal neuro-

logical and behavioural phenotype as assessed by nerve con-

duction velocities and motor performance. Although these

features are characteristic of AMN, they have not been cor-

roborated in X-ALD knockout mice from different genetic

backgrounds.

It will be important to study the tissue and cellular pattern

of ABCD1 expression to determine where and at which

developmental period(s) the function of ALDP is necessary

[16,17]. These studies and a comparison between human and

mouse might offer an explanation as to why the same bio-

chemical deficiency can lead to an inflammatory demyelinat-

ing disorder in humans but not in mice.

An important point needs to be stressed here that appears

to have been overlooked in relation to the X-ALD knockout

mice. Although these mice do not develop a cerebral pathol-

ogy as in the human disorder, they do show adrenal gland

and testicular atrophy. This observation could be of impor-

tance when putative therapies are to be tested in the X-ALD

knockout mice. The testicular and adrenal pathology allows

the determination of how effective a new putative therapeu-

tic agent is on the prevention of the progression of the

Drug Discovery Today: Disease Models | Metabolic disorders Vol. 1, No. 3 2004

Table 1. Human peroxisomal disorders and their corresponding mouse models

Disorder Gene Mouse model References

Human Mouse

X-linked Adrenoleukodystrophy ABCD1 ABCD1 Knockout [12,13,14]

Zellweger syndromea PEX2 Pex2 Knockout [22]

PEX5 Pex5 Knockout [20]

PEX13 Pex13 Knockout [21]

RCDP type-1 PEX7 Pex7 Knockout [31]

RCDP type-2 GNAPT Gnapt Knockout [32]

D-Bifunctional deficiency D-BP D-BP Knockout [33]

Pseudo-neonatal ALD ACOX1 Acox1 Knockout [34]

Racemase deficiency AMACR Amacr Knockout [35]

Abbreviations: RCDP, Rhizomelic Chondrodysplasia Punctata.
a Zellweger syndrome can be caused by mutations in seven other different genes.
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pathological state in addition to restoration of VLCFA to a

normal level. Currently, no effective therapy is available for

X-ALD.

Zellweger syndrome and its multiple mouse models

Zellweger syndrome (MIM214100, ZS) is an autosomal reces-

sive disorder characterized by hypotonia, facial dysmorphias,

severe neurological abnormalities, as well as ocular, skeletal,

and hepatological abnormalities [3]. Similar to X-ALD, the

disorder is characterized by a high degree of variability in

clinical presentation and disease severity. In humans, muta-

tions in at least 10 different peroxisomal genes (PEX genes)

can cause ZS [18]. The encoded proteins, that is, Peroxins, are

all key factors in the import of matrix proteins into peroxi-

somes [18,19]. As a consequence, a defect in any of these

genes leads to a general defect of all peroxisomal functions. As

shown in Table 1, three different genes have been targeted in

mice to produce a model for ZS. The resulting Pex2, Pex5 and

Pex13 knockout mice all show similar mutant phenotypes

resembling those observed in the human disorder [20–22].

The phenotypic characteristics of these knockouts are listed

in Table 2. Overall, these knockouts showed a lethal pheno-

type, with newborn pups dying within 12 h of birth. In the

case of Pex2 knockouts, the degree of lethality varied depend-

ing on the genetic background: knockout mice on an inbred

129Svev background were embryonic lethal, whereas knock-

out mice on a mixed 129Svev � SwissWebster background

survived up to 10 days [23]. Although at birth no dysmorphic

features were evident in these mutant mice, Pex2 knockout

mice showed incomplete ossification of cranial bones

(formed through intramembranous ossification) that might

be related to the large fontanels typically observed in ZS

patients. At birth, these mutant mice also display severe

hypotonia and an abnormal ‘C’ posture that might hamper

feeding and thus contribute to the lethality.

The CNS of ZS patients is characterised by cortical dyspla-

sias (caused by neuronal migration defects) and dysmyelina-

tion [24]. All three knockouts showed a defect in neuronal

migration during the embryonic development of the cortical

plate. The Pex2 knockout mice with a 129Svev � SwissWeb-

SwissWebster background that exhibit ‘longer’ survival

allowed amore complete evaluation of these neuronal migra-

tion defects [25]. Cerebellar defects were observed in 7 day old

Pex2 knockouts that included defects in migration of granule

neurons and Purkinje cell dendrite development.

These mutant mice have been instrumental in the re-dis-

covery of a grossly overlooked cellular abnormality in ZS

patients. In the first reports on peroxisomal defects in ZS

patients, mitochondrial abnormalities were also noted but

since then the possible consequences of such abnormalities

have been neglected. The characterization of Pex5 knockout

mice revealed that the disruption of all peroxisomal func-

tions is associated with a proliferation of mitochondria that

display abnormal morphology and functioning [26]. The

questions of how the mitochondrial deficiency modulates

the Pex5 knockout mutant phenotype and to what extent

thismitochondrial deficiency is a consequence of the absence

of peroxisomal functioning remain to be studied.

One could also use the available knockout mice to study

therapeutic intervention(s) for ZS. However, it will be a

difficult task as intervention will be required either at birth

or in utero and the fact that all peroxisomal functions are

impaired makes it difficult to restore all the individual func-

tions. The question, then, is which functions should be

targeted for restoration? Once more we are left with the

realization that despite the overwhelming increase in knowl-

edge, we do not understand how the different peroxisomal

dysfunctions modulate the phenotype, which will be essen-

tial when considering the rescue of one of these among the

multiple biochemical deficiencies.

Vol. 1, No. 3 2004 Drug Discovery Today: Disease Models | Metabolic disorders

Table 2. Comparison between different mouse models for Zellweger syndrome

Pex2 Knockout Pex5 Knockout Pex13 Knockout

Lethality Variable Within 12–24 hr of birth Within 12–24 h of birth

Hypotonia at birth Present Present Present

Growth retardation

Pre-natal Present Present Present

Post-natal Present N.A.a N.A.a

Dysmorphic features None None None

Neuronal migration

Cortical neurons Impaired Impaired Impaired

Granule neurons Impaired N.A.a N.A.a

Bone ossification

Endochondral ossification N.D.b Normalc N.D.b

Intramembranous ossification Abnormal Normalc N.D.b

a N.A., not applicable.
b N.D., not determined.
c Brites P. unpublished results.
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Rhizomelic Chondrodysplasia Punctata: two mouse

models and one phenotype?

Finally, we will address Rhizomelic Chondrodysplasia Punc-

tata (RCDP) and two mouse models that have recently been

generated. RCDP is an autosomal recessive disorder charac-

terized by the shortening of proximal bones, cataracts, hypo-

tonia, contractures, and calcific stippling of epiphyses [27].

RCDP has been subdivided into three types depending on

which gene is mutated. RCDP type-1 (MIM215100) is caused

by mutations in the PEX7 gene (Genbank accession number

NM-000288) [28]; RCDP type-2 (MIM222765) is caused by

mutations in the glyceronephosphate O-acyltransferase gene

(GNPAT; Genbank accession number NM-014236) [29]; and

RCDP type-3 (MIM600121) is caused by mutations in the

alkylglycero phosphate synthase gene (AGPS; Genbank acces-

sion number NM-003659) [30]. The three types of RCDP

cannot be discriminated on the basis of clinical presentation.

Two mouse knockouts have been generated by targeted dis-

ruption of the Pex7 (Genbank accession number NM-008822)

[31] and the Gnpat (Genbank accession number NM-010322)

[32] genes, which correspond to mouse models for RCDP

type-1 and RCDP type-2, respectively.

The Pex7 knockout mouse also showed a defect in perox-

isomal b-oxidation of VLCFA in addition to the defects in

plasmalogen (a class of ether-phospholipids) biosynthesis

and a-oxidation of phytanic acid, which are the classical

markers to diagnose RCDP type-1. The mutant phenotype

resembles the human disorder very closely, with Pex7 knock-

out mice displaying defects in endochondral ossification,

development of cataracts, and hypotonia. Surprisingly, the

Pex7 knockout mice also have defects in neuronal migration

of neocortical neurons, which, although described in two

RCDP patients, has never been fully investigated. The Pex7

knockout mice are characterized by a high incidence of

lethality during the first 24 h of life after which they display

growth retardation throughout their life span. Male mutant

mice reaching adulthood are infertile, whereas females show

decreased fertility. When compared to the Pex7 knockout

mouse, the Gnpat knockout has a single defect in the bio-

synthesis of plasmalogens and shows a mutant phenotype

that appears to be less lethal during the very early post-natal

period. No information is available on bone and brain defects

in Gnpat knockout mice. Interestingly, the Gnpat knockout

mouse develops an optic nerve hypoplasia that could be

caused by a defect in the myelination process. To our knowl-

edge, such optic nerve pathology has never been described in

RCDP patients, although defects in myelination of the CNS

have been described.

Drug Discovery Today: Disease Models | Metabolic disorders Vol. 1, No. 3 2004

Table 3. Comparison summary table

In vitro models In vivo models

Pros Easy to maintain in culture Comparable complexity and physiology to humans

Existence of different strains to evaluate the existence

of modifier gene(s)

Ease of access to target tissues and cells

Possibility to combine defects through the generation of

double-knockouts

Cons Reduced complexity Species dependent characteristics (e.g. life span, development, diet)

Differences associated with cultured cells versus

in vivo condition (e.g. extracellular matrix and

factors, passage number)

Gene disruption leads to the lack of the mutated form of the protein

Requires extrapolation of findings to humans

Ethical considerations

Best use of model Diagnostic purposes Primary and secondary assessment of physiological alterations

(e.g. biochemical parameters and pathological conditions)Primary assessment of physiological

alterations (e.g. biochemical parameters) Identification and characterization of peroxisomal metabolic functions

Identification and characterization of peroxisomal

metabolic functions

Testing of putative therapies

How to get access

to the model

Literature Literature

Laboratory center(s) that perform diagnoses Contacting the originators

Companies (e.g. The Jackson Laboratory)

References [3] [12–14,20–22,31–35]

Links

Peroxisome biogenesis and peroxisomal disorders

� http://www.peroxisome.org/

� http://www.x-ald.nl/

Mouse models, suppliers and databases

� http://www.jax.org/

� http://research.bmn.com/mkmd

Gene accession and genome information

� http://www.ncbi.nlm.nih.gov/entrez/

query.fcgi?db=Nucleotide&itool=toolbar

� http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM

� http://www.ncbi.nlm.nih.gov/genome/guide/mouse

31

Peroxisomal mouse models



The availability of these mice now offers the opportunity

to unravel which pathological and pathophysiological con-

ditions affect RCDP patients and the characterization of the

underlying mechanism(s). The single biochemical defect in

ether-phospholipid biosynthesis of the Gnpat knockout

mouse and the multiple defects in Pex7 knockout

mice could provide insights into how the pathological

consequences of different peroxisomal dysfunctions mod-

ulate each other.

As RCDP type-2 and type-3 are clinically indistinguishable

from RCDP type-1, it has been generally assumed that the

defect in ether-phospholipid biosynthesis is the main deter-

minant of the pathological state underlying the disorder. For

more than 20 years it has been known that alkyl-glycerols can

overcome the deficiency in ether-phospholipid biosynthesis

as they can enter the biosynthetic pathway after the (defec-

tive) peroxisomal steps. The twomouse models for RCDP can

be used in trials to evaluate if in vivo alkyl-glycerols can indeed

restore plasmalogen levels in target tissues and, more impor-

tantly, prevent, stop, or reverse the pathological progression

of the mutant phenotype that each mouse develops.

In silico models for peroxisomal disorders

Currently there are no in silico models for peroxisomal dis-

orders. Given the complexity of the disorders and the obser-

vation that even some in vivo models fail to replicate some

characteristics of the human disorder, we envisage that in

silico models will not contribute to the understanding of

human peroxisomal disorders.

Conclusions

The in vitro studies of patient-derived skin fibroblasts remain

invaluable for the diagnosis of PDs and have led to a major

advance in the understanding of peroxisomal metabolism.

However, the limitations of in vitro studies and the nature of

the cells make the extrapolation to other cell types and to the

in vivo situation difficult. PDs are complex disorders and

multiple tissues are affected. No naturally occurring models

have been described for PDs and thus, mouse knockouts have

been generated for some PDs. These mouse models are far

more valuable to study PDs than in vitromethods and despite

some limitations (see Table 3) and exceptions they closely

mimic the human disease for which they have been gener-

ated. As such, they provide important tools to understand

disease mechanisms and to test therapies.

Of the seven PDs for which mouse models have been

generated (see Table 1), only the ones reviewed here show

a phenotype that resembles the human condition. Themouse

models for D-Bifunctional Deficiency (MIM261515) [33],

Pseudo-neonatal ALD (MIM264470) [34] and Racemase

Deficiency (MIM604489) [35] display a mutant phenotype

that does not include distinct defects such as abnormal

neuronal migration and peripheral nerve neuropathy,

despite the fact that they have all the characteristic biochem-

ical abnormalities. The reason for the discrepancy between

having the biochemical defects but not the characteristic

pathology is not clear, but it suggests that regulatory or

compensatory factors/mechanism(s) exist. The identification

of these putative factors or mechanisms will be very relevant

when one considers the development of therapeutic inter-

ventions.
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Abstract

Plasmalogens (1-O-alk-1V-enyl-2-acyl glycerophospholipids) constitute a special class of phospholipids characterized by the presence of a

vinyl–ether bond at the sn-1 position. Although long considered as biological peculiarities, interest in this group of phospholipids has grown

in recent years, thanks to the realization that plasmalogens are involved in different human diseases. In this review, we summarize the current

state of knowledge with respect to the enzymatic synthesis of plasmalogens, the characteristic topology of the enzymes involved and the

biological roles that have been assigned to plasmalogens.
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1. Introduction

Ether-phospholipids constitute a special class of phos-

pholipids characterized by the presence of an ether bond at

the sn-1 position of the glycerol backbone rather than an

ester bond as in diacylglycerophospholipids. Two types of

ether bonds occur in ether-phospholipids: the ether bond and

the vinyl–ether bond. The former is found in platelet

activating factor (PAF), whereas the vinyl–ether bond is

found in a class of ether-phospholipids called plasmalogens.

The schematic representation of the different types of

glycerophospholipids is shown in Fig. 1. In plasmalogens,

the aliphatic moieties at the sn-1 position consist of C16:0

(palmitic acid), C18:0 (stearic acid) or C18:1 (oleic acid)

carbon chains, whereas the sn-2 position is occupied by

polyunsaturated fatty acids (PUFAs) and the head group is

usually either ethanolamine or choline. Different tissues,

and possibly even different cell types within one tissue, may

have variable amounts of plasmalogens. Brain myelin

possesses the highest content of ethanolamine plasmalogens

(PE-plasmalogen) whereas heart muscle has a higher con-

tent of choline plasmalogens (PC-plasmalogen). Moderate

amounts of plasmalogens are found in kidney, skeletal

muscle, spleen and blood cells, whereas liver is known for

its low plasmalogen content.

For a long time plasmalogens have been considered not

more than a biological peculiarity. Over the last 20 years,

however, an increased interest has arisen with respect to

their occurrence, synthesis and properties. This interest in

plasmalogens has been stimulated by their implication in

various degenerative diseases and the discovery of genetic

disorders in which ether-phospholipids are deficient. Here

we review the plasmalogen biosynthetic pathway and

human disorders in which the biosynthesis of plasmalo-

gens is impaired and/or reduced levels of plasmalogens

have been observed. Although the physiological func-

tion(s) of plasmalogens is still not fully resolved, we also

review several biological roles that have been assigned to

plasmalogens.

2. Biosynthesis of plasmalogens

The first step in the biosynthesis of plasmalogens (Fig. 2)

involves the esterification of dihydroxyacetone phosphate

(DHAP) with a long-chain acyl-CoA ester and is carried out

by dihydroxyacetone phosphate acyltransferase (DHAP-AT;
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EC 2.3.1.42) [1]. The characteristic ether-bond at the sn-1

position of plasmalogens is introduced by the replacement

of the sn-1 fatty acid with a long-chain fatty alcohol. This

reaction is catalysed by alkyl-dihydroxyacetone phosphate

synthase (ADHAP-S; EC 2.5.1.26) [2,3] with alkyl-DHAP

as product. The fatty alcohol may be derived from dietary

intake or by the reduction of long-chain acyl-CoAs through

the action of an acyl-CoA reductase. Alternatively, fatty

alcohols may derive from chain elongation of dodecanoyl-

CoA using the peroxisomal pool of acetyl-CoAs that results

in the formation of hexadecanol within peroxisomes [4].

The reduction of the ketone group at the sn-2 position of

alkyl-DHAP is catalysed by acyl/alkyl-dihydroxyacetone

phosphate reductase (AADHAP-R; EC 1.1.1.101) [5,6]

and results in the formation of 1-alkyl-sn-glycero-3-phos-

phate. Acylation to 1-alkyl-2-acyl-sn-glycero-3-phosphate is

catalysed by an alkyl/acyl-glycero-3-phosphate acyltransfer-

ase (AAG3P-AT) which is different from the enzyme that

uses 1-acyl-glycero-3-phosphate as a substrate [7,8]. The

phosphate group is removed by a phosphohydrolase (PH)

yielding 1-alkyl-2-acyl-sn-glycerol. Subsequently, cytidine-

diphosphate-ethanolamine (CDP-ethanolamine) is incorpo-

rated via the action of ethanolamine-phosphotransferase in

the presence of magnesium to form 1-alkyl-2-acyl-sn-glyc-

ero-3-phosphoethanolamine (alkylacyl-GPE) [9]. The desa-

turation to 1-alk-1-enyl-2-acyl-GPE (PE-plasmalogen) is

carried out by a cytochrome b5-dependent microsomal

electron transport system and a D1-alkyl desaturase (D1-
desaturase) whereas 1-alk-1-enyl-2-acyl-GPC (PC-plasmal-

ogen) is primarily formed from 1-alk-1-enyl-2-acyl-GPE via

sn-2 and polar-head group modifications [10].

3. Subcellular localization and topology of the enzymes

involved in plasmalogen biosynthesis

The different subcellular localizations of the various

enzymes involved in the biosynthesis of plasmalogens show

that the process is initiated in peroxisomes and completed in

the endoplasmatic reticulum (ER) (Fig. 3). Indeed, the

enzymes DHAP-AT and ADHAP-S, catalysing the first

two steps, are localised exclusively in peroxisomes

[3,11,12] whereas AADHAP-R has been shown to have a

bimodal distribution in peroxisomes and ER [5,13]. The

remaining enzymes are localised in the ER, where they are

also involved in the biosynthesis of diacylphospholipids

[14,15].

Fig. 1. Structure of glycerophospholipids. Plasmalogens contain a vinyl

ether bond at the sn-1 position of the glycerol backbone, compared to the

ether bond present in plasmanyl-phospholipids (e.g. platelet activating

factor) and the ester bond in diacylphospholipids. R1 and R2 represent

long-chain fatty acids esterified at the sn-1 and sn-2 position, respectively.

The head groups represent ethanolamine or choline in plasmalogens,

choline in platelet activating factor, and ethanolamine, choline or serine in

diacyl-phospholipids.

Fig. 2. Schematic representation of the steps involved in the biosynthesis of

plasmalogens. See text for nomenclature and abbreviations. Alternative

routes for the formation of PC-plasmalogens are postulated (dotted arrow)

either via head group modifications or via both sn-2 and head group

modifications (see Lee [138] for a more detailed description of these

alternative routes).

Plasmalogens in health and disease

37



The topology of the peroxisomal enzymes involved in

plasmalogen biosynthesis differs markedly with respect to

their localization within peroxisomes (Fig. 4). DHAP-AT

and ADHAP-S are truly intraperoxisomal proteins facing

the peroxisomal lumen whereas the long-chain alcohol-

forming acylCoA reductase and AADHAP-R are bound to

the peroxisomal membrane facing the cytosol. The implica-

tion of this topology is that the substrates of the DHAP-AT

reaction, i.e. acylCoA and DHAP, must be either transported

from the cytosol into peroxisomes or generated inside

peroxisomes. Since the fatty acid which enters the plasmal-

ogen biosynthesis pathway in the DHAP-AT step is gener-

ated in the ADHAP-S reaction, the fatty acid released

simply needs to be reactivated to its CoA-ester form to be

a substrate again in the DHAP-AT reaction. Peroxisomes

indeed contain an acylCoA synthetase, of which the cata-

lytic side faces the peroxisomal lumen. This synthetase,

called very-long-chain acylCoA synthetase (VLACS), can

activate a wide range of fatty acids and might well catalyze

also the esterification of fatty acids derived from the

ADHAP-S reaction [16,17]. The ATP required for this

reaction would then come from the cytosol in exchange

for AMP, as catalyzed by PMP34, a peroxisomal adenine

nucleotide transporter that belongs to the family of mito-

chondrial solute carrier family of transporters [18]. One

other unresolved aspect regarding the peroxisomal steps in

the biosynthesis of plasmalogen concerns the origin of

DHAP, which can either be transported across the peroxi-

somal membrane from the cytosol or generated in the

peroxisomal matrix by the activity of glycerol-3-phosphate

dehydrogenase [19,20].

The peroxisomal localization of DHAP-AT and ADHAP-

S is crucial for their enzymatic activity and stability. The

two enzymes have been found to form a heterotrimeric

complex [21] and although the active functional units of the

two enzymes are monomers [22], several direct and indirect

observations indicate that the complex may regulate enzy-

matic activities and facilitate substrate channelling. The

peroxisomal localization of DHAP-AT and ADHAP-S is

achieved by the presence of peroxisomal targeting signals

(PTS) in their amino acid sequences [23]. Interestingly, the

Fig. 3. Topography of plasmalogen biosynthesis. The first two steps in

plasmalogen biosynthesis, namely the sequential conversion of DHAP into

acyl-DHAP and acyl-DHAP into alkyl-DHAP take place in peroxisomes by

the peroxisomal enzymes DHAP-AT and ADHAP-S. The third step, which

converts alkyl-DHAP into alkyl-G3P, may occur both in peroxisomes and

in the endoplasmatic reticulum (ER), since AADHAP-R has been found in

both subcellular compartments. All remaining steps occur in the ER.

Fig. 4. Topology of the peroxisomal enzymes involved in the biosynthesis of plasmalogens. (1) DHAP-AT; (2) ADHAP-S; (3) acylCoA reductase (long-chain

alcohol-forming); (4) glycerol-3-phosphate dehydrogenase; (5) AADHAP-R; (6) peroxisomal membrane protein of 34 kDa (PMP34); (7) VLACS.
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two enzymes have different PTS and follow different PTS-

mediated modes of import. In mammals, DHAP-AT has a

PTS type 1 (PTS1) signal [24] and follows a PEX5-

dependent import into peroxisomes, whereas ADHAP-S

has a PTS type 2 signal (PTS2) [25] and follows a PEX7-

dependent import.

The continuous study of peroxisomal disorders has

revealed that in different disorders the localization of

DHAP-AT and ADHAP-S affects not only the rate of

plasmalogen biosynthesis but also the activity of DHAP-

AT (Fig. 5). In the Zellweger syndrome the mislocalisation

of DHAP-AT and ADHAP-S to the cytosol affects the

stability of the two proteins, leading to low residual activ-

ities and consequently deficient plasmalogen synthesis. In

rhizomelic chondrodysplasia punctata (RCDP) type-1

patients, the specific impairment in PTS2-mediated import

due to deficient Peroxin 7 results in the cytosolic localiza-

tion of ADHAP-S. ADHAP-S is unstable in the cytosol,

which explains the low residual activity of this enzyme in

RCDP type-1 fibroblasts, which is comparable to that of

Zellweger-derived fibroblasts. Although DHAP-AT is cor-

rectly localised in peroxisomes of RCDP type-1 patients, its

activity is reduced to 20–30% of control as a consequence

of the absence of ADHAP-S in peroxisomes. Interestingly,

de novo plasmalogen biosynthesis is usually much more

deficient in RCDP type-1-derived fibroblasts than in Zell-

weger-derived fibroblasts, although the residual activity of

DHAP-AT is higher in RCDP type-1. We speculate that this

phenomenon is caused by the spatial separation between

DHAP-AT and ADHAP-S in RCDP type-1 cells, whereas in

Zellweger cells DHAP-AT and ADHAP-S are localized in

the same compartment, i.e. the cytosol.

RCDP type-2 is caused by mutations in the DHAP-AT

gene [26] whereas RCDP type-3 is caused by mutations in

ADHAP-S gene [27]. Interestingly, the molecular and

biochemical characterisation of RCDP type-3 patients

revealed that a patient with a nonsense mutation had

reduced DHAP-AT activity, whereas a patient with a mis-

sense mutation and no ADHAP-S protein detected on

Western blotting had normal DHAP-AT activity [28]. These

observations are in line with the notion described above that

the activity of DHAP-AT is dependent on the physical

presence of ADHAP-S in peroxisomes even if in a mutated

form. Moreover, they provide an explanation as to why in

RCDP type-1 the cytosolic localization of ADHAP-S leads

to the reduced activity of DHAP-AT.

4. Topology and localization of plasmalogens in

membranes

In the sarcolemmal membrane, PE-plasmalogens are

predominantly found in the inner leaflet [29,30]. In red

blood cells, PE-plasmalogens have been found to be mainly

localised in the inner leaflet of the plasma membrane

whereas only a small percentage of PC-plasmalogens is

detected in the inner leaflet. These results suggest that, like

the corresponding diacylphospholipids, plasmalogens fol-

low an asymmetric distribution [31].

Recently, plasmalogens have been found enriched in

lipid rafts of a human epidermal carcinoma cell line [32].

Lipid rafts are lipid microenvironments found in the

plasma membrane that play an important role in signal

transduction as they can include or exclude proteins and

facilitate protein-protein interactions [33]. Plasmalogens

have the ability to form non-lammelar structures and can

allow the transition of membranes from a lamellar gel to

Fig. 5. Relationship between protein import, protein complexes and DHAP-

AT activity. In Zellweger patients, the mistargeting to the cytosol of DHAP-

AT and ADHAP-S leads to impaired activities of these enzymes and

reduced levels of plasmalogens. In RCDP type-1, although only ADHAP-S

is mistargeted to the cytosol, the activity of DHAP-AT is impaired. In

RCDP type-2, mutations in DHAP-AT lead to undetectable levels of

enzymatic activity, whereas ADHAP-S has normal activity levels. The

characterization of different patients with RCDP type-3 has indicated that

the absence of ADHAP-S from peroxisomes, due to nonsense mutations in

the gene (* in the scheme), affects the stability and hence the activity of

DHAP-AT, whereas the presence of ADHAP-S, even in a mutant inactive

form (** in scheme), does not affect DHAP-AT activity. N—normal

activities found in control-derived fibroblasts.
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liquid-crystalline form at lower temperatures. These phys-

ical properties may contribute to or modulate the formation

and/or maintenance of lipid rafts. The enrichment of

plasmalogens in lipid rafts and the role of lipid rafts in

signal transduction may provide an explanation for the

impaired cellular functions and signalling events identified

in human disorders with reduced levels of plasmalogens

(see below).

5. Turnover/degradation of plasmalogens

The turnover rates of plasmalogens, as determined in

brain, show that they are short lived with PE-plasmalogens

having half-lives of approximately 3 h and PC-plasmalo-

gens approximately 30 min [34]. The presence of the

characteristic vinyl–ether bond at the sn-1 position of the

glycerol moiety in plasmalogens makes them sensitive to

radical attack (see below). The hydrolysis of plasmalogens

by the selective action of phospholipases is of special

interest as it may contribute to plasmalogen turnover but

also to the release of bioactive molecules. The selective

action of at least three different phospholipases A2 (PLA2)

towards plasmalogens over diacylphospholipids is also

supported by the different physicochemical and kinetic

properties when compared to PLA2 with activities towards

diacylphospholipids. These PLA2s have been known as

plasmalogenases or plasmalogen-selective phospholipase

A2 (psPLA2). psPLA2 have been purified from bovine

brain [35,36], canine [37] and rabbit [38] myocardium

and rabbit kidney [39,40]. The selectivity of psPLA2 may

be attributed to the conformational organisation of the

plasmalogen molecule [37]. This is further supported by

the observation that a psPLA2 isolated from rat pancreas

preferentially hydrolyses plasmalogens with arachidonic

acid versus oleic acid in the sn-2 position [41]. The

hydrolysis by psPLA2 releases the fatty acid at the sn-2

position, which yields lysoplasmalogens. The released free

fatty acids may function as second messengers (see later

section). Recently, it has been shown that the hydrolysis of

brain plasmalogens by psPLA2 is regulated by ceramide

[42]. Lysoplasmalogens may then be degraded further or

reacylated as accumulation of lysoplasmalogens in mem-

branes may affect their physical properties. High levels of

lysoplasmalogens produced during hypoxia inhibit the

plasma membrane Na+, K+-ATPase [43] and can cause

severe perturbations in the action potentials of cultured

myocytes [44] and may even lead to disruption of cell

membranes [45]. Lysoplasmalogens can be degraded by the

action of lysoplasmalogenase, an enzyme that catalyses the

hydrolysis of the alkenyl bond of lysoplasmalogens [46–

49]. Despite the need for a tight control over the levels of

lysoplasmalogens, they have also been shown to mediate

signal transduction events as choline lysoplasmalogens can

activate cAMP-dependent protein kinase in the absence of

cAMP [50].

6. Biological roles attributed to plasmalogens

6.1. Plasmalogens as antioxidants

The presence of a vinyl–ether bond makes plasmalogens

more susceptible to oxidative attack compared to their 1-

acyl analogues [51]. This has prompted the hypothesis that

plasmalogens may act as scavengers, protecting other phos-

pholipids, lipids and lipoprotein particles from oxidative

reactions [52]. Plasmalogens seem to have an antioxidant

effect towards a wide variety of reactive species including,

amongst others, reactive oxygen species [53] and iron-

induced peroxidation [54]. Plasmalogens may have a crucial

role as endogenous antioxidants during states of increased

oxidative burden, e.g. during and after spinal cord ischemia

[55] and hypoxia [56]. The decrease in plasmalogen content

under such oxidative conditions may indicate that plasmal-

ogens are functioning as scavengers [57], but a careful

analysis and interpretation of these results may be warranted

as it has been shown that some of these oxidative scenarios

may activate psPLA2, thus leading to a decrease in plasmal-

ogen content [44].

In addition to being prone to free radical attack on their

vinyl–ether bond, plasmalogens have also been shown to

have a role in inhibiting iron-induced peroxidation of

PUFAs [54] and copper-induced oxidation of low-density

lipoproteins [58,59]. The inhibitory effects seem to be

related to ion ‘‘chelation’’ in addition to the ability of

plasmalogens to interfere with the propagation of lipid

peroxidation. Free radical attack and induced lipid perox-

idation is a complex process known to occur in various

pathological conditions including chronic inflammation,

atherosclerosis, aging and cancer [60] in which plasmalo-

gens may be of special importance.

6.2. Plasmalogens as mediators of membrane dynamics

Variations in the length and saturation of the alkyl- and

acyl-chains at sn-1 (R1) and sn-2 (R2), respectively, and in

the head group of glycerophospholipids lead to altered

physicochemical characteristics of the membranes in which

they are inserted. The vinyl–ether bond in plasmalogens

may also affect the hydrophobic–hydrophilic interface

region of phospholipid aggregates [61].

Phospholipid mixtures containing plasmalogens have

been shown to undergo the transition from lamellar gel to

liquid-crystalline at lower temperatures compared to phos-

pholipid mixtures containing the corresponding diacylphos-

pholipids [62–64]. This propensity to form hexagonal

structures has been linked to a role of plasmalogens in

facilitating membrane fusion processes [62,64,65]. Plasmal-

ogens also have the ability to reduce the surface tension and

the viscosity of phospholipid mixtures [66,67]. The obser-

vation that plasmalogens are major constituents of synaptic

vesicle membranes [63,68] and are found in alveolar sur-

factants [69,70] may indicate that plasmalogens are in-
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volved in the expedite process of synaptic transmission and

membrane dynamics during breathing cycles. Plasmalogens

and the products of their catabolism may also potentiate

alterations in membrane dynamics during signal transduc-

tion in plasmalogen-enriched membranes [71].

Plasmalogens have also been implicated in the process of

HDL-mediated cholesterol efflux. Human cell lines with

impairment in plasmalogen biosynthesis, due to deficient

DHAP-AT activity, have been found to have reduced HDL-

mediated cholesterol transport [72]. Moreover, cholesterol

transport from the plasma membrane to the ER is impaired

in Chinese Hamster Ovary (CHO) mutant cell lines with

defective DHAP-AT and ADHAP-S [73].

6.3. Plasmalogens as storages of PUFAs and lipid

mediators

The fatty acids located at the sn-2 position of the glycerol

backbone of plasmalogens may be released upon the action

of phospholipase A2. The high level of PUFAs in plasmal-

ogens when compared to their diacyl counterparts has

prompted the suggestion that they can act as storage depots

of docosahexaenoic acid (DHA) and arachidonic acid (AA)

[74–76]. Despite the fact that PUFAs, including DHA,

cannot be biosynthesised, they comprise 25–30% of the

fatty acids in human brain and have been implicated in

normal brain development and cognitive function. Outside

the central nervous system, DHA is also preferentially

incorporated in photoreceptors where it has been shown to

be important for signalling events leading to visual response

[77,78].

Plasmalogens have been suggested to be involved in the

initial phase(s) of signal transduction as receptor-mediated

degradation of plasmalogens via psPLA2 may release free

DHA and AA, which when metabolised to eicosanoids, may

serve as second messenger [79,80]. Recently, it has also

been found that G-protein-coupled signal transduction is

influenced by the phospholipid composition of membranes

and that DHA-rich membranes have faster and more effi-

cient G-protein-coupled signal transduction [81].

7. Plasmalogens and disease

7.1. Zellweger syndrome

The importance of plasmalogens in human health is

highlighted by the identification of human disorders in which

plasmalogen biosynthesis is deficient. The first inborn error

of metabolism in which plasmalogens were found to be

deficient was the Zellweger syndrome [82], an often lethal

autosomal recessive disorder in which peroxisome biogene-

sis is impaired, leading to a generalised loss of peroxisomal

functions. In cells and tissues derived from Zellweger

patients, morphologically identifiable peroxisomes are lack-

ing, and often only the membrane remnants of peroxisomal

membranes (denominated peroxisomal ghosts) may be pres-

ent. Genetic and phenotypic heterogeneity is a feature of

PBDs with at least 12 different genes involved and three

major clinical presentations, which include the Zellweger

syndrome as the most severe disorder and neonatal adreno-

leukodystrophy and infantile Refsum disease as milder

variants [83]. Zellweger patients accumulate very-long-chain

fatty acids, bile acid intermediates, phytanic acid and pris-

tanic acid and have reduced levels of plasmalogens which

makes it difficult to correlate the pathology with a given

metabolic abnormality. Clinically, Zellweger patients are

born with a characteristic craniofacial dysmorphism (a high

forehead, large anterior fontanel, hypoplastic supraorbital

ridges and low implantation of ears) and show profound

hypotonia, seizures, impaired hearing, severe growth retar-

dation and neurological abnormalities. Brain pathology

reveals dysmyelination and a severe impairment in neuronal

migration with cortical dysplasia and neuronal heterotopias.

The comparison between Zellweger patients and patients

with single peroxisomal biochemical abnormalities, namely

the accumulation of phytanic acid (as in Refsum disease), the

accumulation of VLCFA (as in X-linked Adrenoleukodys-

trophy) or the accumulation of branched chain fatty acids (as

in racemase deficiency), or the defect in plasmalogen bio-

synthesis (as in RCDP type-2 and type-3), suggests that the

reduced content of plasmalogens in brain tissue of Zellweger

patients may be critical for the neurological abnormalities

[84]. The reduced levels of plasmalogens may modulate the

effect(s) of fatty acid accumulation at the molecular and

cellular level.

Fibroblasts from Zellweger patients have been shown to

have impaired muscarinic cholinergic signal transduction

activity as measured by the low-Km GTPase activity after

carbachol induction and a reduction in secretion of amyloid

precursor protein (APP) [85]. These results and the obser-

vation that membrane fluidity is significantly higher in

fibroblasts derived from Zellweger patients when compared

to control fibroblasts [61] substantiate the proposed role of

plasmalogens in signal transduction and membrane dynam-

ics. In a recent study, Styger et al. [86] also showed

defective signal transduction in Zellweger fibroblasts de-

spite normal membrane fluidity. Regarding this latter point,

it should be mentioned that membrane fluidity was higher in

two of the three Zellweger cell lines studied. The designa-

tion of Zellweger syndrome relates to a clinical presentation

and a generalised loss of peroxisomal functions, although

genetically this syndrome may be caused by mutations in at

least nine different genes [87–89]. It will be important to

relate these findings of abnormal signal transduction and

membrane fluidity with the assignment of the different cell

lines to a given complementation group.

7.2. Rhizomelic chondrodysplasia punctata (RCDP)

RCDP is an autosomal recessive disorder of peroxisome

metabolism characterized by the presence of morphologi-
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cally distinguishable peroxisomes and multiple, but not

generalised, loss of peroxisomal functions. RCDP patients

show bone abnormalities (namely shortening of proximal

long bones, calcific stippling of epiphysis, and vertebral

clefts in vertebrae), contractures, cataracts, and severe

growth and mental retardation. The disorder is phenotypi-

cally heterogeneous with different degrees of severity in

addition to atypical clinical presentations [90–94]. Further-

more, RCDP is genetically heterogeneous with three dis-

tinct genetic forms. RCDP type-1 is caused by mutations in

the PEX7 gene and is the most frequent type of RCDP

[92,95]. RCDP type-2 is caused by mutations in the DHAP-

AT gene [24,26], and RCDP type-3 is caused by mutation

in the ADHAP-S gene [27]. This genetic heterogeneity is

reflected in the biochemical features of the different types of

RCDP. RCDP type-1 is characterised by impaired plasmal-

ogen biosynthesis and deficient a-oxidation of phytanic

acid [96]. A third defect, in the h-oxidation of VLCFA,

may be present as blood cells show an accumulation of

VLCFA, albeit mild [97]. RCDP type-2 and type-3 are both

characterised by an isolated impairment in plasmalogen

biosynthesis.

The severe depletion of plasmalogens in RCDP patients

causes defects in bone and brain development. Although not

extensively studied, it has been proposed that in RCDP, the

coronal clefts in vertebrae are due to retardation and

disruption in the process of bone replacement, possibly

due to delayed chondrocyte maturation [98]. This delay in

the process of bone replacement may be the cause of the

shortening of proximal bones. Although there is no doubt

that it is the defect in plasmalogen biosynthesis that causes

these bone abnormalities, there is still no mechanistic

explanation correlating the impairment in bone ossification

to the lack of plasmalogens. Brain developmental defects

have also been identified in RCDP patients. If there is a

neuronal migration defect in RCDP patients, it is not as

severe as the defect observed in Zellweger patients. Never-

theless, post-mortem studies of three RCDP patients have

shown that the brains display dysplastic olives that may be

indicative of a neuronal migration defect [99–101]. Cere-

bellar atrophy due to loss of Purkinje and granular neurons

[102] and abnormal myelination [103–106] has also been

observed in RCDP patients.

The study of Perichon et al. [85] revealed that fibroblasts

derived from RCDP type-1 patients have, when compared to

Zellweger fibroblasts, a greater deficiency in muscarinic

cholinergic signal transduction and APP secretion. Normal

muscarinic cholinergic signal transduction was found in

fibroblasts derived from X-linked adrenoleukodystrophy

and peroxisomal bifunctional enzyme-deficient patients,

although in the latter an increase in APP secretion was

observed. When taken together, these results suggest that the

defect in signal transduction is related to a defect in

plasmalogens.

A link between the role of plasmalogens in signal

transduction and modulation of membrane dynamics is also

suggested by the finding of abnormal caveolae and clathrin-

coated pits in fibroblasts of RCDP type-2 and type-3

patients [107]. In these fibroblasts caveolae were found to

be scarce and with abnormal morphologies and the level of

caveolin-1 (a structural component of caveolae) was also

found reduced. In contrast, clathrin-coated pits were flat-

tened and possessed increased levels of clathrin. Moreover,

cholesterol was found to accumulate in perinuclear struc-

tures and there was an impairment in the rate of endocy-

tosis. Both findings may be related to the defects observed

in caveolae and clathrin-coated pits, respectively, and

indicate that the role of plasmalogens as mediators of

membrane dynamics may alter intracellular transport and

signal transduction.

7.3. Alzheimer’s disease (AD)

Patients suffering from AD have been shown to have

reduced levels of plasmalogens in brain areas that show

active degeneration [108]. The selectivity of the deficiency

for affected brain areas may be due to alterations in

membrane stability [109]. Nevertheless, the plasmalogen

deficiency in AD seems to be relevant and specific as other

neurodegenerative disorders, such as Huntington’s disease

and Parkinson’s disease, do not display reductions in the

plasmalogen content of the corresponding affected brain

regions. Recently, Han et al. [110] correlated the levels of

plasmalogens with different clinical dementia ratings (CDR)

of AD patients. Even at initial stages of AD (lower CDR

score), a reduction of plasmalogens was observed and

patients with successive higher CDR scores had further

reductions in the level of plasmalogens.

Two putative scenarios have been put forward to explain

the deficiency of plasmalogens in AD brain. The first

involves the putative antioxidant nature of plasmalogens:

the increased oxidative status in AD brains and the inherent

propensity of the vinyl–ether bond of plasmalogens to be

attacked by radicals would lead to a decrease in plasmal-

ogen content. The second scenario predicts the reduction of

plasmalogen levels by the stimulation of psPLA2, a process

that may be receptor-mediated [111]. In both cases, it will be

important to measure in AD brains the by-products obtained

from either radical oxidation (e.g. long-chain aldehydes) or

from psPLA2 action (e.g. lysoplasmalogens) in order to

discriminate between the two possibilities.

The role played by a plasmalogen deficiency in AD

pathogenesis remains obscure. Reduced levels of plasmal-

ogens may abrogate the membrane instability of AD neu-

rons and/or it may increase the toxic effect of the

accumulation of amyloid h protein (Ah). Recent findings
may lead to an interesting twist on how the plasmalogen

deficiency in AD brains is perceived. The sequential cleav-

age of amyloid precursor protein (APP) by h- and g-
secretase results in the release of Ah that has amyloidogenic

properties. a- and g-secretase also sequentially cleave APP

but the peptides resulting from this cleavage are non-
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amyloidogenic. Ehehalt et al. [112] have shown that there

are two pools of APP, one inside and one outside lipid rafts.

APP localized outside of lipid rafts seems to be cleaved by

a-secretase whereas APP localized in lipid rafts seems to be

cleaved by h-secretase. Thus, Ah production may be

influenced by the organisation of the plasma membrane

and the interactions of APP with lipid rafts. As discussed

above, plasmalogens are enriched in lipid rafts and a

reduction of plasmalogens may alter the physical properties

and protein composition of lipid rafts. This hypothesis may

suggest that the receptor-mediated degradation of plasmal-

ogens by psPLA2 in AD brains may function as a cellular

response to decrease the pool of APP in lipid rafts and thus

reduce the levels of Ah produced. Nevertheless, the reduc-

tion of plasmalogen content will undoubtedly have adverse

effects as concluded from the severe clinical manifestations

in patients with either DHAP-AT or ADHAP-S deficiencies.

7.4. Niemann–Pick type C (NPC)

NPC is an autosomal recessive lipid storage disorder

characterized by accumulation of unesterified cholesterol,

neutral and acidic glycosphingolipids and sphingomyelin,

which leads to progressive degeneration of the central

nervous system [113,114]. A study performed in the mouse

model of NPC revealed an involvement of peroxisomes in

stages preceding the appearance of the disease symptoms

[115]. In this study, the activities of peroxisomal h-oxida-
tion enzymes and catalase were found to be decreased in

livers of NPC mice when compared to control mice.

Surprisingly, these defects were not present at the time of

appearance of the disease symptoms. Analysis of brain

phospholipids revealed a decrease in plasmalogen levels in

the early stages of the disease. It should be mentioned that

no studies in NPC patients have been reported although in

literature the study of Schedin et al. is often linked to the

human condition [111,116]. Studies in NPC patients and a

more thorough study in the mouse model for the disease

should lead to a better understanding of the role of plasmal-

ogens and peroxisomal functioning in the development of

NPC. The recent finding that deficiencies in plasmalogen

biosynthesis lead to impaired cholesterol transport [73] may

be in favour of the hypothesis that in NPC mice the

reduction in plasmalogen levels modulates the initial stages

of the disease and also exacerbates the overall cholesterol

transport defect in NPC.

7.5. Down syndrome (DS)

Studies in brain samples from DS patients have revealed

a reduction in the levels of plasmalogens and phosphati-

dylinositol [117] that may be caused by a generalised loss

of membranes or an altered lipid metabolism towards

plasmalogens and phosphatidylinositol. In this neurodegen-

erative disorder, the apparent specificity in phospholipid

loss suggests an altered lipid metabolism towards plasmal-

ogens and phosphatidylinositol rather than a generalised

loss of membranes.

7.6. Neuronal ceroid lipofuscinosis (NCL)

NCL is an inherited neurodegenerative disorder charac-

terised by the accumulation of lipopigments in the lysosom-

al compartment [118]. A decrease in the amount of

plasmalogens and DHA has been observed in red blood

cells of juvenile NCL patients [119]. In contrast, in a more

recent study Granier et al. [120] reported that fibroblasts

derived from late infantile NCL patients had an increase in

their plasmalogen content. These conflicting results may be

due to the genetic heterogeneity of the disorder, which has at

least eight distinct complementation groups [121]. CLN3,

encoding a lysosomal transmembrane protein, is the gene

responsible for juvenile NCL, and CLN2, encoding a serine

protease, is the gene responsible for late infantile CLN.

Abnormal membrane phospholipids and altered signal trans-

duction have been observed in NCL patients [122,123]. The

abnormalities in plasmalogen content may be the reflection

of such deficiencies.

7.7. Retinitis pigmentosa (RP)

RP is genetically heterogeneous with a large number of

different genetic forms, including X-linked and autosomal

dominant and autosomal recessive variants [124,125]. In the

early stages of the disorder, RP patients develop night

blindness, followed by tunnel vision and ultimately com-

plete loss of vision. RP primarily affects photoreceptors and

other eye pathological findings are presumably the conse-

quence of photoreceptor degeneration [126,127]. Abnormal-

ly low levels of DHA have been observed in RP patients

[128]. Further studies performed in red blood cells of RP

patients have shown a reduction of DHA in the PE pool of

phospholipids [129] whereas the levels of plasmalogens

were increased. These findings were observed in dominant,

recessive and isolated forms of RP but not in the X-linked

form of RP. However, a recent study evaluated the content

and synthesis of DHA in the X-linked form of RP and found

a lower rate of DHA synthesis and consequently reduced

levels of DHA [130]. Thus, it is not fully understood if the

abnormal profiles of PUFAs and plasmalogens are due to an

abnormal peroxisomal metabolism or a consequence of a

secondary phenomenon. Nevertheless, the decrease in DHA

in retina may lead to the loss of photoreceptors in RD

patients since it has been shown that DHA prevents loss of

retina photoreceptors after induced oxidative stress [131].

8. Concluding remarks

The importance of plasmalogens for normal development

and well-being has been recognized by the identification

and characterization of human disorders in which the
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biosynthesis of plasmalogens is deficient. The effect of

plasmalogen depletion or reduction as observed in some

human diseases or disorders still requires detailed studies in

order to unravel both the biochemical and/or cellular pro-

cesses that affect plasmalogen levels and the mechanism(s)

behind the pathophysiology of such disorders.

Several functions have been attributed to plasmalogens,

but the physiological role(s) has remained elusive. From the

point of view of a ‘‘loss of function’’, it will be important to

investigate all of the assigned functions of plasmalogens in

patients with defective plasmalogen biosynthesis and in

patients with reduced levels of plasmalogens. From the

phenotypic presentation of patients with RCDP type-2 and

type-3, at least one major conclusion may be drawn: one of

the primary roles of plasmalogens resides in regulating

chondrocyte development and bone ossification, despite

the fact that it is not known how the different proposed

functions of plasmalogens control such multi-factorial and

tightly regulated processes. From the wide variety of clinical

presentations and disease progressions, it can also be

postulated that a variety of factors mediate the effects of a

deficiency in plasmalogens.

Although it is known that alkyl-glycerols, e.g., 1-O-

octadecyl-rac-glycerol or 1-O-hexadecyl-rac-glycerol, re-

store plasmalogen levels in fibroblasts of Zellweger and

RCDP patients, and thus appear an invaluable tool for

therapy, only one study actually reported increased levels

of plasmalogens in two Zellweger patients upon supplemen-

tation with these compounds [132]. Despite the absence of

an obvious clinical improvement, it should be noted that

Zellweger patients have a large number of peroxisomal

biochemical abnormalities that may hinder a clear assess-

ment of the therapeutical value of alkyl-glycerols. Trials in

RCDP have not been reported and with the increasing

number of human disorders in which a decrease in plasmal-

ogens is observed, it may be relevant to reassess the in vivo

efficacy of alkyl-glycerols in restoring plasmalogen levels.

An additional tool to investigate the role of plasmalogens

has been recently generated by the creation of mutant mice

with defects in plasmalogen biosynthesis. Three mouse

models for the Zellweger syndrome have been produced

by targeted deletion of the pex2, pex5 and pex13 genes

[133–135]. A mouse model for RCDP type-1 has been

generated by targeted deletion in the pex7 gene [136] and a

model for RCDP type-2 has been generated by targeted

deletion in the DHAP-AT gene [137]. Overall, these mutant

mice have the phenotypic hallmarks of the corresponding

human disorders, which include hypotonia, delayed growth,

cataracts and defects in neuronal migration and bone ossi-

fication. They will undoubtedly be valuable tools to eluci-

date the molecular mechanism(s) behind the pathological

conditions and to unravel how or if the attributed roles to

plasmalogens, including plasmalogens as mediators of

membrane dynamics and signalling, affect or modulate such

a variety of processes like chondrocyte maturation in

relation to bone ossification, myelination of the central

and peripheral nervous system and signal transduction

(Fig. 6).
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Mutational Spectrum in the PEX7 Gene and Functional Analysis of Mutant
Alleles in 78 Patients with Rhizomelic Chondrodysplasia Punctata Type 1
Alison M. Motley,1,* Pedro Brites,1 Lisya Gerez,2 Eveline Hogenhout,3 Janet Haasjes,3
Rob Benne,2 Henk F. Tabak,2 Ronald J. A. Wanders,1,3 and Hans R. Waterham1,3

Departments of 1Pediatrics, 2Biochemistry, and 3Clinical Chemistry, Academic Medical Center, University of Amsterdam, Amsterdam

Rhizomelic chondrodysplasia punctata (RCDP) is a genetically heterogeneous, autosomal recessive disorder of
peroxisomal metabolism that is clinically characterized by symmetrical shortening of the proximal long bones,
cataracts, periarticular calcifications, multiple joint contractures, and psychomotor retardation. Most patients with
RCDP have mutations in the PEX7 gene encoding peroxin 7, the cytosolic PTS2-receptor protein required for
targeting a subset of enzymes to peroxisomes. These enzymes are deficient in cells of patients with RCDP, because
of their mislocalization to the cytoplasm. We report the mutational spectrum in the PEX7 gene of 78 patients
(including five pairs of sibs) clinically and biochemically diagnosed with RCDP type I. We found 22 different
mutations, including 18 novel ones. Furthermore, we show by functional analysis that disease severity correlates
with PEX7 allele activity: expression of eight different alleles from patients with severe RCDP failed to restore the
targeting defect in RCDP fibroblasts, whereas two alleles found only in patients with mild disease complemented
the targeting defect upon overexpression. Surprisingly, one of the mild alleles comprises a duplication of nucleotides
45–52, which is predicted to lead to a frameshift at codon 17 and an absence of functional peroxin 7. The ability
of this allele to complement the targeting defect in RCDP cells suggests that frame restoration occurs, resulting in
full-length functional peroxin 7, which leads to amelioration of the predicted severe phenotype. This was confirmed
in vitro by expression of the eight-nucleotide duplication–containing sequence fused in different reading frames to
the coding sequence of firefly luciferase in COS cells.

Introduction

Rhizomelic chondrodysplasia punctata (RCDP) is an
autosomal recessive peroxisomal disorder with a distinct
clinical phenotype consisting of dwarfism due to sym-
metrical shortening of the proximal long bones (i.e., rhi-
zomelia), cataracts, periarticular calcifications, multiple
joint contractures, specific radiological abnormalities,
and psychomotor retardation. The rhizomelia distin-
guishes RCDP clinically from other bone dysplasias. The
disorder is genetically heterogeneous, consisting of three
groups of patients with defects in different genes. By far
the most common of these is RCDP type 1 (MIM
215100), which results from an inability to target pro-
teins that contain a peroxisomal targeting signal type 2
(PTS2) to peroxisomes, because of mutations in PEX7
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Address for correspondence and reprints: Dr. Hans R. Waterham,
Laboratory Genetic Metabolic Diseases (F0-224), Department of
Pediatrics, Emma Children’s Hospital, Academic Medical Center, Uni-
versity of Amsterdam, PO Box 22700, 1100 DE Amsterdam, The
Netherlands. E-mail: h.r.waterham@amc.uva.nl

* Present affiliation: Cambridge Institute for Medical Research, Ad-
denbrooke’s Hospital, Cambridge, United Kingdom

� 2002 by The American Society of Human Genetics. All rights reserved.
0002-9297/2002/7003-0007$15.00

(GenBank accession numbers AF180806–AF180814),
which encodes the cytosolic PTS2-receptor protein per-
oxin 7 (Braverman et al. 1997; Motley et al. 1997; Pur-
due et al. 1997). RCDP type 2 (MIM 222765) and type
3 (MIM 600121) are clinically indistinguishable from
type 1 but are caused by mutations in the genes encoding
the first and second enzyme of ether-phospholipid bio-
synthesis, respectively. Patients with RCDP type 2 have
mutations in the gene that encodes peroxisomal dihy-
droxyacetonephosphate acyltransferase (Thai et al.
1997; Ofman et al. 1998), and patients with RCDP type
3 have mutations in the gene that encodes peroxisomal
alkyl-dihydroxyacetonephosphate synthase (Wanders et
al. 1994; de Vet et al. 1998).

Two well-defined targeting signals for directing pro-
teins to the peroxisomal matrix have been identified.
Most peroxisomal matrix proteins contain a PTS1 (per-
oxisome targeting signal type 1), which is a loosely con-
served C-terminal tripeptide (Gould et al. 1989; Mullen
et al. 1997; Sacksteder and Gould 2000; Subramani et
al. 2000). PTS2 is found in only a few peroxisomal
proteins and is a bipartite amino acid motif (located on
the N terminus), the consensus of which comprises R[L/
V/I]X5[H/Q][L/A] (Swinkels et al. 1991; Tsukamoto et
al. 1994; Sacksteder and Gould 2000; Subramani et al.
2000). Two different receptor proteins have been iden-
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Table 1

Primer Sets Used for PEX7 Mutation Analysis

Analysis Type, Amplicon Name
(Size in bp), and Primer Name Sequencea

cDNA:
Fragment 1 (373)

PEX7�81 to �61 5′-[�21M13]-TCTCTCTAACCGCGCCAGTG-3′

PEX7 256–236 5′-[M13Rev]-AGGTGATGAGGACATGTTCGT-3′

Fragment 2 (494)
PEX7 148–168 5′-[�21M13]-ATATTGGATCCAGATGAAGCT-3′

PEX7 605– 586 5′-[M13Rev]-AAGATTTCTGCCTGATGTGC-3′

Fragment 3 (697)
PEX7 341–362 5′-[�21M13]-TGTATAGTGTTGATTGGAGCCA-3′

PEX7 1001–981 5′-[M13Rev]-ATCTTCTGTTTCTGACCAAAG-3′

gDNA:
Exon 1 (633)

PEX7 �245 to �226 5′-[�21M13]-GATCACTCCCCTGATAGATC-3′

PEX7-IVS1-rev 5′-[M13Rev]-ATGCACTTGCACACAACTGG-3′

Exon 2 (406)
PEX7-IVS1-fw 5′-[�21M13]-CATTTGGTATTCAAGGTCCC-3′

PEX7-IVS2-rev 5′-[M13Rev]-TATGCAAACGCCAAGGTTCC-3′

Exon 3 (357)
PEX7-IVS2-fw 5′-[�21M13]-TTGTGTAGCTGCCTATGTAAg-3′

PEX7-IVS3-rev 5′-[M13Rev]-ATGCTACGTTAACTTGTCCC-3′

Exon 4 � 5 (704)
PEX7-IVS3-fw 5′-[�21M13]-TGCAATGTTGAACTTGATGG-3′

PEX7-IVS5-rev 5′-[M13Rev]-CCATTCACTACAAGTAAGGC-3′

Exon 6 (374)
PEX7-IVS5-fw 5′-[�21M13]-AGGTGGCAATATCCTAACAC-3′

PEX7-IVS6-rev 5′-[M13Rev]-TTAATGGTCCAGGAAGCACC-3′

Exon 7 (324)
PEX7-IVS6-fw 5′-[�21M13]-TTTCTAGTAGGAAAGCCTGC-3′

PEX7-IVS7-rev 5′-[M13Rev]-TAACTCCAATCCCTAAACCC-3′

Exon 8 (381)
PEX7-IVS7-fw 5′-[�21M13]-CTCAAATTATAGCATATATGCC-3′

PEX7-IVS8-rev 5′-[M13Rev]-TTTAAATGTACCCATCTCAG-3′

Exon 9 (416)
PEX7-IVS8-fw 5′-[�21M13]-ACGTAGGGCTTAATAGTGGG-3′

PEX7-IVS9-rev 5′-[M13Rev]-GTTTAATGCTCAAACGCTCC-3′

Exon 10 (322)
PEX7-IVS9-fw 5′-[�21M13]-GAATTTTGTATGTCTAAATACG-3′

PEX71138–1120 5′-[M13Rev]-TAAAGTCTTTATCAGCTCC-3′

a �21M13 p 5′-TGTAAAACGACGGCCAGT-3′; M13Rev p 5′-CAGGAAACAGC-
TATGACC-3′.

tified that recognize these two PTSs in the cytoplasm
and deliver the PTS-containing proteins to the peroxi-
somal membrane for import (for review, see Sacksteder
and Gould 2000; Subramani et al. 2000). The inability
to import PTS-containing proteins into peroxisomes
renders most of the peroxisomal enzymes unstable or
inactive in the cytoplasm of mammalian cells. The en-
zymatic deficiencies that result from an inability to im-
port PTS-containing proteins are manifested as the se-
vere disorders of peroxisome biogenesis, including
Zellweger syndrome and RCDP (Wanders et al. 1995).

The biochemical deficiencies caused by the defective
peroxin 7 in patients with RCDP type 1 reflect its func-
tion in PTS2-mediated protein transport: the PTS2-con-
taining peroxisomal 3-ketoacyl-CoA thiolase remains

unprocessed in the cytosol, and the PTS2-containing
enzymes alkyl-dihydroxyacetonephosphate synthase
and phytanoyl-CoA hydroxylase are both deficient
(Heymans et al. 1985; Hoefler et al. 1988). The finding
that patients with RCDP type 2 and type 3 have single-
enzyme deficiencies in the ether-phospholipid biosyn-
thetic pathway that result in the same clinical presen-
tation as patients with RCDP type 1, indicates that the
phenotype of RCDP is caused predominantly by a de-
ficiency of ether phospholipids.

Few patients have been identified who have a mild
form of RCDP type 1 displaying the same set of bio-
chemical abnormalities as are observed in patients with
classical type 1 but with a milder clinical presentation
in that they lack the rhizomelia and have a much longer
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life expectancy (Poll-The et al. 1991; Smeitink et al.
1992; Nuoffer et al. 1994). In the patients with mild
RCDP, ether-phospholipid biosynthesis is only moder-
ately deficient, and residual enzyme activities are inter-
mediate between those of patients with severe type 1
disease and those of normal controls (Smeitink et al.
1992; Nuoffer et al. 1994; Barth et al. 1996; Baum-
gartner et al. 1998). We have hypothesized previously
that mutations in the PEX7 gene of these patients only
partially affect the function of the PTS2 receptor (Barth
et al. 1996; Motley et al. 1996). The finding that pa-
tients with a mild clinical course of the disease have
higher residual levels of ether phospholipids confirms
the importance of ether phospholipids in the pathogen-
esis of RCDP. Until now, however, this biochemical cor-
relation with phenotype had not been linked to PEX7
genotype.

Here, we report the mutational spectrum in the PEX7
gene of 78 patients clinically diagnosed with RCDP type
1 and biochemically confirmed in our laboratory. In
addition, we functionally analyzed 10 of the 22 different
mutant alleles by assessing the ability of the encoded
proteins to target a PTS2-tagged green fluorescent pro-
tein (GFP) to peroxisomes after overexpression in PTS2-
mediated import-deficient cells. We found that the clin-
ical severity of RCDP correlates with the residual
activity of the PEX7 allele. Interestingly, two of the
patients analyzed were homozygotes for a frameshift
introducing an 8-nt duplication in the 5′ region of the
PEX7 coding sequence, yet the disease was mild in both
patients. Functional analysis of this PEX7 allele indi-
cates that the duplication sequence leads to partial res-
toration of the reading frame, resulting in amelioration
of a predicted severe phenotype.

Subjects and Methods

Patients

All patients analyzed for PEX7 mutations in the pre-
sent study showed the clinical characteristics described
for RCDP. After we obtained informed consent, samples
were collected from patients and, when indicated, from
their parents and were sent to our laboratory for the
biochemical and molecular diagnosis of RCDP. For the
majority of patients, the biochemical diagnosis of RCDP
type 1 was substantiated by detailed studies in primary
skin fibroblasts, which included the following analyses:
(1) de novo plasmalogen synthesis, (2) dihydroxyace-
tonephosphate acyltransferase and alkyl-dihydroxyace-
tonephosphate synthase activity measurements, (3) anal-
ysis of very-long-chain fatty-acid levels, (4) phytanic acid
alpha-oxidation, (5) catalase immunofluorescence, and
(6) immunoblot analysis of peroxisomal thiolase (Wan-
ders et al. 1995).

PEX7 Mutation Analysis

PEX7 mutation analysis in the patients and their par-
ents was performed at the cDNA and/or the genomic
DNA level. Total RNA and genomic DNA were isolated
from primary skin fibroblasts or lymphocytes of patients
and, when available, their parents, using the Wizard
RNA purification kit and the Wizard genomic DNA pu-
rification kit, respectively (Promega). For mutation anal-
ysis at the cDNA level, the coding region of PEX7 cDNA
was amplified by PCR in three overlapping fragments
from first-strand cDNA prepared from total RNA, as
described elsewhere (Ijlst et al. 1994). The sequences of
the cDNA primer sets are shown in table 1. The am-
plification of the PEX7 cDNA fragments was performed
with our standard PCR program, which started with 2
min of denaturation at 96�C, followed by 30 cycles of
30 s at 94�C, 30 s at 50�C, and 1 min at 72�C, followed
by a final extension step of 5 min at 72�C. For mutation
analysis at the genomic level, the protein-encoding por-
tions of exons 1 and 10 and the entire exons 2–9, plus
flanking intron sequences from the PEX7 gene, were
amplified by PCR, using the primer sets shown in table
1. The genomic primer sets were designed on the basis
of the recently published PEX7 gene structure (Brav-
erman et al. 2000; GenBank). Exons 4/5, 7, 8, 9, and
10 were amplified using a PCR program that started
with a denaturation step at 96�C for 2 min, followed by
4 cycles of 30 s at 96�C, 30 s at 55�C (50�C for exon
8), and 1 min at 72�C, and 24 cycles of 30 s at 94�C,
30 s at 55�C, and 1 min at 72�C, followed by a final
extension step of 10 min at 72�C. Exons 1, 2, 3, and 6
were amplified using a “touchdown” amplification pro-
gram consisting of a denaturation step of 2 min at 96�C,
followed by 10 cycles of 30 s at 96�C, 30 s at 65–55�C,
and 1 min at 72�C, during which the annealing tem-
perature was lowered 1�C per cycle, followed by 24 cy-
cles of 30 s at 96�C and 1 min at 72�C and a final
extension step of 10 min at 72�C.

Forward and reverse primers used for PEX7 mutation
analysis were tagged with a �21M13 sequence and
M13rev sequence, respectively. PCR fragments were se-
quenced in two directions using “�21M13” and
“M13rev” fluorescent primers on an Applied Biosystems
377A automated DNA sequencer, according to the man-
ufacturer’s protocol (PE Biosystems).

Functional Analysis of PEX7 Alleles

Selected PEX7 mutations identified in the patients
were introduced in control PEX7 cDNA cloned into
the EcoRI-XbaI sites of pUC19 (New England Bio-
Labs). The PEX7 alleles encoding the amino acid sub-
stitutions L70W (209TrG), W95G (283TrG), D134N
(400GrA) and the allele harboring the 370-396del27nt
deletion were amplified from the corresponding patient’s
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cDNA samples, using the primers PEX7148–168 and
PEX7605–586. The PCR fragments were digested with
HindIII and BclI and ligated into the corresponding re-
striction sites of the control PEX7 cDNA in pUC19. The
PEX7 alleles encoding the amino acid substitutions
G217R (649GrA), A218V (653CrT), S262L
(785CrT), H285R (854ArG), and L292X (875TrA)
were amplified from the corresponding patient’s cDNA
samples, using the primers PEX7341–362 and PEX71001–981.
The PCR fragments were digested with BstEII and BglII
and ligated into the corresponding restriction sites of the
control PEX7 cDNA in pUC19. The 8-nt–duplication
allele was amplified from the corresponding patient
cDNA sample, using an EcoRI-tagged PEX71-19 primer
(5′-CGGGAATTCCGGATGAGTGCGGTGTGCGGT-
G-3′ [underline indicates EcoRI site]) and the PEX7256-

236 primer. After digestion with EcoRI and HindIII, this
fragment was ligated into the corresponding sites of the
control PEX7 cDNA in pUC19.

The constructed PEX7 alleles were released from
pUC19 as EcoRI-XbaI fragments and ligated into the
EcoRI-XbaI sites of the pcDNA3 vector (Invitrogen) un-
der the transcriptional control of the cytomegalovirus
(CMV) promoter. To determine the consequence of
the mutations for the function of peroxin 7, the ex-
pression plasmids were introduced by nuclear microin-
jection in primary skin fibroblasts from a patient with
RCDP homozygous for the L292X mutation and were
cultured in Dulbecco’s minimal essential medium sup-
plemented with 10% fetal bovine serum and penicillin/
streptomycin. Microinjection of PTS2-tagged GFP (final
concentration of 90 mg/ml) and the various PEX7
pcDNA3 expression plasmids (final concentration 270
mg/ml) was followed by immunofluorescence micros-
copy, using anti-GFP antiserum (Clontech) and anti-rab-
bit Cy3 conjugates to assess the import of PTS2-tagged
GFP into peroxisomes, as described elsewhere (Motley
et al. 1994, 1997).

Luciferase Reading Frame Restoration Assay

The luciferase coding region lacking its initiation co-
don was fused in three different reading frames behind
a short (8-nt) duplication containing a PEX7 cDNA se-
quence comprising 30 nucleotides and extending from
the A at position 30 to the C at position 60. The fusion
constructs were created by means of PCR, using control
firefly luciferase cDNA in vector pcDNA1 as template,
an SP6 primer as the reverse, and the following primers
as the forward primers: frame 0, 5′-CCCGGATCCATG-
CTGCGGACGCCGGGACGCCGGGACGCCGAAGA-
CGCCAAAAACATAAAGAAAG-3′; frame �1, 5′-CCC-
GGATCCATGCTGCGGACGCCGGGACGCCGGGA-
CGCCAGAAGACGCCAAAAACATAAAGAAAG-3′;
and frame �2, 5′-CCCGGATCCATGCTGCGGACGC-

CGGGACGCCGGGACGCCACGAAGACGCCAAAA-
ACATAAAGAAAG-3′ (underlined sequence derived
from PEX7, boldfaced italic sequence derived from fire-
fly luciferase). The PCR products were cloned into the
BamHI-XhoI sites of pcDNA3 and verified by sequenc-
ing to exclude errors introduced by PCR. The different
constructs were transfected into COS cells by calcium
phosphate precipitation (Chen and Okayama 1987). As
a control for transfection efficiency, an expression plas-
mid encoding LacZ (Promega) was cotransfected with
the PEX7-luciferase fusion constructs. Cells were har-
vested after 48 h, and luciferase was measured using the
luciferase assay system of Promega according to the
manufacturer’s instructions. Luciferase activities were
corrected for transfection efficiency by normalization
with b-galactosidase activity (Rosenthal 1987).

In Vitro Expression of PEX7 Alleles

The various PEX7-pcDNA3 plasmids used for ex-
pression in fibroblasts (from the CMV promoter) were
also used for expression in vitro (from the T7 promoter),
using the TNT Coupled Reticulocyte Lysate System (Pro-
mega) according to the manufacturer’s instructions. The
labeled proteins were tested on 7.5% SDS polyacryl-
amide gels and were visualized by autoradiography.

Secondary Structure Predictions of Peroxin 7

The human peroxin 7 amino acid sequence was an-
alyzed by use of the PHD program for protein structure
prediction (Rost 1996). Predictions were re-evaluated
and confirmed by analysis in the ExPasy Secondary
Structure Prediction Package and by aligning the peroxin
7 sequence with the sequence of the b-subunit of het-
erotrimeric G protein, a WD-repeat–containing protein
for which the crystal structure has been resolved (Sondek
et al. 1996). The combined data allowed the construc-
tion of the topology folding model of peroxin 7.

Results

PEX7 Mutations in Patients with RCDP Type 1

Sequence analysis of the PEX7 cDNA and/or gene of
73 patients (excluding the five sib pairs) in whom RCDP
type 1 was clinically and biochemically diagnosed re-
vealed 22 different mutations, 18 of which have not been
reported before. The mutations are detailed in table 2
and involve three deletions and one insertion and nine
missense, six nonsense, and three splice-site mutations.

Of the 18 patients who appeared to be heterozygous
for two mutations, 4 were confirmed as compound het-
erozygotes by analysis of parental PEX7 DNA or by
finding the mutations on two different alleles (cDNA
subcloning). Two patients appeared to be homozygous
for the L292X mutation at the cDNA level but were
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Figure 1 Alignment of peroxin 7 orthologues from four different phyla, represented by human, Drosophila melanogaster, Arabidopsis
thaliana, and Saccharomyces cerevisiae. Alignment was determined using the Clustal W program (Thompson et al. 1994). Amino acids that
are identical and conserved in at least three sequences are indicated in blackened and shaded boxes, respectively. The horizontal black lines
underneath the alignment indicate the positions of the six WD repeats. Mutations identified in the patients and affecting the human peroxin 7
sequence are indicated above the alignment as amino acid substitutions (one-letter code), nonsense mutations (*), and frameshift mutations (f).
The FDW64–66VALR mutation is indicated (-&-), and the overlined residues represent the 370-369del27nt mutation (deletion of amino acid
residues 124–132). For details of these mutations, see table 2.
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Figure 2 Functional complementation of PTS2-mediated peroxisomal protein import by PEX7 alleles. Ten different PEX7 alleles identified
in the patients were coexpressed with PTS2-tagged GFP to test their ability to restore PTS2-mediated peroxisomal protein import in skin
fibroblasts from a patient homozygous for the L292X mutation. A, Expression of control PEX7 resulted in punctate peroxisomal fluorescence
in 190% of GFP-expressing cells, with 20%–40% of the cells showing cytosolic fluorescence in addition to punctate fluorescence. B, None of
the eight alleles derived from patients with severe RCDP (see Subjects and Methods) were able to complement the PTS2-mediated protein import
defect, and PTS2-tagged GFP fluorescence was invariably cytosolic (the L70W allele, which is representative for all other seven alleles, is shown).
C and D, Expression of the 8-nt duplication PEX7 allele resulted in punctate peroxisomal fluorescence in 90% of the cells. In 40%–60% of
the GFP-expressing cells, however, cytosolic fluorescence and punctate fluorescence were evident, indicating that complementation by this allele
is less efficient than complementation by the control allele. E and F, Expression of the H285R PEX7 allele resulted in punctate peroxisomal
fluorescence in 50%–70% of GFP-expressing cells, but this was always against a background of cytosolic fluorescence; no cells were found in
which fluorescence was exclusively punctate.

heterozygotes at the genomic level; no second mutation
could be detected in the PEX7 gene. Analysis of genomic
PEX7 DNA identified 14 patients as apparent homo-
zygotes; for 6 of these, the homozygosity was confirmed
by analysis of parental PEX7 DNA. PEX7 cDNA anal-

ysis identified 41 apparent homozygotes, with homo-
zygosity confirmed by parental PEX7 DNA analysis in
4 of them.

When we assumed that all apparent homozygotes
were true homozygotes, we found the nonsense mutation
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Figure 3 In vitro transcription and translation of PEX7 alleles.
The same 10 constructs used for the complementation studies were
used to express the PEX7 alleles in a T7-coupled reticulocyte lysate
expression system. Each allele produced a polypeptide of approxi-
mately the expected size, with the exception of the 8-nt duplication
allele, which gave no detectable product.

Table 3

Reading Frame–Dependent Restoration of Luciferase Activity by the 8-nt Duplication

Frame Constructa

Luciferase Activityb

(%)

0 PCMV- GAA …c 0
0 PCMV-ATG CTG CGG ACG CCG GGA CGC CGG GAC GCC GAA … 100
�1 PCMV-ATG CTG CGG ACG CCG GGA CGC CGG GAC GCC AGA A… 1.1
�2 PCMV-ATG CTG CGG ACG CCG GGA CGC CGG GAC GCC ACG AA… 4.3

a ATG codon following CMV promoter (PCMV) is second ATG of PEX7 (nt 31–33 of cDNA). Open reading
frame of firefly luciferase starts at the second codon and is shown in bold. Underlined sequence denotes the
8-nt duplication

b 100% is 3.106 units luciferase activity normalized for b-galactosidase activity
c Control construct without PEX7 sequence and without the luciferase ATG.

L292X to be by far the most common mutation causing
RCDP type 1; it had an allele frequency of ∼52% and
was detected in 43 of the 73 patients (table 2). Other
relatively common mutations are A218V (11 patients;
allele frequency ∼12%), 370-369del27nt (5 patients; al-
lele frequency ∼7 %), and IVS9�1GrC (6 patients; al-
lele frequency ∼5%). Remaining mutations were iden-
tified in only one to three patients.

Three of the patients we analyzed showed a mild clin-
ical presentation of the disease and no rhizomelia. Sur-
prisingly, two of these patients were apparent homo-
zygotes for an 8-nt duplication of nucleotides 45–52 in
PEX7 cDNA (52insGGGACGCC), predicted to result
in a frameshift at codon 17 and no functional peroxin
7. The homozygosity for this duplication was confirmed
by PCR amplification of genomic DNA of both patients
and is in line with the reported consanguinity of the
respective parents (Poll-The et al. 1991, Nuoffer et al.
1994). It is not known, however, whether the two pa-
tients are related. The third patient with mild RCDP is
a compound heterozygote for two mutations, L292X

and H285R. As the common L292X nonsense mutation
does not lead to functional peroxin 7, the H285R mu-
tation must be the allele responsible for the mild pre-
sentation of the disease in this patient.

The positions of all the mutations identified in the
coding region of PEX7 are shown in an alignment of
human peroxin 7 with its orthologues from three evo-
lutionarily distant phyla, represented by Drosophila mel-
anogaster (Flybase), Arabidopsis thaliana, and Saccha-
romyces cerevisiae (fig. 1). Most missense mutations
affect amino acids that are highly conserved among the
orthologues and/or predicted to be essential for the func-
tional integrity of one of the six WD repeats that are
present in peroxin 7.

Functional Analysis of PEX7 Alleles

To test the effect of mutations on the function of per-
oxin 7, we expressed 10 different patient PEX7 alleles,
under transcriptional control of the CMV promoter, in
cultured skin fibroblasts from a confirmed L292X ho-
mozygote, together with a PTS2-tagged GFP (as reporter
protein for PTS2-mediated protein import into peroxi-
somes [fig. 2]). Expression of a control PEX7 allele re-
sulted in restoration of peroxisomal PTS2-mediated pro-
tein import, as indicated by the appearance of punctate
peroxisomal fluorescence (fig. 2A). In contrast, none of
the eight different PEX7 alleles derived from patients
with severe RCDP were able to restore PTS2-mediated
protein import, and the fluorescence observed remained
invariably diffuse, indicative of a cytosolic localization
of PTS2-tagged GFP (shown only for the L70W allele,
in fig. 2B). Expression of the two alleles found in the
patients with mild RCDP, however, resulted in res-
toration of PTS2-mediated peroxisomal protein im-
port, although to varying degrees (fig. 2C–F). Import
restoration by the 8-nt–duplication allele was rather
efficient, with many GFP-expressing cells showing punc-
tate peroxisomal fluorescence without background cy-
tosolic labeling and with only few cells showing partial
import restoration (fig. 2C and D). Complementation of
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Figure 4 Predicted folding topology of peroxin 7 based on WD-repeat secondary structure features and locations of PEX7 mutations. A,
Folding of an individual WD repeat. Each WD repeat is composed of four b-strands named “a,” “b,” “c,” and “d” (arrows) separated by
loops and turns (lines), which together make up one blade of a propeller. The top region of a folded WD repeat is defined by the tight turn
between b-strands b and c. B, Topology model showing the structural arrangement of the six WD repeats predicted for peroxin 7 and mapping
of the various amino acid residues affected by the missense mutations identified in the patients with RCDP. The WD repeats (indicated as WD-
1–WD-6) are alternately shaded and blackened and are separated by connecting loops.

the import defect by the second mild allele, H285R, was
weaker and, although punctate peroxisomal fluores-
cence often could be detected, it was always against a
background of cytosolic labeling (fig. 2E and F). These
results indicate that the severity of the clinical phenotype
correlates with the ability of a PEX7 allele to restore
PTS2-mediated protein import into peroxisomes in
RCDP cells.

In Vitro Expression of Patient PEX7 Alleles

To determine whether PEX7 mutations have an effect
on the synthesis and/or stability of peroxin 7, we also
expressed the 10 different patient alleles in vitro, using
a coupled transcription-translation system (fig. 3). For
these studies, we used the same pcDNA3 constructs as
described above for expression in fibroblasts, because
pcDNA3 contains both a CMV promoter for expression
in mammalian cells and a T7 promoter for in vitro ex-
pression. As shown infigure 3, most patient alleles pro-
duced a protein of approximately the predicted size. In
the case of the 8-nt–duplication allele, however, no full-
length peroxin 7 could be detected, not even after long
exposures or when more lysate was layered.

Restoration of Luciferase Reading Frame by the 8-nt–
Duplication Allele

Because the 8-nt duplication occurs downstream of two
potential in-frame translational start codons and because
no other in-frame AUG codons are present in PEX7
mRNA, we hypothesized that the duplication sequence
leads to restoration of the reading frame and the pro-
duction of functional peroxin 7. To further analyze this,
we studied the ability of the 8-nt–duplication containing
sequence to restore luciferase activity by fusing the cod-
ing sequence of luciferase in three different reading

frames behind a short 8-nt-duplication-containing PEX7
sequence followed by expression of these constructs in
COS cells (table 3). As translation initiation codon for
the 8-nt–duplication sequence in the fusion constructs,
the second ATG of PEX7 cDNA has been chosen, and
the first ATG of luciferase has been removed to prevent
internal initiation. The fusion constructs were transfected
into COS cells, and transfection efficiency was determined
by cotransfection with a plasmid encoding b-galactosi-
dase. Luciferase activity was normalized by correcting
for b-galactosidase activity. As can be seen from table
3, luciferase activity was observed for both out-of-frame
fusions, although to varying degrees, with frame resto-
ration being slightly more efficient for the frame �2
fusion. As a control, a construct lacking both the PEX7-
derived sequence and the luciferase start codon showed
no luciferase activity, indicating that the observed lucif-
erase activity does not result from internal translational
initiation within the luciferase coding sequence. These
results indicate that molecular misreading must occur
during expression of these PEX7-luciferase fusion se-
quences, leading to partial correction of the introduced
frameshifts and resulting in low-level luciferase activity.

Discussion

We analyzed the PEX7 genotypes in a large cohort of
patients with clinical and biochemical diagnosis of
RCDP type 1. Initially, our genetic analysis involved se-
quence analysis of patient PEX7 cDNAs prepared from
total RNA isolated from primary skin fibroblasts or lym-
phocytes. After the recent elucidation of the PEX7 gene
structure (Braverman et al. 2000), we introduced a PCR-
based method for analysis of the PEX7 gene at the
genomic level, which involves sequencing of all coding
exons plus flanking intron-exon boundaries. In our pa-
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tients we found 22 different mutations, including 3 de-
letions, 1 insertion, and 9 missense, 6 nonsense, and
three splice-site mutations. In two patients, we could find
only one mutation in heterozygous form after analysis
of the PEX7 gene at the genomic level. Subsequent PEX7
cDNA analysis of these patients showed this mutation
in homozygous form, indicating that the second, un-
detected mutation affects mRNA expression and/or sta-
bility and, for example, might be located in the PEX7
promoter. Of the 22 mutations, only 4 had been reported
previously, as indicated in table 1. Of a fifth mutation,
IVS9�1GrC, only its consequence on mRNA splicing
has been reported (i.e., skipping of exon 9, comprising
nucleotides 804–903 [Purdue et al. 1997]). The mutation
underlying this aberrant splicing could be resolved only
by analysis of the PEX7 gene at the genomic level.

We found the nonsense mutation L292X to be by far
the most common mutation causing RCDP type 1, fol-
lowed by the A218V missense mutation. In our cohort,
the frequencies of the L292X and A218V mutations
were ∼52% and ∼12%, respectively, which is similar to
the frequencies of 49% and 6% that have been reported
by Braverman and colleagues (2000), who analyzed 36
patients with RCDP type 1 exclusively for three pre-
viously reported mutations, including these two. The
third mutation reported by Braverman and colleagues
(2000)—the G217R mutation, with a frequency of
7%—was observed in heterozygous form in only three
of our patients. The high frequency of the L292X mu-
tation has been shown to result from a founder effect
(Braverman et al. 2000).

Most of the mutations detected in our patients affect
amino acids conserved among peroxin 7 orthologues
from different phyla and/or amino acids that are pre-
dicted to have an important function in the confor-
mation of the protein. Peroxin 7 is a 323–amino acid
protein containing six WD repeats. Proteins with such
WD repeats have been implicated in diverse cellular pro-
cesses, and the WD repeats have been postulated to be
involved in establishing protein-protein interactions
(Smith et al. 1999). The crystal structures of two WD
repeat–containing proteins, the b-subunit of heterotri-
meric G proteins and Tup1 (Sondek et al. 1996; Sprague
et al. 2000), revealed that each WD repeat folds into
four b-strands (named “a,” “b,” “c,” and “d”), which
are arranged in an antiparallel fashion (fig. 4A). As a
result, the overall appearance of a WD-repeat protein
resembles that of a propeller, with as many blades as
the number of WD repeats (Garcia-Higuera et al. 1998).
Secondary structure predictions revealed that peroxin 7
is composed solely of b-strands, indicating that it prob-
ably displays a propeller-like structure with seven
blades. On the basis of these predictions and of com-
parison with the crystallized WD repeat–containing
proteins, we created a folding topology diagram of per-

oxin 7 (fig. 4B). Interestingly, mapping the various mis-
sense mutations in the diagram revealed that, except for
the W95G mutation, they all affect amino acid residues
located in the exposed top surface of the propeller-like
structure, either in the connecting loops or at the ends
of the b-strands (fig. 4B). Since peroxin 7 has been
shown to interact with both the PTS2 sequence of
peroxisomal matrix proteins and the PTS1 receptor
peroxin 5 (Otera et al. 2000), this clustering suggests
that the mutations interfere with PTS2 and/or peroxin
5 binding. A similar clustering of mutations has been
reported elsewhere for the RAG2 gene in patients who
have severe combined immune deficiency syndrome
(Corneo et al. 2000), and the clustering has been dem-
onstrated to affect the interaction of RAG2 with RAG1
(Villa et al. 1998).

Using a PTS2-tagged GFP as reporter protein for
PTS2-mediated peroxisomal targeting, we were able to
distinguish between PEX7 alleles from patients with
severe disease and those from patients with mild disease:
whereas eight alleles identified in patients with severe
RCDP did not restore the PTS2-mediated targeting de-
fect in vitro, both alleles from patients with mild disease
did, although to varying degrees and only after CMV-
promoter–driven overexpression. In this respect, it
should be noted that previously we had been unable to
distinguish between fibroblasts from the patients with
mild disease and those with severe disease when we
analyzed these cells for the ability to import endogenous
peroxisomal thiolase and a PTS2-chloramphenicol acyl-
transferase reporter protein expressed from the RSV
promoter; none of the cells were able to import either
of these PTS2-containing proteins, although import of
a PTS1-containing reporter protein was normal (Motley
et al. 1996). The partial restoration upon overexpres-
sion of the H258R mutation, in conjunction with the
fact that this mutation is not located in the main cluster
of mutations in the topology model, suggests that the
histidine at position 258 is located in a region less im-
portant for protein-protein interaction. On the other
hand, in contrast to the other missense mutations, this
mutation involves the conserved substitution of an
amino acid, which may not completely abolish peroxin
7 activity.

The 8-nt–duplication allele found in two of the three
patients with mild disease is particularly interesting. As
the 8-nt duplication occurred just downstream of the
two potential start codons of PEX7 and no other AUG
codons are present in the PEX7 mRNA, we hypothe-
sized that the frameshift caused by the 8-nt dupli-
cation is corrected with a low frequency at either the
transcriptional or the translational level. Indeed, our
luciferase reading frame restoration assay confirmed the
occurrence of frame restoration within the duplication-
containing sequence. This result also makes a possible
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internal initiation event at non-AUG codons of PEX7,
as has been reported for other cellular mRNAs, unlikely
(Ronsin et al. 1999; Arnaud et al. 1999). At this mo-
ment, it is not clear whether the frame restoration of
the 8-nt duplication PEX7 allele results from molecular
misreading at the transcriptional level, the translational
level, or both. Unfortunately, this could not be resolved
using an in vitro coupled transcription-translation sys-
tem, because, in this system, no detectable peroxin 7
protein was synthesized. A possible explanation for this
could be that frame restoration at the transcriptional
level may be mediated only by RNA polymerase II but
not by the phage T7 polymerase used in the in vitro
system. Alternatively, the frame restoration could result
from ribosomal shifting, which may occur only in intact
cells but not in reticulocyte lysates.

The repeat-containing sequence in PEX7 that under-
goes frame restoration does not resemble any previously
described sequence involved in transcriptional (van
Leeuwen et al. 1998; Linton et al. 1997; van den Hurk
et al. 2001) or translational (Giedroc et al. 2000) mis-
reading. Indeed, searching of the sequence databases
indicates that this repeat-containing sequence is unique
to PEX7. To our knowledge, this is only the third ex-
ample of a frame restoration event resulting in amelio-
ration of a predicted severe phenotype reported to date.
The other two examples involve frame restoration due
to transcriptional and/or translational errors occurring
in a stretch of 10 adenines created by the deletion of a
thymidine in the factor VIII gene, resulting in unex-
pectedly mild hemophilia A (Young et al. 1997), and
the insertion of an additional adenine into a stretch of
eight adenines created by the deletion of a cytosine in
the apolipoprotein B gene, resulting in hypobetalipo-
proteinemia (Linton et al. 1992).
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Rhizomelic chondrodysplasia punctata is a human autosomal recessive disorder characterized by skeletal,
eye and brain abnormalities. The disorder is caused by mutations in the PEX7 gene, which encodes the
receptor for a class of peroxisomal matrix enzymes. We describe the generation and characterization of a
Pex7 mouse knockout (Pex7�/�). Pex7�/� mice are born severely hypotonic and have a growth impairment.
Mortality in Pex7�/� mice is highest in the perinatal period although some Pex7�/� mice survived beyond 18
months. Biochemically Pex7�/� mice display the abnormalities related to a Pex7 deficiency, i.e. a severe
depletion of plasmalogens, impaired a-oxidation of phytanic acid and impaired b-oxidation of very-long-chain
fatty acids. In the intermediate zone of the developing cerebral cortex Pex7�/� mice have an increase in
neuronal density. In vivo neuronal birthdating revealed that Pex7�/� mice have a delay in neuronal migration.
Analysis of bone ossification in newborn Pex7�/� mice revealed a defect in ossification of distal bone
elements of the limbs as well as parts of the skull and vertebrae. These findings demonstrate that Pex7
knockout mice provide an important model to study the role of peroxisomal functioning in the pathogenesis
of the human disorder.

INTRODUCTION

Peroxisomes are ubiquitous cellular organelles, which partici-
pate in a variety of metabolic processes including the
b-oxidation of very long-chain fatty acids (VLCFA) and fatty
acid derivatives, a-oxidation of phytanic acid and the biosynth-
esis of ether-phospholipids (1). The peroxisomal proteins
involved in these processes are synthesized on free cytosolic
ribosomes and contain specific peroxisomal targeting signals
(PTSs), which promote their targeting to the peroxisome (2).

Two types of PTSs have been identified in proteins destined for
the peroxisomal matrix. PTS-type 1 (PTS1) is a carboxyl-
terminal tripeptide following the consensus (SAC)(KRH)L
(3,4), whereas PTS-type 2 (PTS2) comprises a nonapeptide
sequence following the consensus (RK)(LVI)x5(HQ)L and
resides within the amino-terminal region of the protein (5,6).
In mammals and plants, the amino-terminal region containing
the PTS2 sequence is cleaved off in the peroxisomal matrix (7).
Following the recognition of PTS1 and PTS2 sequences by their
cognate receptors peroxin 5 and peroxin 7, respectively, the
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PTS-containing proteins are directed to the peroxisomal
membrane. At the peroxisomal membrane a number of peroxins
have been identified and postulated to be part of the translocation
machinery (8,9). A defect in any of these peroxins results
in disruption of both PTS1- and PTS2-mediated import.
Deficiency in peroxin 5 or peroxin 7 result in specific impair-
ment of PTS1- and PTS2-mediated import, respectively
(10–13). In mammals, recent findings suggest a convergence
of the two pathways, as peroxin 7 requires peroxin 5 for efficient
PTS2-mediated import (14–16). In humans, impaired import of
peroxisomal matrix proteins leads to severe and often lethal
disorders, collectively called the peroxisomal biogenesis
disorders (PBDs) (17–20).
Rhizomelic chondrodysplasia punctata (RCDP) is an auto-

somal recessively inherited peroxisomal disorder characterized
by a series of abnormalities including the presence of stippled
foci of calcification within hyaline cartilage, dwarfism due to
symmetrical shortening of proximal long bones (rhizomelia),
congenital cataracts, hypotonia and severe psychomotor
retardation (21,22). Prognosis is poor with death often
occurring in early childhood. Phenotypic heterogeneity has
been observed as patients have been described with mild
manifestations of the disease with absence of rhizomelia and
survival beyond the first decade of life (23–26). The genetic
defect in RCDP type 1 (MIM 215100) lies in the PEX7 gene
(11–13) in which more than twenty mutations have been
identified (23,27,28). The product of the PEX7 gene, i.e.
peroxin 7, functions as the receptor that delivers newly
synthesized cytosolic PTS2-carrying proteins to peroxisomes.
RCDP type 1 patients thus exhibit a specific disruption in
PTS2-mediated protein import into peroxisomes. The biochem-
ical abnormalities in RCDP type 1 are a reflection of this
deficiency in protein import. So far, three bona-fide PTS2-
proteins have been identified: (1) alkyl-dihydroxyacetonepho-
sphate synthase (alkyl-DHAP synthase), a key enzyme in
ether-phospholipid biosynthesis (29); (2) phytanoyl-CoA hydro-
xylase (PHAX), involved in phytanic acid a-oxidation (30–32);
and (3) 3-oxoacyl-CoA thiolase (thiolase) (33). Owing to a
combination of mistargeting of alkyl-DHAP synthase and
reduced activity of dihydroxyacetonephosphate-acyltransferase
(DHAP-AT), a PTS1-containing protein, the biosynthesis of
ether-phospholipids (plasmalogens) is deficient in patients with
RCDP type 1 (34). Furthermore, there is an age- and diet-related
accumulation of phytanic acid due to the deficient activity of
PHAX resulting from its mistargeting (35). Although perox-
isomal thiolase contains a PTS2-sequence and is mistargeted in
RCDP type 1, no biochemical abnormality in straight chain fatty
acid b-oxidation has been observed in patients (21,36,37).
The importance of peroxisomal functioning for endochondral

bone formation and eye and brain development, as inferred
from the pathophysiology of PBDs and of RCDP, has remained
elusive due to the lack of adequate model systems. Here we
report the generation of a Pex7 knockout mouse (Pex7�/�).
Biochemical analysis ascertained that Pex7�/� mice exhibit
the abnormalities expected from a deficiency in Pex7, which
are similar to those observed in RCDP type 1 patients.
Phenotypic analysis indicates that Pex7�/� mice also display
eye, brain and bone abnormalities mimicking those observed in
RCDP type 1, thus making it a suitable animal model for this
disorder.

RESULTS

Generation and phenotype of Pex7-deficient mice

The DNA construct for gene targeting was engineered to
promote the disruption of Pex7 with the positional insertion of
the E.coli b-galactosidase reporter gene fused with the
neomycin phosphotransferase gene (b-geo cassette) (38), in
the region of Pex7 exon 3 (Fig. 1A). Accordingly, G418
resistance is dependent on Pex7 promoter driven expression of
the b-geo cassette. Heterozygous disruption of the Pex7 gene
was achieved by homologous recombination after electropora-
tion of the targeting vector into R1 embryonic stem (ES) cells
(Fig. 1B). Recombination events were identified in G418-
resistant ES colonies at a frequency of 30%. One ES clone
harboring a correct recombination event led to germline
transmission. Pex7þ/� mice were viable, fertile and not
distinguishable from wild-type mice in all subsequent pheno-
typic analyses. Homozygous mutant mice (Pex7�/�) were
obtained by intercrossing Pex7þ/� mice. The genotype
distribution of 136 individual newborn mice was in accord-
ance with a Mendelian segregation of an autosomal recessive
allele (35þ/þ; 67þ/�; 34�/�) indicating that lack ofPex7 does
not result in embryonic lethality. Analysis of Pex7 transcripts by
PCR amplification of cDNA, indicated that in Pex7�/� mice,
mRNA from the targeted allele lacks exons located 30 to the
insertion of the SA-IRES-b-geo cassette (Fig. 1C).
Homozygous mutant mice were born alive, exhibited a

variable degree of dwarfism and hypotonia with decreased
motility, hampering them feeding. On the day of birth, Pex7�/�

mice weighed 70–85% of their wild-type and heterozygous
littermates. Approximately 50% of the Pex7�/� pups died on
P0.5, 20% before weaning, and the remaining Pex7�/� mice
survived beyond 18 months. The survival seemed to depend on
the ability to overcome a critical period after birth. The cause of
death in Pex7�/� mice remains unknown. Close monitoring of
births revealed that Pex7�/� newborn pups were able to
breathe, indicating normal lung development. Mutant mice
reaching adulthood were not fertile and we observed testicular
atrophy in Pex7�/� males (data not shown). Eye cataracts were
invariably present in Pex7�/� mice (data not shown) and were
first detected on the day mice opened their eyes.

Normal peroxisome assembly with impaired
PTS2-mediated import

PTS-mediated protein import into peroxisomes was evaluated
by immunofluorescence analysis in primary murine embryonic
fibroblasts (MEFs) obtained from E16.5 wild-type and Pex7�/�

embryos. A punctate localization pattern for catalase in both
wild-type and Pex7�/� cell lines reveals that disruption of Pex7
does not interfere with PTS1-mediated protein import (Fig. 2A).
The same results were obtained with antibodies against acyl-
CoA oxidase and the SKL tripeptide (data not shown). The
catalase-containing structures represent peroxisomes as concluded
from the co-localization with the peroxisomal membrane
marker, PMP70 (Fig. 2A).
The specific impairment of Pex7�/� mice to import PTS2-

containing proteins was evaluated by immunoblot analysis. In
protein extracts from liver and brain tissues of P0.5 Pex7�/�
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mice, thiolase was present in its precursor form of 44 kDa, while
in extracts from the same organs of wild-type mice thiolase was
present in its mature form of 41 kDa (Fig. 2B). In extracts from
P0.5 Pex7�/� alkyl-DHAP synthase was absent indicating that
the precursor form is unstable in the cytosol and is prone to
degradation (Fig. 2B). Alkyl-DHAP synthase was detected in its
mature form in liver and brain extracts from P0.5 Pex7þ/þ mice
(Fig. 2B). In liver and brain extracts from Pex7�/� mice, we

found normal import and proteolytic processing of acyl-CoA
oxidase as judged by the presence of both the 70 kDa precursor
and the 50 kDa mature form (Fig. 2C).

Pex7-related biochemical abnormalities

The functional consequences of the observed defect in the
import of PTS2-carrying proteins were substantiated by

Figure 1. Targeting of Pex7. (A) Schematic representation of the Pex7 wild-type locus (top), the targeting vector (middle), and the targeted locus (bottom). The
targeted locus deletes exon 3 and parts of introns 2 and 3. Locations of probes used in Southern blots are shown. A representation of DNA fragments obtained after
digestion with BamHI and EcoRI is shown for the wild-type and the targeted allele. (B) Southern blots of genomic DNA isolated from ES cells (left and middle
panel) and mouse tail (right panel). DNA digested with EcoRI and probed with 50 probe yields a 8 kb fragment in wild-type allele (þ/þ) and a 3.2 kb in targeted
allele (�/�). Heterozygosity is represented by (þ/�). DNA digested with BamHI and probed with 30 probe yields a 12 kb fragment in wild-type allele and a 8.5 kb
in targeted allele. (C) PCR analysis of liver cDNA of wild-type (þ/þ) and knockout (�/�) mice. In knockout mice PCR amplification of exons 1–5 (fragment of
408 bp; upper panel) and exons 5–8 (fragment 349 bp; middle panel) was not detectable, indicative that the poly A signal downstream of b-geo inhibits further
transcription and that the SA-IRES-b-geo is not spliced-out. Control PCR for cDNA amplification was performed with primers for b-actin (lower panel). X, XhoI;
B, BamHI; H, HindIII; E, EcoRI.
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biochemical analyses of plasma, erythrocytes, and tissues.
Firstly, plasmalogen levels in erythrocytes, fibroblasts and brain
tissue were markedly reduced in Pex7�/� mice, in contrast to
Pex7þ/þ and Pex7þ/� littermates (Table 1). De novo plasma-
logen biosynthesis was determined in MEFs and in fibro-
blasts obtained from P0.5 pups (murine fibroblasts; MFs).

In Pex7þ/þ- and Pex7þ/�-derived cells significant levels of
plasmalogens were formed, whereas Pex7�/� derived cells
showed markedly reduced rates of plasmalogen formation (up
to 85% in the PE pool and up to 91% in the PC pool, Table 2).
In Pex7�/�-derived cells an impairment in peroxisomal fatty

acid b-oxidation was found (Fig. 3). Pex7�/�-derived fibroblasts

Figure 2. Import of peroxisomal proteins. (A) Localization of PMP70 and catalase in MEFs of wild-type (Pex7þ/þ) and knockout (Pex7�/�) mice, by indirect
double-immunofluorescence using rabbit anti-PMP70 (a-PMP70) and mouse anti-catalase (a-catalase). As in wild-type-derived cells (upper panels), Pex7�/�-
derived cells (lower panels) show co-localization of catalase with PMP70, indicative that PTS1-mediated import is functional in Pex7�/� mice. (B) Western blot
analysis using antibodies against peroxisomal thiolase (a-thiolase) revealed that in liver and brain tissue of Pex7�/� mice (�/�), thiolase is present in its precursor
form (44 kDa; open arrowheads) whereas in extracts from wild-type mice (þ/þ) thiolase is detected in its mature form (41 kDa; closed arrowheads). Western blot
analysis using an antibody against alkyl-DHAP synthase (a-alkyl-DHAP) revealed lack of detectable protein in protein extracts from Pex7�/� mice. As expected, in
liver and brain from wild-type mice alkyl-DHAP synthase was detected in its mature form (67 kDa; closed arrowheads). (C) Western blot analysis using antibodies
against peroxisomal acyl-CoA oxidase-I (a-AOX-I) revealed that in wild-type and Pex7�/� mice processing of matrix enzymes is normal. The 70 kDa precursor
form of AOX-I (open arrowheads) is processed to the 50 kDa (closed arrowheads) and 20 kDa (not shown) mature forms.
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showed a reduction of�65% in the rate of C26:0 b-oxidation and
�59% in the rate of pristanic acid b-oxidation, when compared
with Pex7þ/þ and Pex7þ/� fibroblasts (Fig. 3A). b-Oxidation of
C16:0, which occurs predominantly in mitochondria, was not
impaired (Fig. 3A). VLCFA levels in fibroblasts from Pex7�/�

mice were also elevated (Fig. 3B), indicating that the disruption
of thiolase import has functional consequences on peroxisomal
b-oxidation. The levels of VLCFA in newborn pups confirmed
that in Pex7�/� mice the disrupted import of thiolase leads to
the accumulation of VLCFA in plasma, brain, and liver (Table 3).
Surprisingly, 2-month-old Pex7�/� mice had normal levels of
VLCFA in liver and brain (Table 3).
Levels of phytanic acid in plasma of P0.5 wild-type pups

were undetectable, whereas Pex7�/� pups had low but
measurable levels (1.7� 0.4 mmol/l, n¼ 6). The small accu-
mulation of phytanic acid observed in newborn Pex7�/� mice is
the consequence of deficient a-oxidation due to mistargeting of
PAHX. This was confirmed when a diet containing phytol was
administered to 8-week-old wild-type and Pex7�/� mice.
Supplementation of 0.5% free phytol to the standard chow
for a period of 4 weeks led to a dramatic increase of phytanic
acid levels in plasma, liver and brain from Pex7�/� mice
(Fig. 4). At the end of this dietary protocol Pex7�/�

mice showed a 30% reduction of body weight whereas
wild-type mice maintained their body weight.

Impaired cortical neuronal migration

In the developing brain, neuronal migration was evaluated
at E18.5 by examining the layering of the neocortex in

cresyl-violet-stained coronal sections. When compared to wild-
type animals, Pex7�/� animals displayed an increased density
of cells in the intermediate zone (Fig. 5A and C). However, this
migration abnormality appeared to be less severe than that
observed in Pex5�/� mice (Fig. 5B). More detailed analysis
was done in E18.5 embryos by quantifying, in the intermediate
zone (prospective white matter), neurons labeled with BrdU at
E13.5. This technique confirmed that the intermediate zone of
Pex7�/� mice was more densely populated with neurons as
compared to wild-type mice (Fig. 5D), indicating that Pex7�/�

mice have a defect in neuronal migration.

Delayed endochondral ossification in Pex7�/� mice

Visual inspection of newborn pups did not reveal any abnormal
patterning of hindlimbs or forelimbs in Pex7�/� newborn
(P0.5) pups. Nevertheless, a more detailed analysis was
pursued and skeletons of P0.5 mice were stained for bone
and cartilage. This revealed that at birth, several cartilage-based
structures were not ossified or showed a marked delay in
ossification (Fig. 6). The skull of Pex7�/� newborn pups
showed incomplete ossification of the basisphenoid bone and
of the inner ear ossicles (Fig. 6A–D). At this age other skull
bones of Pex7�/� mice, formed by either intramembranous or
endochondral ossification displayed normal degrees of ossifica-
tion. In the axial skeleton defects in ossification were evident in
the transverse process of coccygeal vertebrae (Fig. 6E and F).
In the appendicular skeleton at the level of the hindlimbs,
Pex7�/� mice showed absent or impaired ossification centers in
the calcaneus, the talus (Fig. 6G and H) and middle phalanges

Table 1. Plasmalogen levels

Erythrocytes Fibroblasts Brain

DMAC16/C16:0 DMAC18/C18:0 DMAC16/C16:0 DMAC18/C18:0 DMAC16/C16:0 DMAC18/C18:0

þ/þa 4.69� 0.80 6.18� 0.59 13.15� 1.31 5.59� 0.12 8.97� 1.05 12.26� 2.61
(n¼ 10) (n¼ 6) (n¼ 8)

�/� 0.27� 0.23* 0.1� 0.07* 1.56� 0.93* 0.66� 0.03* 0.005� 0.004* 0.001� 0.001*
(n¼ 11) (n¼ 7) (n¼ 7)

The values (expressed as mean�SEM) represent the percentage of the ratios between C16:0 or C18:0 dimethylacetyl (DMA) derivatives of plasmalogens to their
corresponding saturated fatty acids. Erythrocyte and brain samples were obtained from newborn wild-type and knockout mice. Fibroblasts were obtained from
E16.5 and P0.5 wild-type and knockout mice. The number of samples used is shown in parentheses.
aMice with PEX7þ/þ and PEX7þ/� genotypes.
* Student’s t-test, P< 0.0001.

Table 2. De novo plasmalogen biosynthesis in cultured fibroblasts

pPE/PE Ratio 14C/3H PE pPC/PC Ratio 14C/3H PC

þ/þa 74� 5 361� 56 11� 2 717� 58
(n¼ 6)
�/� 11� 6* 8� 5* 0.9� 0.2* 39� 12*
(n¼ 7)

The rate of plasmalogen biosynthesis is expressed as mean�SEM of: pPE/PE [percentage of the ratio plasmenylethanolamine (pPE) to phosphoethanolamine
(PE)]; ratio 14C/3H PE (the ratio of radioactivity incorporated into PE from 3H-labeled alkylglycerol and 14C-labeled hexadecanol); pPC/PC [percentage of the ratio
plasmenylcholine (pPC) to phosphocholine (PC)]; ratio 14C/3H PC (the ratio of radioactivity incorporated into PC from 3H-labeled alkylglycerol and 14C-labeled
hexadecanol). Fibroblasts were obtained from E16.5 and P0.5 wild-type and knockout mice. The number of samples used is shown in parentheses.
a Mice with PEX7þ/þ and PEX7þ/� genotypes.
* Student’s t-test, P< 0.0001.
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(Fig. 6I and J). Size-matched Pex7þ/� P0.5 pups did not reveal
any ossification abnormalities similar to the ones present in
Pex7�/� mice. Ossification of clavicle, calvaria and regions of
the mandible were normal and did not reveal any delay in
ossification (data not shown), suggesting that intramembranous
ossification is not affected in Pex7�/� mice.
Histological analysis of femurs from Pex7�/� E18.5 embryos

revealed a lower level of mineralization (data not shown). At
the ultrastructural level the appearance of osteoblasts, chon-
drocytes and osteocytes was similar between wild-type and
Pex7�/� mice. Osteoclasts were frequently noted in bones of
both wild-type and Pex7�/� mice. The number and overall
appearance was similar. In osteoclasts a clear zone and ruffled
border were apparent, thus indicating that osteoclastic bone
resorption occurred in wild-type and Pex7�/� mice. There was,
however, one remarkable difference. Osteoclasts from Pex7�/�

mice contained higher numbers of electron-translucent
vacuoles (Fig. 7). These vacuoles were seen in close vicinity
to the ruffled border of the cells. The majority of these vacuoles
did not contain any recognizable structures and seemed empty,
although in some vacuoles the presence of small crystal-like
structures was noted (Fig. 7C and D).

DISCUSSION

RCDP type 1 is of special interest amongst the disorders
caused by deficient peroxisomal functioning as only a subset of
peroxisomal functions is impaired. Clinically, RCDP type 1
patients display a severe growth delay, cataracts, rhizomelia and
epiphyseal calcifications. The defective gene in RCDP type-1,
PEX7, encodes the receptor responsible for import of PTS2-
containing proteins to peroxisomes. We have created a mouse
model for RCDP type 1 by gene targeting in the murine Pex7
locus. The deficiency in PTS2-mediated import in Pex7�/�

mice leads to biochemical abnormalities in: (1) the biosynthesis
of plasmalogens; (2) the a-oxidation of phytanic acid; and (3)
b-oxidation of VLCFA.

Plasmalogens are a class of ether-phospholipids with an a,b-
unsaturated ether-bond at the sn-1 position of the glycerol
backbone. Aside from serving as structural components of
cellular membranes (39), plasmalogens have been implicated in
the protection against oxygen reactive species (40), intracel-
lular signaling (41) and the maintenance of high levels of
polyunsaturated fatty acids in tissues (42–44). However,
convincing evidence concerning their function is lacking. The
present mouse model exhibiting a severe depletion in
plasmalogens should be instructive to unravel the specific role
of plasmalogens in cellular functioning, chondrocyte develop-
ment and in the neuronal migration process.
Phytanic acid and phytol are not synthesized de novo by

mammals and their concentrations in plasma and tissues
depend on dietary intake (45). Regular mouse chow contains
very small amounts of phytanic acid or its precursors (46),
explaining the low levels of phytanic acid in plasma and tissues
of Pex7�/� mice fed a normal diet. However, supplementing
phytol to the diet resulted in a massive accumulation of
phytanic acid in Pex7�/� mice whereas phytanic acid levels
remained 10-fold lower in wild-type mice.
The third metabolic abnormality found in Pex7�/� mice was

an impairment in the b-oxidation of VLCFA. In Pex7�/�

derived fibroblasts we found a reduction in C26:0 and pristanic
acid b-oxidation rates, which was accompanied by an
accumulation of C26:0 in the same cell lines. Measurements
of VLCFA levels in plasma and tissues of newborn Pex7�/�

mice revealed that the reduction in peroxisomal b-oxidation
rates leads to an accumulation of VLCFA. Adult Pex7�/� mice
had normal levels of VLCFA in tissues, indicating that with
development the deficiency is overcome. The defect in
peroxisomal b-oxidation is in contrast to the results found in
RCDP type 1 patients. RCDP type 1 patients display normal b-
oxidation of VLCFA and normal values of C26:0 in plasma
despite the disruption in import of peroxisomal thiolase (47).
Nevertheless it has been observed that erythrocytes, lympho-
blasts and platelets of RCDP type 1 patients accumulate
VLCFA to levels comparable to that of Zellweger and X-linked
adrenoleukodystrophy patients (47). Several hypotheses have

Table 3. Very-long-chain fatty acid measurements in newborn and 2-month-old mice

Age/sample Genotype Concentration of fatty acidsa Ratio

C22:0 C24:0 C26:0 C24:0/C22:0 C26:0/C22:0

P0.5 (n¼ 3)
Plasma þ/þ 10.92� 1.93 8.26� 0.84 0.07� 0.01 0.68� 0.15 0.006� 0.001

�/� 7.53� 0.68* 9.91� 1.87 0.18� 0.02* 1.32� 0.31* 0.02� 0.002*
Liver þ/þ 0.78� 0.05 1.34� 0.15 0.19� 0.02 1.72� 0.3 0.24� 0.03

�/� 0.68� 0.07 1.76� 0.19* 0.47� 0.04* 2.60� 0.43* 0.69� 0.03*
Brain þ/þ 0.44� 0.05 0.63� 0.06 0.17� 0.02 1.45� 0.27 0.40� 0.04

�/� 0.43� 0.05 0.78� 0.07* 0.34� 0.1* 1.8� 0.07* 0.78� 0.15*

P64.5 (n¼ 3)
Plasma þ/þ 11� 0.25 7.33� 0.45 0.01� 0.001 0.67� 0.06 0.001� 0.001

�/� 7.39� 3.26 8.90� 3.79 0.42� 0.15* 1.21� 0.01* 0.06� 0.004*
Liver þ/þ 1.91� 0.08 1.52� 0.05 0.1� 0.02 0.8� 0.02 0.03� 0.03

�/� 0.99� 0.2* 1.34� 0.21 0.11� 0.01 1.36� 0.1* 0.12� 0.03*
Brain þ/þ 2.29� 0.53 3.46� 0.63 0.13� 0.01 1.51� 0.09 0.04� 0.04

�/� 1.74� 0.95 2.72� 1.53 0.16� 0.02 1.53� 0.05 0.11� 0.06

Values represent means� SEM; *P� 0.05 (comparison to controls with Student’s t-test).
aConcentration of fatty acids are expressed in mmol/L for plasma and mmol/mg� protein for liver and brain.
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been proposed in order to explain the apparent contradiction
between mistargeting of thiolase and normal b-oxidation rates.
One hypothesis is that sterol carrier protein x (SCPx), which
possesses a domain with thiolytic activity, takes over the
function of peroxisomal thiolase and is responsible for the
normal rates of C26:0 b-oxidation in RCDP type 1 (37,48).
Other hypothetical scenarios include the import into peroxi-
somes of undetectable levels of thiolase or the shuttling of
b-oxidation intermediary byproducts from the peroxisomal
matrix to the cytosol, where the enzymatically active precursor
form of thiolase would break them down for further b-oxidation
in mitochondria. The finding in Pex7�/� mice that the defect in
VLCFA b-oxidation is only detected in the prenatal and early
postnatal period suggests that, if there is a mechanism to restore
b-oxidation, it is dependent on age. It has been observed that in
mice SCPx expression increases during development reaching

high levels at 6 months of age (49). Therefore we favor the
hypothesis that in Pex7�/� mice the defect in b-oxidation may
be rescued by expression of SCPx. Accordingly, this hypothesis
may also explain the RCDP scenario: in RCDP-derived cells
that express SCPx normal b-oxidation rates are found and in

Figure 3. Impaired VLCFA b-oxidation in Pex7�/�-derived fibroblasts. Black
columns represent the mean values obtained with wild-type fibroblasts
(Pex7þ/þ and Pex7þ/�; n¼ 6) and gray columns represent the mean values
obtained with Pex7�/� fibroblasts (n¼ 7). Brackets represent the standard
deviation of the mean. (A) b-Oxidation rates of C16:0, C26:0 and pristanic acid
revealed that, when compared with wild-type-derived fibroblasts, Pex7�/�

fibroblasts have a deficiency in peroxisomal VLCFA b-oxidation. A reduction
of 65 and 59% in the rate of C26:0 and pristanic acid, respectively, is observed
in Pex7�/�-derived fibroblasts. In Pex7�/�-derived fibroblasts the rate of C16:0
b-oxidation is similar to that of wild-type fibroblasts. (B) The levels of VLCFA
(C24:0 and C26:0) are elevated in Pex7�/�-derived fibroblasts when compared
to wild-type fibroblasts. *P¼ 0.001 with Student’s t-test.

Figure 4. Impaired phytol catabolism. Eight-week-old wild-type and Pex7�/�

mice were fed a diet containing 0.5% free phytol for a period of 4 weeks
(wild-type mice, n¼ 3; Pex7�/� mice, n¼ 3). The levels of phytanic acid were
measured in plasma (A), liver (B) and brain (C) tissue. In plasma and tissues
from Pex7�/� mice a drastic accumulation of phytanic acid is observed.
Under a normal diet phytanic acid levels in wild-type and Pex7�/� mice-derived
plasma and tissues are undetectable. Column nomenclature is identical to that in
Figure 3. *P< 0.01 with Student’s t-test
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cells that do not express or express low levels of SCPx
accumulation of VLCFA occurs.
In Pex7�/� mice we found a disruption in the process of

neuronal migration evident by the increased number of
neuronal precursors in the intermediate zone of Pex7�/�

developing neocortex. Stratification of the cerebral cortex is
achieved with radial migration of postmitotic neurons formed
in the subventricular zone towards the pial surface. The
layering of cortical neurons follows an inside-out distribution
pattern with younger neurons migrating past older ones
(50,51). Brain abnormalities including dysplastic inferior
medullary olives and heterotaxias in cerebellum have been
described in RCDP patients (22,52,53), and may be indicative
of minor neuronal migration abnormalities. Neuronal migration
defects have been reported in the Pex5�/� and Pex2�/� mice
(54,55). In each of these mutants, the disruption of a single
gene leads to impairment of all peroxisomal functions. This
multitude of peroxisomal deficiencies makes it difficult to
assign the cause of the neuronal migration defect to a given
peroxisomal function. However, it has been suggested that the
accumulation of VLCFAs is a critical factor for neuronal
positioning and survival during development of the mammalian
brain (52,54,55). Nevertheless, single enzyme defects in
peroxisomal b-oxidation alone are not responsible for the
disruption in neuronal migration. Several knockout mice have
been described with either partial or full range peroxisomal
b-oxidation defects. Neither the single accumulation of

VLCFAs in the ABCD1 and acyl-CoA oxidase knockout mice
(56–61) nor the accumulation of 2-methyl branched fatty acids,
bile acid intermediates and VLCFAs in MFP2 (62) and MFP1/
MFP2 (63) knockout mice is able to disturb the migration
process of cortical neurons. Our results in the Pex7�/� mice
suggest that the defect in neuronal migration could be due to a
combination of deficient ether-phospholipid biosynthesis and
accumulation of VLCFA.
While this manuscript was in preparation Li and collabora-

tors (64) described the Pex11b�/� mouse knockout that also
shows an impairment in neuronal migration. Although
Pex11b�/� mice seem to import peroxisomal matrix proteins,
mild metabolic disturbances were detected including a decrease
in the b-oxidation rate of VLCFAs and a slight decrease in the
levels of brain plasmalogens (64). The lack of a quantitative
analysis on the number of arrested neurons in the Pex11b�/�

neocortex intermediate zone makes it difficult to compare
the degree of neuronal migration disruption in Pex11b�/� mice
with our mutant mouse. Nevertheless the results presented
here for the Pex7�/� mice and the data on Pex11b�/� mouse
corroborate our hypothesis that, with regard to the process of
neuronal migration in mice, VLCFA toxicity may be modulated
by the cellular plasmalogen content.
Most of the bones of the axial and appendicular skeleton, and

some of the craniofacial skeleton develop through the process
of endochondral ossification. This process is characterized by
the formation of an initial cartilage anlagen that is replaced
by bone (65). Endochondral bone development is a complex
and tightly regulated process that involves programmed
proliferation and maturation of chondrocytes followed by
terminal differentiation, hypertrophy and replacement of
cartilage by bone. The defect found in Pex7�/� mice at birth
is characterized by absent or delayed ossification of bone
elements in the cranial vault, distal bone elements of hindlimbs
and coccygeal vertebrae. The observation that, at P0.5, bone
structures such as femur and tibia are ossified supports the view
that bone deposition is not the main cause for the observed
delay in ossification. Further studies have revealed that during
embryonic development the defect in ossification of Pex7�/�

mice affects all bone elements formed via endochondral
ossification and is age dependent (Brites et al., manuscript in
preparation). The typical skeletal features of RCDP patients
such as rhizomelia and the coronal clefting of vertebral bodies
(66) were not apparent in Pex7�/� mice but the nature of
these defects suggests a delay in the process of ossification
similar to the one found in Pex7�/� mice. The sequential and
synchronized differentiation of chondrocytes is tightly con-
trolled during development. Extracellular ligands, their
receptors, and various downstream cytoplasmic and nuclear
transducers regulate the processes of chondrocyte maturation,
differentiation, and hypertrophy. Molecules like retinoids
(67,68) and vitamin D (69,70) as well as extracellular matrix
proteins such as parathyroid-hormone-related peptide (71)
and bone morphogenic protein 6 (72,73) have been implicated
in the switch to the hypertrophic stage of chondrocyte
development. In Pex7�/� mice, the lack of plasmalogens in
all cellular membranes may affect the signaling pathways
essential to transduce both extracellular and intracellular
signals required to regulate the final stages of chondrocyte
development.

Figure 5. Neuronal migration defect in Pex7�/� mice. (A–C) Cresyl violet
stained coronal sections of E18.5 brains showing wild-type (A), PEX5�/� (B),
and Pex7�/� (C) pups (bar¼ 40 mm). (D) Counts of BrdU-labeled cells at
E18.5 in the intermediate zone after injection into pregnant animals at E13.5.
Symbols indicate statistically significant differences between wild-type (asterisk)
or PEX5-deficient (plus) mice and other experimental groups (** P< 0.01, ***
or þþþ P< 0.001 in ANOVAwith Bonferroni’s multiple comparison test).
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Figure 6. Impaired ossification in Pex7�/� mice. Whole mount skeletal staining of cartilage (blue) and bone (red) of wild-type (Pex7þ/þ; left column) and knockout
(Pex7�/�; right column) P0.5 pups. (A and B) View of the skull floor showing impaired ossification of the basisphenoid bone (black arrows) of Pex7�/� mice. (C
and D) View of the skull floor showing impaired formation of ossification centers in the middle ear (white arrows) of Pex7�/� mice. (E and F) Impaired formation
of ossification centers in the transverse process of coccygeal vertebrae of Pex7�/� mice (black arrowheads). (G and H) Delayed ossification of the calcaneus and
lack of ossification in the talus of Pex7�/� hindpaws (black arrows). (I and J) Lack of ossification in the middle phalanges (black arrows) of Pex7�/� hindpaws. In
(J) note the persistence of dense cartilage in the middle region of the phalange.
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MATERIALS AND METHODS

Generation of targeting vector and knockout mice

A P1 clone containing the murine Pex7 gene was purchased
from Genome Systems and the 50 region of the gene was
mapped by Southern blotting, PCR and direct sequencing. The
nucleotide sequences of the murine and human PEX7 cDNAs
are highly conserved, and the intron–exon boundaries of the
first four exons are identical to those reported for human PEX7
(74). A 5.5 kb XhoI fragment containing exons 1–3 of murine
Pex7 was cloned in the forward orientation from the Pex7 P1
clone into pBluescript KSþ. From this clone, a 3 kb fragment
of Pex7 containing the third exon was deleted by digesting with
HindIII and religating: the remaining 2.5 kb Pex7 fragment
containing exons 1 and 2 comprises the 50 flank of the targeting
construct. After ligating a SalI linker into the HindIII site a 7 kb
SalI SA-IRES-b-geo fragment was inserted. This SA-IRES-b-
geo fragment contains a splice acceptor (SA) placed upstream
of an Internal Ribosome Entry Site (IRES) fused to a
promoterless b-geo gene [which comprises lacZ fused in frame
with the neomycin phosphotransferase gene (neo) plus a
polyadenylation signal] (75,76). Finally, an 8 kb XhoI–NotI
fragment (NotI site from MCS of pBluescript containing 12 kb
BamHI subclone of the P1 clone) was cloned as the 30 flank
into the SalI–NotI sites of the vector. The 30 BamHI site of this
flank had been destroyed during cloning and is restored after
homologous recombination (Fig. 1B).
The targeting vector DNA was linearized with NotI and

introduced into R1 ES cells by electroporation. Injections of

recombinant ES cells into blastocysts derived from Swiss white
mice yielded several chimeras, one of which generated several
litters containing Pex7 heterozygous offspring. These Pex7þ/�

mice were outbred for one more generation with Swiss white
mice before crossbreeding to obtain Pex7�/� animals.

Southern blot and PCR analysis

EcoRI blots of ES cell clones were probed with a 50 Pex7 probe
that is external to and anneals directly upstream of the 50 flank
of the targeting construct. The 250 bp probe was obtained by
PCR with primers 50-ACATGGAGGTTGCAATTAAACG-30
(forward) and 50-CGAGGTAGAAGTGCCCCACTG-30
(reverse; this primer anneals directly upstream of the XhoI site
of the 50 flank, which is 50 nucleotides upstream of the start
codon). In the case of correct targeting a 3 kb band hybridized
in addition to the 8 kb endogenous Pex7 band.
Pex7 clones showing a targeted band with the 50 probe were

checked for recombination events on the 30 side by probing
BamHI blots with a 30 probe. This probe anneals in the 30 flank,
and is a 700 bp probe generated by PCR on the P1 Pex7 clone
template using the primer set: forward primer 50-CACGCTAT-
GGTAGGGATGTG-30 and reverse primer 50-CTGGTTTGGC-
TCCAATCAAC-30. In the event of correct targeting, the BamHI
site on the 30 side is restored, resulting in an 8.5 kb targeted band
in addition to the 12 kb endogenous band.
For analysis of Pex7 transcripts, total RNA was isolated

from liver samples of wild-type and knockout mice using
the Wizard RNA purification kit (Promega) and first-strand
cDNA was prepared as previously described (77). cDNA was
amplified by PCR using primer sets encompassing exons 1–5
(forward 50-TTCTCTCCGTACCTGCCG-30 and reverse 50-TG-
TAAATGACACTCTCATGGCC-30) and exons 5–8 (forward
50-TCCAACTGTTGGAAATTCTCTG-30 and reverse 50-GA-
GGCGTGGAACGGTGAAAA-30). As a control for cDNA
amplification we used primers against b-actin (78).

Immunofluorescence and western blot analysis

Mouse embryonic fibroblasts (MEFs) were isolated from E16.5
embryos and mouse fibroblasts (MFs) were isolated from P0.5
pups as described (62). Fibroblasts were cultured in DMEM
(Gibco, Invitrogen) supplemented with 20% fetal calf serum
(Bio-Whittaker), 100U/ml penicillin, 100 mg/ml Streptomycin
and 25mM HEPES buffer, in a humidified atmosphere of 5%
CO2 at 37�C. Indirect immunofluorescence was performed as
described (79). The polyclonal antibody against PMP70 was
purchased from Zymmed and the mouse monoclonal against
catalase was obtained from the supernatant of hybridoma
17E10 (80).
For western blot analysis, liver and brain tissue were

homogenized in phosphate buffered saline (PBS) with 0.5%
Triton X-100 and a cocktail of protease inhibitors (Roche).
Thirty micrograms of protein was separated by 12.5%
SDS–polyacrylamide gel electrophoresis (SDS–PAGE) and
blotted. Polyclonal antibodies against peroxisomal thiolase
and acyl-CoA oxidase and alkyl-DHAP-synthase were used as
described (81,82).

Figure 7. Ultrastructural analysis of osteoclasts from E18.5 femur. Low mag-
nification view of an osteoclast from wild-type (A) and Pex7�/� mice (B).
An increased number of vacuoles is observed in the ruffled border of a
Pex7�/� osteoclast. (C and D) High magnification view of micrographs A
and B (area of white rectangle), respectively. Small crystal-like structures
(arrows in D) are present in some of the vacuoles. OC, osteoclast; RB, ruffled
border; Bo, bone; MC, mineralized cartilage; v, vacuole. Magnification: A and
B, �1500; C and D, �12 000.
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Biochemical assays

All biochemical assays were performed as previously
described: de novo plasmalogen biosynthesis (83), b-oxidation
in cultured fibroblasts (84), analyses of VLCFA (47) and
phytanic acid (85) and plasmalogens (86). Brain, liver and
fibroblasts were homogenized in PBS and 400 mg of protein
were used in the assays for measurement of VLCFA,
plasmalogens and phytanic acid.

Histology

For routine histological analysis, brains of E18.5 pups were
fixed in 4% paraformaldehyde and embedded in paraffin. Seven
micrometer-thick coronal sections were stained with cresyl
violet. Nine to 15 brains were analyzed in each experimental
group. In order to trace the position of migrating neurons,
pregnant dams were intraperitoneally injected with 50 mg
bromodeoxyuridine (BrdU) at E13.5. Fetuses were killed at
E18.5 by decapitation, heads were fixed in 70% ethanol, and
brains were embedded in paraffin. Seven micrometer-thick
coronal sections were used for immunohistochemical detection
of BrdU. Based on previous studies performed in Pex5
knockout mice (55,87), we used the density of BrdU-stained
cells in the intermediate zone (prospective white matter) as an
index of the severity of the neuronal migration disorder. To
avoid regional and experimental variations in labeling, sections
from the different experimental groups, including comparable
anatomical regions in the frontoparietal area (SI), were treated
simultaneously. Counts of BrdU-positive cells were performed
in a 0.025mm2 area of the intermediate zone (prospective white
matter); for each experimental group, cells were counted in 10
different fields (five brains from three different litters, two non-
adjacent sections of the right hemisphere per brain).
Whole mount skeletal staining was performed in newborn

mice as previously described (88). Stained skeletons were
photographed using a Digital Nikon Coolpix camera attached to
a Zeiss Axiophot microscope. For ultrastructural analysis bones
were fixed in a 4% paraformaldehyde and 1% glutaraldehyde
in 0.1M sodium cacodylate buffer (pH 7.4) solution. After
washing and postfixing in 1% OsO4, bones were washed in
buffer, dehydrated through a graded series of ethanol, and
embedded in LRWhite. Semi-thin sections were made with
glass knives perpendicular to the surface of the bone. The
sections were stained with methylene blue, and areas with
osteoclasts were selected. Ultrathin sections were cut of these
areas and examined in a Zeiss EM10 electron microscope.

Animal experiments

All animal experiments were approved by the Institutional
Animal Care and Use Committee of the University of Leuven.
The diet enriched with 0.5% phytol (Acros) was prepared by
dissolving 2.5 g phytol in 35ml acetone, distributing it evenly
on 500 g of pelleted mouse food followed by drying overnight.
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Peroxisomes are organelles responsible for multiple metabolic pathways including, the biosynthesis of plasma-
logens, a class of phospholipids, and the b-oxidation of very-long-chain fatty acids (VLCFA). Lack of peroxisomes
or dysfunction in any of their normal functions is the cellular basis for human peroxisomal disorders. Here we
usedmousemodels to understand and define the biochemical and cellular determinants thatmediate the patho-
physiological consequences caused by peroxisomal dysfunctions.We investigated the role and effects of cellular
plasmalogens and VLCFA accumulation in liver, testis and nervous tissue using Pex7 and Abcd1 knockout (KO)
mice. In addition, we also generated a Pex7:Abcd1 double KO mouse to investigate how different peroxisomal
dysfunctions modulate cellular function and pathology. We found that plasmalogens function as fundamental
structural phospholipids and protect cells from damage caused by VLCFA accumulation. In testis, plasmalogens
protect spermatocytes from VLCFA-induced degeneration and apoptosis. In nervous tissue, we found that
gliosis, inflammatory demyelination and axonopathy caused by accumulation of VLCFA are modulated by
plasmalogens. Our findings demonstrate the importance of normal peroxisomal functioning and allow the
understanding of the pathological causality of peroxisomal dysfunctions. Nervous tissue deficient in plasma-
logens is more prone to damage, illustrating the importance of plasmalogens in peroxisomal disorders including
Zellweger syndrome and X-linked adrenoleukodystrophy.
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Introduction
The importance of peroxisomes for the normal functioning
of cells, tissues and even organisms is underscored by the
causative effects of peroxisomal dysfunction. The recogni-
tion of various human disorders with impaired peroxisomal
functioning has helped the identification of genes involved
in peroxisome formation (Weller et al., 2003) and the
identification and characterization of the extensive reper-
toire of functions performed by peroxisomes (Wanders and
Waterham, 2006). These human peroxisomal disorders vary
in the age of onset, clinical presentation, tissues affected
and pathology. Knowing that peroxisomes participate in
at least eight different metabolic pathways (Wanders and

Waterham, 2006) it has become a challenging task to
unravel the physiological link between a given peroxisomal
dysfunction and its pathophysiological consequence.

Biological processes that are affected in peroxisomal
disorders include endochondral ossification, neuronal mig-
ration and myelination (Faust et al., 2005). In order to
understand the pathophysiological mechanisms behind
the metabolic defects caused by peroxisome deficiencies
we, and others, have generated mouse models for several
human peroxisomal disorders (Baes and Van Veldhoven,
2003; Brites et al., 2004a). The Pex7 KO mouse serves as a
model for Rhizomelic Chondrodysplasia Punctata (RCDP)
(Purdue et al., 1999; Brites et al., 2003). The genetic
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inactivation of Pex7 in the Pex7 KO mice impairs the
import into peroxisomes of proteins carrying a peroxi-
somal targeting signal type 2 (PTS2), and leads to defects
in plasmalogen biosynthesis, phytanic acid �-oxidation and
VLCFA b-oxidation (Brites et al., 2003). Throughout life,
Pex7 KO mice have impaired biosynthesis of plasmalogens,
a plasmenyl phospholipid characterized and distinctive
from other glycerophospholipids by the presence of an
�,b-unsaturated ether-bond (also called vinyl ether bond)
at the sn-1 position of the glycerol backbone (Brites et al.,
2004b). Plasmalogens comprise all plasmenyl phospholip-
ids containing ethanolamine or choline in the head group
of the glycerol backbone. In mammals, the distribution
and composition of plasmalogens varies amongst different
tissues: nervous tissues, kidney and testes have relatively
high levels of plasmalogens whereas liver has very low
amounts of plasmalogens. Nervous tissues, kidney and
testes are also characterized by high levels of plasmenyl
ethanolamine whereas heart and skeletal muscle have
high levels of plasmenyl choline (Brites et al., 2004b).
In Pex7 KO mice the impaired plasmalogen biosynthe-
sis affects all forms of plasmenyl phospholipids (Brites
et al., 2003).
Plasmalogens have been implicated in several biological

processes where they can affect membrane fluidity, mediate
signal transduction and protect against oxidative stress
(Wanders and Waterham, 2006). Nevertheless, the in vivo
role(s) of plasmalogens remains elusive and the usage of
mouse models defective in plasmalogens may provide a
better understanding of their function. Phenotypically, the
Pex7 KO mice display, amongst others, defects in embry-
onic neuronal migration and endochondral ossification
(Brites et al., 2003). The impairment in neuronal migra-
tion found in Pex7 KO mice is relatively mild when
compared with the Pex5 KO mice (Baes et al., 1997), a
mouse that lacks functional peroxisomes and consequently,
all peroxisomal functions. The observation that deficient
b-oxidation alone does not affect neuronal migration in
mice (Baes et al., 2002), suggests that multiple peroxi-
somal impairments possibly including defects in plasma-
logen biosynthesis and b-oxidation, may be required to
disrupt and modulate the process of neuronal migration.
Normal peroxisomal metabolism is also required for

myelination of the nervous system, given that dysmye-
lination and demyelination are frequently observed in
patients with deficiencies in peroxisomal functions (Faust
et al., 2005), including X-linked Adrenoleukodystrophy
(X-ALD). X-ALD is a complex peroxisomal disorder caused
by mutations in the ABCD1 gene and biochemically
characterized by the abnormal accumulation of VLCFA
(Moser et al., 1984; Berger and Gartner, 2006). Despite
its broad range of clinical presentations and outcomes,
X-ALD can be divided into a severe variant presenting
with a rapidly developing cerebral inflammatory demye-
lination, and a milder variant characterized by a
slower-developing non-inflammatory axonopathy, also

designated Adrenomyeloneuropathy (AMN) (Powers et al.,
1992, 2000; Moser, 1997). Several independent mouse
models of X-ALD, in which the Abcd1 gene has been
disrupted (Abcd1 KO mice), have been generated (Forss-
Petter et al., 1997; Kobayashi et al., 1997; Lu et al., 1997),
but despite the accumulation of VLCFA in target organs,
the mice do not develop the characteristic clinical hallmarks
of X-ALD. Although some controversy exists about the
function of ALDP, the protein encoded by the ABCD1
gene, and the nature of the b-oxidation defect in X-ALD
(McGuinness et al., 2003; Moser et al., 2007), the hypo-
thesis that VLCFA accumulation, at least in mice, is caused
by defective transport of these fatty acids across the
peroxisomal membrane is still supported by the fact that
ALDP belongs to the ATP-binding cassette (ABC) trans-
porter superfamily (Stefkova et al., 2004; Wanders et al.,
2007) and by the observation of reduced rates of VLCFA
b-oxidation in fibroblasts (Kobayashi et al., 1997; Lu et al.,
1997; Pujol et al., 2002) and hepatocytes (Kobayashi et al.,
1997) isolated from Abcd1 KO mice.

To investigate the development of pathophysiological
alterations caused by peroxisomal dysfunctions we have
generated the Pex7:Abcd1 double KO (DKO) mice. These
DKO mice allowed us to investigate the role and the
effects of plasmalogens and VLCFA under in vivo con-
ditions during postnatal development. Our findings indi-
cate that plasmalogens modulate the pathology caused
by VLCFA accumulation with detrimental consequences
for spermatocyte development, myelination and axonal
survival.

Materials and methods
Animal experiments
Mice were genotyped from genomic DNA isolated from toe
clippings using the TissueDirect Multiplex PCR system (GenScript
Corporation). Primers for the wild type (WT) Pex7 allele were
50-TCCCAATCTCGAGAGACAGCCGTGTA-30 and 50-ATGCACA
GTAACACTTGGCCTTTTCATGA-30 amplifying a fragment of
450 bp and primers for the mutant Pex7 allele primers were
50-CTACGTCTGAACGTCAACGTCGAAAACCCG-30 and 50-GTA
GCGGCTGCACAGCGTGTACCAC-30 amplifying a fragment of
300 bp. Genotyping of the Abcd1 alleles was performed with
primers 50-CACAGCCTCTCTCCTTAAGACC-30, 50-CTCGTTGT
CTAGGCAACTGG-30 and 50-CTTCTATCGCCTTCTTGACG-30,
amplifying a fragment of 217 bp for the WT allele and a fragment
of 117 bp for the mutant Abcd1 allele.
Pex7 heterozygous mice (Pex7+/�; genotype Ay+/�) in a Swiss

Webster background were crossed with Abcd1 KO mice (Abcd1aa;
genotype aa+/+) in a C57BL/6J:129S1 mixed background (The
Jackson Laboratory). From the F1 we crossed Abcd1 KO, Pex7
heterozygous males (genotype ay+/-) with double heterozygous
females (genotype Aa+/�). Abcd1 KO (genotype ay+/+ or aa +/+)
and Pex7:Abcd1 DKO (ay�/� or aa�/�) mice were obtained
from the crossing of F2 ay+/� males with F2 aa+/� females. WT
(genotype Ay+/+ or AA+/+) and Pex7 KO (genotype Ay�/�
or AA�/�) mice were obtained from the crossing of F2 Ay+/�
males with F2 Aa+/� females. For the experiments we used
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F3 mice of both sexes since no significant differences were
observed between males and females. The numbers of the
mice used for each experiment are given in the different figure
legends.
Mice were housed under standard conditions and had free

access to standard food (TransBreed diet from Special Diets
Services, UK) and acidified water. For tissue harvesting, mice
were anesthetized with 100mg/Kg ketamin and 10mg/kg xylazine.
Isolated organs were snap-frozen in liquid nitrogen and stored
at �80�C for further analyses. Experiments and mouse manipu-
lations were approved by the University of Amsterdam Animals
Experiments Committee.

Cell culture
Skin-derived fibroblasts were grown from skin biopsies taken from
6 months old mice and cultured in Dulbecco’s modified Eagle’s
medium (DMEM), containing 4.5 g/l glucose and L-glutamine,
20% FBS, 100U penicillin/ml, 100mg/ml streptomycin, 150 mg/ml
fungizone and, supplemented with 25mM Hepes. All studies were
performed between passages 16 and 22.

Biochemical analyses
Tissues and fibroblasts were homogenized in phosphate buffer
solution (PBS) by sonication. The homogenates were cleared by
centrifugation at 900g for 5min and protein was measured using
the DC Protein Assay kit (Bio-Rad) using BSA as standard. For
the measurement of VLCFA and phytanic acid lysate corre-
sponding to 300 mg of protein was used and for the measurement
of plasmalogens lysate corresponding to 200 mg of protein was
used. All biochemical assays, including b-oxidation in cultured
fibroblasts (Wanders et al., 1995), measurement of VLCFA and
phytanic acid levels using a coupled gas chromatography-mass
spectrometry method (Vreken et al., 1998) and measurement of
plasmalogen levels using gas chromatography (Dacremont and
Vincent, 1995) were performed as described.

Histological analyses
Pieces of harvested tissues were fixed by immersion in buffered
formalin at 4�C for 48 h, processed for paraffin embedding and
sectioned on a Leica RM2255 microtome, according to routine
procedures. Paraffin sections, 5 mm thick, were deparaffinized in
Histoclear II (National Diagnostics), rehydrated using decreas-
ing concentrations of ethanol and used for routine histological
or immunohistochemical analyses. Routine histological stainings
included H&E, nuclear fast red and luxol fast blue stainings.
For immunohistochemical analyses we used the Vectorstain Elite
peroxidase ABC kit (Vector Laboratories) according to the manu-
facture’s protocol and 3,30-diaminobenzidine tetrachloride (DAB;
Sigma) as a substrate. Processed sections were counterstained with
hematoxylin QS (Vector Laboratories), dehydrated in graded
ethanol solutions, cleared in Histoclear II and mounted in DPX
(Fluka). For immunohistochemical analyses the following primary
antibodies and procedures were used: mouse anti-nestin (1:100;
Millipore), rabbit anti-GFAP (1:500; DAKOcytomation) after
microwaving in Tris:EDTA solution pH 9.0; rabbit anti-cleaved
caspase 3 (1:100; Cell Signaling Technology) after microwaving
in citrate solution pH 6.0; rat anti-F4/80 (1:20; Serotec) after
microwaving in citrate solution pH 6.0; and, goat anti-MBP
(1:100; SantaCruz). All secondary antibodies (Vector Laboratories)

were biotinylated, and used at 1:100 dilution. In sciatic nerves,
MBP detection was performed as described above but after the
secondary antibody, slides were incubated with 1:100 dilution of
streptavidin-FITC (DAKOcytomation) and observed under UV
light from a deuterium lamp using a 450–490 nm excitation filter
and a 510–565 nm emission filter. Slides were examined on a Zeiss
Axiophot microscope and photographed using a Leica DFC320
camera.

Western blot analysis
Lysates of cerebrum and cerebellum from 10 months old WT and
KO mice (n= 3 per genotype) were prepared by sonication in PBS
containing 0.2% Triton X100 and protease inhibitor cocktail
(Roche). Protein samples (20 mg) were separated on 12.5% SDS-
PAGE gels and transferred onto nitrocellulose membranes.
Membranes were blocked with 3% skim dried milk (Fluka) in
PBS containing 0.01% Tween20 (w/v) and probed with antibodies
against MBP (see above) and mouse anti-20,30-cyclic nucleotide
30 phosphodiesterase (CNPase, Neomarkers) both at 1:250 dilution
in blocking buffer. Mouse anti-b-actin (1:5000, Sigma) was used
as a protein loading control. Membranes were developed with
BCIP/NBT (Promega) after incubation with alkaline phosphatase-
labeled secondary antibodies (Biosource). Blots were scanned and
quantification was performed using the AIDA software.

Electrophysiology
Mice were anesthetized with 100mg/kg ketamin and 10mg/kg
xylazine and placed on a warm pad at a temperature of
�30–34�C. Recordings of compound muscle action potentials
(CMAP) were obtained on PowerLab 4/25T (AD instruments)
using Chart5 software. Recording needle electrodes were placed
subcutaneously in the foot pad and supramaximal stimulation
of sciatic nerves was performed distally at the level of the ankle
and proximally at the sciatic notch. Conduction velocities were
calculated as: (proximal distance—distal distance)/(proximal
latency—distal latency), with latencies corresponding to the time
lapse between the stimulus and the onset of the CMAP and
expressed in meters per second.

Data analysis
Data are expressed as means� SD of measurements. Statistical
comparisons were performed using Wilcoxon Mann-Whitney test,
and significance was defined as P50.05.

Results
Generation and phenotypic characterization
of Pex7:Abcd1 double KO
To study the pathophysiological consequences of multiple
peroxisomal deficiencies we generated a mutant mouse with
a combined defect in both plasmalogen biosynthesis and
VLCFA b-oxidation. The Pex7:Abcd1 double KO (hereafter
referred to as DKO) was obtained after crossing Pex7
heterozygous males with homozygous Abcd1 KO females.
At birth, Pex7 KO and DKO mice were smaller than WT
and Abcd1 KO mice, displayed hypotonia and �50% of
Pex7 KO and DKO pups died within 2 days of birth.
Weight measurements throughout postnatal development
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consistently demonstrated the impaired development of
Pex7 KO and DKO mice when compared to WT and Abcd1
KO mice (Fig. 1A and B). The body weights of DKO mice
at P15 (Fig. 1A) and at 3 months of age (data not shown)
were more reduced than those of Pex7 KO mice but after
6 months of age Pex7 and DKO mice had similar body
weights (Fig. 1B). A factor contributing to the decreased
body weight was the extremely reduced amount of white
adipose tissue found upon dissection of Pex7 KO and DKO
mice (data not shown). Abnormal movement and posture
were characteristics found in DKO mice that were not
evident in Pex7 KO mice. Pex7 KO and DKO mice that
survived past the weaning age had a life-span between
9 and 14 months of age. During this period, DKO mice

started to develop tremors and hindlimb ataxia. These
phenotypic differences between Pex7 KO and DKO mice
suggested a synergy between the two different biochemical
abnormalities and their pathological consequences.

Plasmalogen levels in brain, kidney and liver did not differ
between Pex7 and DKO mice and were extremely reduced
(55%) when compared to WT or Abcd1 KO mice (Fig. 1C).
Levels of phytanic acid were very low and did not differ
between the different mice (Fig. 1D) fed the standard diet.
These results illustrate that the defect in �-oxidation has
no consequences under standard feeding conditions. Only
when mice were are fed a diet supplemented with phytol
(the precursor of phytanic acid) was a drastic accumulation
of phytanic acid observed (Fig. 1D and (Brites et al., 2003).

Fig. 1 Development and biochemical presentation of mutant knockout mice. Average body weight measurements in male and female
mice (64 n5 3) of all genotypes at the ages of 15 days old (P15) (A) and 9 months old (B). Pex7 KO mice and DKO mice showed deficits
in weight-gain throughout the postnatal development, with the DKO showing a more striking phenotype from P15 to 3 months of age,
since they weighed significant less even when compared to Pex7 KOmice. Error bars indicate standard deviation. �P50.05 compared toWT
mice; #P50.05 compared to Abcd1KO mice; +P50.05 compared to Pex7 KO mice. (C) Plasmalogen levels in different tissues were
detected as their dimethylacetal (DMA) derivatives of the most abundant aliphatic moieties at sn-1 position, i.e. C16:0 (DMA:C16) and
C18:0 (DMA:C18) and expressed as percentages of DMA to the corresponding fatty acid. (D) Phytanic acid levels in different tissues
fromWTand knockout mice.Very low levels of phytanic acid are found in mice fed a standard chow, and Pex7 KO and DKO show
levels similar to that of WTand Abcd1KO mice.Only upon feeding a chow containing 0.5% phytol (P), do Pex7 KO mice accumulate
high amounts of phytanic acid (4500-fold compared to control diet C).
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Synergistic effect onVLCFA accumulation
in tissues from DKOmice
To evaluate the effects of the combined deficiency of the
Pex7 and Abcd1 mutant alleles we measured b-oxidation
in skin-derived fibroblasts from WT and mutant
mice (Fig. 2A). Whereas mitochondrial b-oxidation of
stearic acid was normal in all mutant cell lines, we found
a 40% reduction in the b-oxidation rate of the VLCFA
hexacosanoic acid (C26:0) in the cell lines from Abcd1,
Pex7 and DKO mice (Fig. 2A). Interestingly, despite having
similar rates of hexacosanoic acid b-oxidation, we found
that the levels of VLCFA in the skin-derived fibroblasts
from DKO mice were significantly increased when com-
pared to fibroblasts from Abcd1 and Pex7 KO mice
(Fig. 2B). A synergistic defect in peroxisomal b-oxidation
of hexacosanoic acid can be clearly identified when
analyzing hexacosanoic acid levels in liver and brain
(Fig. 2C). Whereas Pex7 KO mice had normal levels of
hexacosanoic acid in testis, liver and brain tissue, DKO
mice had increased levels that were even higher than the
levels found in Abcd1 KO mice. In spleen and spinal cord,
Abcd1 and Pex7 KO mice showed similar hexacosanoic
acid accumulation, whereas levels of hexacosanoic acid
were higher in DKO mice. Measurement of VLCFA in
different DKO mice between 9 and 11 months of age
revealed levels similar to the ones found at 6 months of
age (data not shown). Taken together, these results show
that in DKO mice, the defect in VLCFA b-oxidation at
the level of Abcd1 combined with the additional defect
in b-oxidation at the level of thiolase greatly impairs the
ability of peroxisomes to b-oxidize VLCFA in the different
tissues from the DKO mice.

Pathological alterations in non-nervous tissue
We next sought to evaluate the pathological changes in
known target tissues and in tissues where we found a
differential accumulation of VLCFA. As shown above,
normal levels of VLCFA were detected in livers of Pex7
KO mice, but in livers of DKO mice increased levels of
VLCFA were observed which were even higher that in
Abcd1 KO mice. Histological analysis of livers from WT
and mutant mice did not reveal any major changes but
we did find increased fibrosis and infiltration surround-
ing the portal area of livers from Abcd1 and DKO mice
(data not shown).
Since male Pex7 KO mice are infertile (Brites et al.,

2004a) we evaluated the testicular pathology in the dif-
ferent mouse mutants (Fig. 3). At P21, the first signs of
pathology in testes of Pex7 KO mice included a slight dis-
organization of the seminiferous epithelium with respect
to the localization of spermatocytes and round sperma-
tids (Fig. 3C). At the same age the testes of Abcd1 KO
mice lacked any obvious signs of pathological alterations
(Fig. 3B), but the testes of DKO mice showed a severe

pathology with very disorganized seminiferous epithelium
lacking round spermatids and an increase in the number
of abnormally multinucleated cells within the lumen of the
seminiferous tubules (Fig. 3D and E), and these multi-
nucleated cells were present in 53� 12% of DKO tubules.
We next investigated if the loss of spermatocytes might
be mediated by apoptosis. Testes of P21 mice were immu-
nostained with an antibody against cleaved-caspase 3, a
marker for apoptosis. Spermatocytes positive for cleaved-
caspase 3 were evident in the seminiferous tubules of Pex7
(63� 3% of tubules contained cleaved-caspase 3 labeled
cells) and DKO mice (76� 8% of tubules contained
cleaved-caspase 3 labeled cells) (Fig. 3F and G). The multi-
nucleated cells observed in DKO were not stained. The
number of spermatocytes positive for cleaved-caspase 3
was increased in DKO mice when compared to Pex7 KO
mice (Fig. 3H). At 6 months of age, the effects of the
continuous testicular degeneration were evident in Pex7
and DKO mice with seminiferous tubules lacking the
entire cellular complement. One characteristic difference
in the testes of DKO mice was Leydig cell hyperplasia
(Fig. 3L). Even at this age, no apparent changes were
observed in testes of Abcd1 KO mice (Fig. 3H).

VLCFA-induced astrocytosis and
microgliosis in DKOmice
We next studied the impact of VLCFA accumulation and
plasmalogen deficiency in the central nervous system of
the different mutant mice. Gross histological examination
of the CNS in the mutant mice revealed loss and mis-
localization of Purkinje cells in the cerebellum of Pex7
and DKO mice (data not shown). Since astrocytosis may
serve as a marker for damage or dysfunction within the
nervous system, brain and spinal cord sections of 9–11
months old mice were immunostained with an antibody
against glial fibrillary acidic protein (GFAP; Fig. 4A–F).
Astrocytosis was observed throughout the brain of Pex7
and DKO mice but not in brains of Abcd1 KO mice. In the
cerebellum (Fig. 4C and D) and brainstem (Fig. 4E and F),
reactive astrocytes could be seen both in grey and white
matter. Whereas in the cerebellum the degree of astro-
cytosis was similar between Pex7 and DKO mice, in the
brainstem and spinal cord of DKO mice the number of
reactive, ameboid astrocytes was increased when compared
to Pex7 KO mice.

We next sought to investigate the status of microglia
in the brains of the mutant mice. Immunostaining with
an antibody against F4/80 revealed the exclusive micro-
glyotic state of brains and spinal cords from DKO
mice (Fig. 4G–J). Increased numbers of microglia were
found in the cerebellar white matter tracts (Fig. 4H) and
throughout the brainstem (Fig. 4J) of DKO. Microgliosis
was not observed in brains or spinal cords from Abcd1
KO mice (data not shown) or in the cerebellum and
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Fig. 2 Impaired peroxisomal b-oxidation and accumulation of VLCFA in fibroblasts and tissues. (A) Mitochondrial b-oxidation of stearic
acid (C16:0) and peroxisomal b-oxidation of hexacosanoic acid (C26:0) in skin-derived fibroblasts fromWT (n=6), Abcd1KO (n=5),
Pex7 KO (n=5) and DKO (n=6). All KO mice showed specific impairments in peroxisomal b-oxidation. Error bars indicate standard
deviation. �P50.05 compared to WT mice. (B) Levels of VLCFA in fibroblasts from the different mice (n5 3 for each genotype).
(C) Levels of VLCFA in different tissues. Measurements in testis were performed in P20 mice (n=3 for all genotypes). Measurements
in all other organs were performed in 6-month old WT (n=5), Abcd1KO (n=5), Pex7 KO (n=4) and DKO (n=5) mice, showing a
tissue-dependent accumulation of VLCFA in for Pex7 KO mice in contrast to the generalized accumulation of VLCFA in DKO mice.
The different fatty acids have the same color code as in (B). Error bars indicate standard deviation. �P50.05 compared to WT mice;
#P50.05 compared to Abcd1KO mice; +P50.05 compared to Pex7 KO mice.
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Fig. 3 Plasmalogens modulate the damaging effects of VLCFA accumulation in testis. (A^D) Histogical analyses of testis from P21WT (A)
Abcd1KO (B), Pex7 KO (C) and DKO (D) mice stained with nuclear fast red, showing degeneration of seminiferous tubules of DKO
mice. Arrowheads in (D) point to multinucleated cells found in the lumen of seminiferous tubules. (E) Quantification of multinucleated
cells (52 nuclei) per seminiferous tubule of mice from the different genotypes. n=3 for all genotypes and scale bars are 50mm.
(F^G) Immunohistochemical detection of cleaved-caspase 3 in the seminiferous tubules of P21 Pex7 KO (F) and DKO (G) mice showing
an increased number of apoptotic spermatocytes in DKO mice. Arrowheads in (G) point to multinucleated cells. (H) Quantification
of cleaved-caspase 3 positive cells in seminiferous tubules of mice from the different genotypes. Slides were counterstained with
hematoxylin. Scale bars are 50mm. (I^L) Histogical analyses of testis from 6-month old WT (I) Abcd1KO (J), Pex7 KO (K) and DKO (L)
mice stained with H&E, showing complete degeneration of the seminiferous tubules of Pex7 KO and DKO mice. Arrowheads in (L)
denote the increased numbers of Leydig cells in the testis of DKO mice. Identification of Leydig cells was achieved by staining adjacent
sections with an antibody against nestin (data not shown). n=3 for all genotypes and scale bars are 50mm.
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brainstem of Pex7 KO mice (Fig. 4G and I). These findings
denote an astrocytic response in nervous tissue deficient
in plasmalogens and that VLCFA-induced microgliosis is
dependent on plasmalogens.

Effect of plasmalogens inVLCFA-induced
demyelination
We next assessed the myelination status of the CNS
of mutant mice by immunohistochemistry with an

antibody against myelin basic protein (MBP; Fig. 5).
At 3 months of age, Abcd1, Pex7 and DKO mice showed
normal myelination in the corpus callosum, brainstem,
spinal cord (data not shown) and cerebellum (Fig. 5B–D).

AA BB

C D

E F

G H

I J

Fig. 5 Age-dependent demyelination caused by VLCFA accumu-
lation. (A^D) Immunohistochemical detection of MBP in the
cerebellum of 3-months old WT (n=3; A) Abcd1KO (n=3,B),
Pex7 KO (n=3,C) and DKO (n=3,D), showing normal myelin-
ation in the cerebellum. Slides were counterstained with hema-
toxylin. Scale bars are 50mm. (E^F) Immunohistochemical
detection of MBP in the cerebellum of 10-months old WT
(n=4; A) Abcd1KO (n=4,B), Pex7 KO (n=3,C) and DKO
(n=5,D), showing demyelination of the cerebellar white matter
of the third lobule. Slides were counterstained with hematoxylin.
Scale bars are 50mm.Quantification of MBP (I) and CNPase (J)
levels in lysates from cerebrum and cerebellum of 10 months old
mice. �P50.05.

Fig. 4 Astrocytosis and microgliosis in the CNS of DKO mice.
(A^F) Immunohistochemical detection of GFAP in the cerebellum
(A^D) and brainstem (E^F) of 10-month old WT (n=5; A) Abcd1
KO (n=3,B), Pex7 KO (n=4,C and E) and DKO (n=5,D and F),
revealing astrocytosis in cerebellar white matter and granular layer
of Pex7 KO and DKO mice. In the brainstem of DKO, astrocytes
show a more reactive morphology and are present in increased
numbers. Scale bars are 100mm. (G^J) Immunohistochemical
detection of F4/80 in the cerebellum (G and H) and brainstem
(I and J) of 10-month old Pex7 KO (n=4,G and I) and DKO
(n=5,H and J), revealing microgliosis in the cerebellar white
matter and brainstem of DKO mice. Scale bars are 100mm.
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Strikingly, 9–11 months old DKO showed thinning of the
cerebellar white matter tracts with reduced staining for
MBP, indicative of demyelination (Fig. 5H). The demyeli-
nation in DKO mice, as judged by the intensity of MBP
staining in IHC, was detected throughout the CNS but was
more apparent in smaller white matter tracts compared to
large myelinated areas (e.g. corpus callosum; data not
shown). No obvious demyelination or parlor was observed
in Abcd1 KO mice (Fig. 5F). In Pex7 KO mice only a slight
parlor was evident in the small white matter cerebellar
tracts (Fig. 5G). Luxol fast blue stainings confirmed the
demyelination in small white matter tracts of DKO mice
and showed myelin parlor throughout the corpus callosum
and the large cerebellar white matter tracts (Supplementary
Fig. 1). Western blot analysis of myelin proteins confirmed
the more severe demyelination in DKO mice as judged by
the reduced amounts of MBP and CNPase (Fig. 5I and J
and Supplementary Fig. 2).

Neuropathy with demyelination and
axonal loss in DKOmice
We next assessed the condition of the peripheral nervous
system (PNS) in the mutant mice. Immunostaining with an
antibody against MBP in sciatic nerves of 10-month-old
mice revealed a severe loss of myelinated axons in DKO
mice with a thinning of the myelin sheaths in the remaining
myelinated fibers (Fig. 6D). Pex7 KO nerves were not as

affected as the nerves of DKO mice, although we observed
loss of small myelinated axons (Fig. 6C) and decreased
thickness of the myelin sheaths (data not shown). In Abcd1
KO mice no major changes were observed (Fig. 6B). The
observed changes in the PNS of DKO were age-dependent,
since at 3 months of age, sciatic nerves from DKO showed
only minor changes that, when compared to aged-matched
Pex7 KO nerves (Fig. 6E), consisted of a partial loss of
myelinated fibers (Fig. 6F).

The consequences of the observed pathological altera-
tions in sciatic nerves of Pex7 and DKO mice were evident
when we measured motor nerve conductance velocities
(MNCV) in 10 months old mice. The electromyograph
traces showed increased latencies of the CMAP in Pex7
and DKO mice (Fig. 6G) with DKO nerves being more
affected than Pex7 KO nerves since they also had CMAP
with prolonged durations. The calculated MNCV (Fig. 8H)
revealed decreases in conductance velocity of 36% in Pex7
KO nerves versus 48% in DKO nerves when compared to
WT nerves.

Discussion
In this study our aim was to investigate the consequences
of VLCFA accumulation and deficiency of plasmalogens
and their interrelationship. We show that the combined
inactivation of Pex7 and Abcd1 has functional consequences
at both the biochemical and pathophysiological level.

Fig. 6 Peripheral neuropathy with demyelination and axonal loss in DKO mice. (A^D) Immunofluorescent detection of MBP in sciatic
nerves of 10-months old WT (n=3; A) Abcd1KO (n=3,B), Pex7 KO (n=3,C) and DKO (n=3,D), revealing thinner myelin sheaths and
axonal loss in DKO mice. (E^F) Immunofluorescent detection of MBP in sciatic nerves of 3 months old Pex7 KO (n=3, E) and DKO
(n=3, F) showing normal myelination of axons. Scale bar is 10mm. (G) Representative examples of compound muscle action potentials
recordings after stimulation at the sciatic notch of 10-month old WTand mutant mice. Increased latencies were observed in Pex7 KO
and DKO mice. (H) Motor nerve conductance velocities (MNCV) in 10-months old mice. Bars represent the average values obtained
after bilateral measurements inWT (n=6), Abcd1KO (n=4), Pex7 KO (n=4) and DKO (n=5) mice. Error bars indicate standard
deviation. �P50.05.

Chapter 5

86



We found that the accumulation of VLCFA in Pex7 KO
mice was tissue-dependent with normal VLCFA levels in
brain and liver but abnormally high VLCFA levels in kidney
(Fig. 2). We hypothesized that in the absence of thiolase
from peroxisomes, its function can be taken over by the
sterol carrier protein x (SCPx), since SCPx can use both
straight and branched chain fatty acids as substrates
(Seedorf et al., 1994; Wanders et al., 1997). This hypothe-
sis is strengthened by the fact that SCPx expression is
upregulated during postnatal development (Huyghe et al.,
2001) and that liver peroxisomes contain high amounts
of SCPx whereas kidney peroxisomes have very low
amounts of SCPx (Mi et al., 2007). Thus, in kidney of
Pex7 KO mice the absence of thiolase and SCPx leads
to a severe defect in VLCFA b-oxidation but in liver
and brain, expression of SCPx is able to compensate for
the absence of thiolase. The difference in VLCFA found
between brain and spinal cord can also be explained by
a differential expression level of SCPx. SCPx expression
varies significantly between mouse astrocytes, neurons
and oligodendrocytes (Cahoy et al., 2008). Different pro-
portions of these cells in brain and spinal cord, coupled
with different levels of SCPx could be a contributing
factor that results in the variable accumulation of VLCFA
in Pex7 KO mice.
The genetic inactivation of Abcd1 in Abcd1 KO mice

leads to the accumulation of VLCFA in plasma and
tissues and is used as a model for X-ALD (Forss-Petter
et al., 1997; Kobayashi et al., 1997; Lu et al., 1997; Pujol
et al., 2002). The Abcd1 encoded protein, i.e. ALDP, is
thought to function as the peroxisomal transporter of
VLCFA (Stefkova et al., 2004; Wanders et al., 2007) and
it has been hypothesized that the failure to transport
VLCFA into peroxisomes may explain the reduced rate of
VLCFA b-oxidation and their subsequent accumulation.
Despite the accumulation of VLCFA in nervous tissue
Abcd1 KO mice fail to develop the hallmarks of X-ALD
and only aged Abcd1 KO mice develop some motor abnor-
malities reminiscent of AMN (Pujol et al., 2002).
In this study, by crossing the mutant Pex7 allele with the

mutant Abcd1 allele, we blocked peroxisomal b-oxidation
at two different steps, i.e. the transport and the degradation
of VLCFA and were able to investigate the consequences
and the relationship between VLCFA accumulation and
plasmalogen deficiency. The biochemical analyses (Fig. 2)
clearly demonstrated that in Pex7:Abcd1 DKO mice there
is not only a generalized accumulation of VLCFA in cells
and tissues but the extent of VLCFA accumulation is higher
than in the Abcd1 KO mice. This supports the conclusion
of a synergistic block in peroxisomal b-oxidation in DKO
mice rather than a merely additive effect. The compensatory
effect of SCPx expression found in Pex7 KO mice (Brites
et al., 2003; Mi et al., 2007) was not observed in DKO
since the inactivation of ALDP may impair the transport
of VLCFA into peroxisomes and thus block peroxisomal
b-oxidation at an earlier step.

We observed marked phenotypic consequences of the
VLCFA accumulation in several target organs. Testis from
Pex7 and DKO mice showed distinct degenerative altera-
tions. Disorganized seminiferous tubules showing abnor-
malities in spermatocytes were evident in Pex7 KO mice
leading to infertility. This pathology is similar to the one
found in plasmalogen-deficient testis of Gnpat KO mice
(Rodemer et al., 2003). Our findings suggest a crucial role
of plasmalogens for normal spermatocyte development and
in protecting spermatocytes from damage caused by VLCFA
accumulation.

Although it is well established that nervous tissues are
enriched in plasmalogens, their function(s) within myelin
have remained elusive (Brites et al., 2004b). Our results
indicate that plasmalogens are not required for nervous
tissue myelination per se but they may play a role in
myelin remodeling, since aged Pex7 KO mice show thin-
ning of myelin sheaths (Fig. 6; Brites et al., unpublished
results). Furthermore, based on the results obtained in our
DKO mouse, plasmalogens may also have a protective role
against the effects of VLCFA accumulation. In plasmalogen-
deficient nervous tissues, the damage caused by VLCFA
accumulation was evident and marked by demyelination,
axonal loss and reactive gliosis. Recently, Kassmann et al.
(2007) showed that a mouse model with peroxisome-
deficient oligodendrocytes, developed demyelination, axonal
loss and inflammation. But, since the lack of peroxisomes
in these mice yields abnormalities in all the metabolic
functions normally performed by peroxisomes (Wanders
and Waterham, 2006), it is difficult to establish which
metabolic pathways are responsible for the observed
pathology. The results described in the present study
provide important information on the question of which
peroxisomal dysfunctions mediate these neuropathological
consequences, highlighting the biosynthesis of plasmalogens
and VLCFA b-oxidation as key players for normal nervous
system functioning.

From the pathological standpoint, our results on the
Pex7:Abcd1 DKO mice and those of the mice with
peroxisome-deficient oligodendrocytes (Kassmann et al.,
2007), recapitulate many aspects of the pathology observed
in patients with X-ALD (Powers et al., 1992, 2000; Powers,
1995; Moser, 1997), whereas the Abcd1 KO mice do not
(Forss-Petter et al., 1997; Kobayashi et al., 1997; Lu et al.,
1997; Powers et al., 2005). The complexity of the X-ALD
disorder emerges from a common defect in VLCFA
b-oxidation that can present either as a severe and rapidly
progressive inflammatory demyelination or a slow non-
inflammatory axonopathy (Powers et al., 1992, 2000). These
different presentations of X-ALD have long been taken to
indicate the existence of modifier(s) that may play a role
in the pathology (Smith et al., 1999). Our results suggest
that plasmalogens could be one such modifier, as their
deficiency augments the damage to the nervous tissue
caused by VLCFA accumulation. Measurement of plasma-
logen levels in samples from X-ALD patients is scarce but
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decreased plasmalogen levels have been described both in
red blood cells and in white matter samples of X-ALD
patients (Wilson and Sargent, 1993; Moser et al., 1999;
Khan et al., 2008). Interestingly, decreases in plasmalogen
content have also been found in several neuropathologi-
cal conditions including Alzheimer’s disease, Gaucher’s
disease, dementia and ischemia (Ginsberg et al., 1998;
Guan et al., 1999; Brites et al., 2004b; Goodenowe et al.,
2007; Moraitou et al., 2008) and it has been proposed
that plasmalogens may modulate the severity and pro-
gression of the disease. Although it is still unknown
which mechanism, i.e. impaired biosynthesis or increased
degradation of plasmalogens is responsible for the loss of
plasmalogens in these neurological disorders or in X-ALD,
our results suggest that regardless of the mechanism
involved, the deficiency of plasmalogens may exacerbate
the pathology.
Taken together, our findings demonstrate the crucial

importance of peroxisomes in normal development and
highlight the relevance of cellular plasmalogens for normal
functioning and their possible involvement in the VLCFA-
induced damage characteristic of X-ALD. Plasmalogens
have been implicated in a variety of cellular processes sug-
gesting that these phospholipids may have both structural
and functional roles in membrane and cellular stability,
fluidity and protection (Brites et al., 2004b). With the
increasing in the number of non-peroxisomal disorders
that show abnormalities in plasmalogen content, our study
highlights the importance of investigating the role of plas-
malogens in modulating pathophysiological changes that
may contribute to the progression of the disorder.

Supplementary material
Supplementary material is available at Brain online.
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ABSTRACT 
Plasmalogens are ether-phospholipids which serve as endogenous antioxidants and have an 
important structural role in mediating membrane dynamics1, 2. Plasmalogen deficiency is the 
biochemical hallmark of the peroxisomal disorder Rhizomelic Chondrodysplasia Punctata 
(RCDP)3, but other genetic and developmental disorders, including Alzheimer’s disease and 
Gaucher disease have also been shown to have peripheral plasmalogen deficiencies4-6.  We 
previously generated a Pex7 knockout (KO)7 mouse that serves as an in vivo model for RCDP 
type 18, 9, and shows all the biochemical and pathological characteristics of RCDP. Using this 
mouse model we showed that a diet enriched with 1-O-octadecyl-rac-glycerol, an alkyl-glycerol 
(AG), can restore plasmalogen levels and rescue the pathology caused by the plasmalogen 
deficiency. Plasmalogen levels were restored in most tissues examined and the pathological 
progress of the disorder was halted. When given prior to the occurrence of pathological 
changes, the AG-diet prevented or ameliorated the pathology observed in Pex7 KO pups which 
was related to the extent to which plasmalogen levels were restored. Our results provide in vivo
evidence that AG can be used as a therapeutic agent in disorders with a deficiency in 
plasmalogens. 

RESULTS AND DISCUSSION 
The biosynthetic pathway of ether-phospholipids, including plasmalogens, involves several 
enzymatic steps performed in peroxisomes and the endoplasmatic reticulum8, 10. A deficiency of 
either of the two peroxisomal enzymes involved in plasmalogen biosynthesis, i.e., 
glyceronephosphate O-acyltransferase (GNPAT) and alkylglycerone phosphate synthase 
(AGPS) leads to a block in the biosynthesis of ether-phospholipids which results in absent or 
reduced levels of plasmalogens8, 11. Alkyl-glycerols (AG) can enter the plasmalogen 
biosynthetic pathway downstream of the peroxisomal steps and, when added to cultured cells, 
have been shown to restore plasmalogen levels12, 13. To determine whether AG can also restore 
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the plasmalogen deficiency found in Pex7 KO mice, we fed mice either a control diet or a diet 
containing 2% 1-O-octadecyl-rac-glycerol (AG diet) for 2 months. Measurement of 
plasmalogens in several tissues revealed that Pex7 KO mice fed the AG diet had normal levels 
of plasmalogens in erythrocytes and, in several tissues including kidney, heart and eye (Table
1). The AG diet only marginally increased plasmalogen levels in the cerebrum and cerebellum 
of Pex7 KO mice. This may be the reflection of an inability of AG to cross the blood-brain 
barrier or an increased catabolism of newly formed plasmalogens. It is also known that the 
metabolic heterogeneity found within different areas of the brain towards plasmalogen 
biosynthesis and plasmalogen incorporation into membranes results in a differential distribution 
between white and grey mater14-16. Moreover, detailed evaluation of the turnover of 
plasmalogens in brain revealed half-lives of less than 1 hour15, suggesting that in the nervous 
tissue longer treatments with AG may be necessary to reach a steady-state level of 
plasmalogens. Pex7 KO mice fed for 4 months with the AG diet showed increased plasmalogen 
levels in spinal cord and cerebellum (Table 1).

Table 1- Plasmalogen levels in different tissues after control and AG-diet feeding 
 Control diet AG diet 

Period  Sample WT KO WT KO 
2 months RBC 4.2 ± 0.2 0.1 ± 0.1 7.6 ± 0.7 5.4 ± 0.3 

Liver 0.5 ± 0.1 N.D. 1.1 ± 0.1 1.4 ± 0.1 

Kidney 3.5 ± 0.2 N.D. 7.1 ± 0.5 3.9 ± 0.2 

Heart 2.3 ± 0.4 N.D. 9.8 ± 1.6 9.6 ± 1.1 

Lung 8.1 ± 0.9 N.D. 15.7 ± 2.1 17.7 ± 3.2 

Testis 2.4 ± 0.1 N.D. 3.4 ± 0.2 2.1 ± 0.5 

Eye 4.0 ± 0.1 N.D. 3.1 ± 0.6 2.7 ± 0.2 

Nerve 26.7 ± 7.1 N.D. 39 ± 1.5 0.6 ± 0.12 

Cerebrum 13.7 ± 2.8 N.D. 13.9 ± 1.9 0.1 ± 0.1 

Cerebellum 14.5 ± 1.0 N.D. 14.5 ±0.5 0.2 ± 0.1 

Spinal cord 21.3 ± 6.1 N.D. 20.1 ± 5.1 N.D. 
4 months Cerebellum N.P. N.P. 13.7 ± 0.8 0.4 ± 0.06 

Spinal cord N.P. N.P. 17.2 ± 2.8 0.5 ± 0.1  

Plasmalogen levels are expressed as mean ± S.D of the percentages of dimethylacetal (DMA) 
derivatives of C18:0 to the corresponding saturated fatty acid.  
Numbers of mice tested: on control diet WT mice (n=4) and Pex7 KO mice (n=3) and on AG 
diet for 2 months WT mice (n=6) and Pex7 KO mice (n=6); for 4 months WT (n=3) and Pex7
KO mice (n=3). RBC- red blood cells; AG- alkyl-glycerol diet; N.D.- not detected; N.P.- not 
performed

Next, we determined the effects of the AG diet on the pathology observed in Pex7 KO mice. 
In mice, testicular atrophy primarily caused by loss of cells from the spermatogonia lineage is 
one of the hallmarks of the pathology caused by deficiencies in the biosynthesis of 
plasmalogens7, 17. Histological evaluation of seminiferous tubules from Pex7 KO mice on 
control diet showed a Sertoli-only phenotype, with the seminiferous epithelium solely 
comprised of Sertoli cells and devoid of spermatogia and spermatocytes (Fig. 1a). Treatment of 
Pex7 KO mice with the AG diet restored plasmalogen levels in the testis and ameliorated the 
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testicular pathology as evident from the presence of spermatocytes at different stages of 
maturation in the seminiferous epithelium (Fig. 1a), which is indicative of a restoration in 
spermatogenesis. Regardless of the histological improvement, however, mature spermatozoa 
were not detected in the seminiferous tubules or in the epididymis (data now shown). The 
Harderian gland synthesizes lipids, porphyrins and indoles for pheromonal and lubricatory 
purposes18, and has been implicated in, amongst others, thermoregulatory and photoreceptor 
protection processes19. Harderian glands contain peroxisomes20, 21 and show gross abnormalities 
in case of peroxisomal dysfunction (Brites et. al. unpublished results and Fig. 1b). Histological 
examination of Harderian glands from Pex7 KO mice showed atrophic secretory cells with 
reduced cytoplasm, lacking the characteristic lipid inclusions found in Harderian glands of WT 
mice (Fig. 1b). Treatment of Pex7 KO mice with the AG diet improved the histology of the 
Harderian gland with secretory cells showing small lipid inclusions and an increase in the 
cytoplasmic volume (Fig. 1b). Another hallmark of plasmalogen deficiency in mice is 
lipodystrophy, with extremely reduced to absent white adipose tissue7, 17. As a consequence, 
Pex7 KO mice showed reduced body weight when compared to WT mice (WT 33.3±1.5gr; KO 
22.0±1.1gr, p=0.0004). Treatment with the AG diet led to an increase in body weight of Pex7
KO mice (WT 32.3±1.8; KO 28.7±1.7) representing a 30% gain in body weight (p=0.0039) 
when compared to KO mice fed the control and AG diet. The lipodystrophy of Pex7 KO mice 
was characterized by extremely reduced epididymal, inguinal, retroperitoneal and subscapular 
white adipose tissue depots whereas the size of the dorsal brown fat pads was normal. 
Histological analysis of epididymal white adipose tissue from Pex7 KO mice revealed abnormal 
adipocytes with smaller and irregular fat deposits (Fig. 1c). The AG diet in Pex7 KO mice led 
to an increase in body weight and the normalization of adipocyte size and fat deposition (Fig. 
1c). Despite normal gross examination, histological evaluation of brown adipose tissue also 
showed abnormalities in Pex7 KO mice, characterized by the reduced size of the lipid 
inclusions (Fig. 1d). The AG diet also produced beneficial effects on brown adipocytes, 
characterized by the increased size of lipid inclusions (Fig. 1d). We also evaluated the effects of 
the AG diet on the functioning of peripheral nerves. We found that Pex7 KO mice develop a 
peripheral neuropathy with reduced motor nerve conductance velocity (MNCV). On the control 
diet, Pex7 KO mice showed increased latencies of compound muscle action potentials 
(CMAPs) (Fig. 1e) that resulted in a 37% reduction in MNCV when compared to WT mice on 
control diet (Fig. 1f). Pex7 KO mice on the AG diet showed an improvement in CMAP 
latencies (Fig. 1e) that resulted in an increase in MNCV. Although the AG diet did not restore 
the MNCV of Pex7 KO mice to normal values, it clearly improved nerve conduction, with KO 
mice having only a 19% reduction in MNCV when compared to WT mice (Fig. 1f).

Our combined results indicate that an AG diet has dual beneficial effects since it not only 
restores plasmalogen levels but it also improves the histopathological alterations in target 
organs of Pex7 KO mice. This led us to investigate if the AG diet could also be used to prevent 
the pathology caused by plasmalogen deficiency. To achieve this, we fed the AG diet to 
pregnant dams and determined the effects on 20-day old pups from dams fed the control or the 
AG diets. Regardless of the diet fed to the dams, Pex7 KO pups were born hypotonic and 
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measurements of body weight during the first 2 postnatal weeks showed a significant difference 
when compared to WT pups (20% reduction in body weight, p=0.003), suggest that AG did not 
cross the placental barrier or was not present in milk during lactation.  Nevertheless, after the
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second postnatal week the weight of Pex7 KO pups from the AG diet increased to reach that of 
WT pups (with KO mice having only 5 to 12.5% reduction in body weights when compared to 
WT mice, p=0.501). Combined with the previous results of increased body weight gain from 
the dietary regimen on adult mice, these results suggest that the increase in body weight of Pex7
KO pups starts upon the ingestion of the AG diet directly. Measurement of plasmalogen levels 
showed that the AG diet led to increased plasmalogen levels in multiple tissues of Pex7 KO 
pups (Fig. 2a). The restoration of plasmalogen levels in the different tissues from Pex7 KO 
pups varied between 45 and 65% of the WT plasmalogen levels. The AG diet during this early 
postnatal period also failed to increase plasmalogen levels in cerebrum and cerebellum of Pex7
KO pups (Fig. 2a). The partial restoration of plasmalogens in different tissues suggests that the 
steady-state levels were not reached since, the source of AG in Pex7 KO pups was primarily 
diet-derived and the pups ingested the AG diet for only a maximal 6-day period. 

Next, we determined the effects of the AG diet on the histopathology of Pex7 KO pups. At 
P20, testis of Pex7 KO pups fed the control diet showed disorganization of the seminiferous 
epithelium with loss of spermatocytes (Fig. 2b), whereas Pex7 KO pups fed the AG diet 
showed normal seminiferous tubules without loss of spermatocytes (Fig. 2b) indicating that the 
42% restoration in plasmalogen levels (Fig. 2a) could prevent testicular degeneration. The AG 
diet also prevented the development of cataracts in Pex7 KO pups. Whereas Pex7 KO pups fed 
a control diet showed bilateral cataracts as soon as the pups opened their eye lids (age P13), 
AG-fed Pex7 KO pups failed to develop cataracts or developed a small nuclear cataract (Fig. 
2c). The extent of the cataract in AG-fed Pex7 KO pups was correlated with the amount of 
plasmalogens measured in the eye (Fig. 2d). Despite restoring plasmalogens in the eyes of adult 
Pex7 KO mice (Table 1), the AG diet had no effect on the cataracts of these mice because of 
the extensive damage that occurred prior to the treatment (data not shown). 

Taken together, our data show that AG can be used in vivo to restore plasmalogen levels 
and to halt or prevent pathological alterations caused by plasmalogen deficiency. The 
therapeutic effects were found to depend on the degree to which plasmalogen levels were 
restored in the affected tissue and on the damage caused by the plasmalogen deficiency prior to 
the start of the AG supplementation. In conclusion, by restoring plasmalogens, alkyl-glycerols 
may be used as therapeutic agents with potential beneficial effects for peroxisomal and non-
peroxisomal disorders. 

METHODS
Animals. Pex7 KO mice and litter mate WT mice in a Swiss Webster background were 
obtained from mating Pex7 heterozygous mice and genotyped as described previously7. Mice 
were housed under standard conditions and had free access to food and water. For tissue 
harvesting, mice were anesthetized with 100mg/Kg ketamine and 10mg/Kg xylazine. Blood 
was collected from cardiac puncture and isolated organs were snap-frozen in liquid nitrogen and 
stored at -80oC for further analyses. Experiments and mouse manipulations were approved by 
the University of Amsterdam Animals Experiments Committee. 
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Diet study. Alkyl-glycerol diets (AG-diet) containing 2% 1-O-octadecyl-rac-glycerol (Sigma 
Aldrich) dissolved in ethanol and the control diets lacking alkyl-glycerol were either 
manufactured by Ab Diets (Woerden, the Netherlands) or, home-made by spraying the solutions 
onto standard diet (Transbreed diet from Special Diets Services, UK). The ethanol was allowed 
to evaporate before supplying the diets to the animals. 
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For the treatment of adult mice, six-week-old mice were fed the control or the AG-diet for 2 and 
4 months. Food intake was monitored by visual inspection of food pellet consumption and body 
weights were determined twice a week. For the treatment of pre-weaned pups, mating pairs 
were fed the control or the AG-diet from the day of the mating until the pups were 20-days old. 

Biochemical analyses. Tissues were homogenized in PBS by sonication. The homogenates 
were cleared by centrifugation at 900xg for 5 minutes and protein was measured using the DC 
Protein Assay kit (Bio-Rad) using BSA as standard. Plasmalogens were measured as their 
dimethylacetal derivatives (DMA) by gas chromatography and expressed as the ratio between 
C18:0 DMA and methylstearate (C18:0) as previously described22.

Histological analyses. Pieces of harvested tissues were fixed by immersion in buffered 
formalin at 4oC for 48 hours, processed for paraffin embedding and sectioned on a Leica 
RM2255 microtome, according to routine practices. Paraffin sections, 5μm thick, were 
deparaffinized in Histoclear II (National Diagnostics), rehydrated using decreasing 
concentrations of ethanol and used for routine histological analyses including, H&E, PAS and 
luxol fast blue stainings. After fixation, eyes were processed for LRWhite embedding and semi-
thin 1μm sections were cut with a glass knife. Eye sections were stained with Richardson’s 
stain, dried and mounted with DPX. 

Electrophysiology. Mice were anesthetized (described above) and placed on a warm pad at a 
temperature of ~30-34oC. Recordings of compound muscle action potentials (CMAP) were 
obtained on a PowerLab 4/25T (AD instruments) using Chart5 software. Recording needle 
electrodes were placed subcutaneously in the foot pad and supramaximal stimulation of sciatic 
nerves was performed distally at the level of the ankle and proximally at the sciatic notch. 
Conduction velocities were calculated as: (proximal distance – distal distance)/(proximal 
latency – distal latency), with latencies corresponding to the time lapse between the stimulus 
and the onset of the CMAP and expressed in m/s. 

Statistical analysis. All values are expressed as mean ± standard deviation. Statistical 
comparisons between two experimental groups were evaluated using the Student's paired t-test. 
We considered a p value <0.05 as significant. 
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Refsum disease is caused by a deficiency of phytanoyl-CoA hy-
droxylase (PHYH), the first enzyme of the peroxisomal �-oxidation
system, resulting in the accumulation of the branched-chain fatty
acid phytanic acid. The main clinical symptoms are polyneuropathy,
cerebellar ataxia, and retinitis pigmentosa. To study the patho-
genesis of Refsum disease, we generated and characterized a Phyh
knockout mouse. We studied the pathological effects of phytanic
acid accumulation in Phyh�/� mice fed a diet supplemented with
phytol, the precursor of phytanic acid. Phytanic acid accumulation
caused a reduction in body weight, hepatic steatosis, and testicular
atrophy with loss of spermatogonia. Phenotype assessment using
the SHIRPA protocol and subsequent automated gait analysis using
the CatWalk system revealed unsteady gait with strongly reduced
paw print area for both fore- and hindpaws and reduced base of
support for the hindpaws. Histochemical analyses in the CNS
showed astrocytosis and up-regulation of calcium-binding pro-
teins. In addition, a loss of Purkinje cells in the cerebellum was
observed. No demyelination was present in the CNS. Motor nerve
conduction velocity measurements revealed a peripheral neurop-
athy. Our results show that, in the mouse, high phytanic acid levels
cause a peripheral neuropathy and ataxia with loss of Purkinje
cells. These findings provide important insights in the pathophys-
iology of Refsum disease.

fatty acid oxidation � metabolic disorder � peroxisomes

Refsum disease is an autosomal recessive lipid-storage disor-
der (MIM266500) characterized by the accumulation of the

branched-chain fatty acid phytanic acid (3,7,11,15-tetramethyl-
hexadecanoic acid) in tissues and body fluids of patients (1).
Phytanic acid levels are elevated because of a deficiency of the
enzyme phytanoyl-CoA hydroxylase (PHYH). PHYH catalyzes
the first step of the peroxisomal �-oxidation pathway, i.e., the
conversion of phytanoyl-CoA to 2-hydroxy-phytanoyl-CoA. This
�-oxidation is required for the degradation of phytanic acid,
which contains a methyl group at the third carbon atom of its
backbone and therefore cannot be degraded via �-oxidation. As
a result of �-oxidation, the terminal carboxyl-group of phytanic
acid is released as CO2, producing pristanic acid, a 2-methyl
branched-chain fatty acid (2,6,10,14-tetramethylpentadecanoic
acid), which can be degraded via �-oxidation in the peroxisome.

The molecular basis of Refsum disease is heterogeneous, but
the majority of patients have mutations in the gene encoding
PHYH (2). In humans, the PHYH gene is �21 kb and consists
of 9 exons and 8 introns. It encodes a protein with a calculated
mass of 38.6 kDa, including a cleavable peroxisomal targeting
signal type 2 (PTS2). This PTS2-signal is recognized by peroxin
7, which is a receptor required for the import of newly synthe-
sized PTS2-containing proteins into peroxisomes. Peroxin 7 is
encoded by PEX7, which is the second gene that can be mutated
in patients with Refsum disease (2). The impaired import of
PHYH into the peroxisome leads to a deficient PHYH activity
in patients with mutations in the PEX7 gene.

Clinically, Refsum disease is characterized by cerebellar
ataxia, polyneuropathy, and progressive retinitis pigmentosa,
culminating in blindness, (1, 3). The age of onset of the symptoms
can vary from early childhood to the third or fourth decade of
life. No treatment is available for patients with Refsum disease,
but they benefit from a low phytanic acid diet. Phytanic acid is
derived from dietary sources only, specifically from the chloro-
phyll component phytol. When phytanic acid levels are kept low
via dietary reduction, a halt in the progression of the symptoms
has been reported (4–7).

Although the clinical symptoms of Refsum disease are well
known, only limited postmortem data are available on Refsum
patients and the pathogenesis of the disorder is poorly under-
stood. Insight herein is of crucial importance for the develop-
ment of potential therapeutic options. Phytanic acid has been
claimed to be toxic, and it has been shown to be an activating
ligand of the nuclear receptor peroxisome proliferator receptor
� (PPAR�). To study the pathological consequences of phytanic
acid accumulation, we generated of a mouse model for Refsum
disease by targeted disruption of the Phyh gene.

Results
Disruption of the Phyh Gene. To disrupt the mouse Phyh gene, part
of the gene containing exons 4–7 was replaced with the hygro-
mycin B-resistance gene by homologous recombination in ES
cells as depicted in Fig. 1A. Correct targeting of Phyh was
confirmed by Southern blot analysis and PCR on genomic DNA
(Fig. 1 B and C). The disruption of the Phyh gene resulted in the
absence of detectable mRNA (Fig. 1D), PHYH protein, and a
complete loss of PHYH enzyme activity (data not shown). The
absence of the Phyh gene did not result in embryonic lethality
nor did it affect postnatal viability. When kept under standard
laboratory conditions, Phyh�/� mice developed normally and
had no obvious developmental abnormalities. They were fertile,
and interbreeding of Phyh�/� males and females led to viable
progeny.

Biochemical Abnormalities in Phyh�/� Mice Fed a Phytol-Supple-
mented Diet. In contrast to the human diet, standard rodent chow
contains only low amounts of branched-chain fatty acids and the
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phytanic acid precursor phytol. For this reason, we supple-
mented standard chow with phytol. One group of animals was
fed a control diet, 1 group received a diet supplemented with
0.1% (wt/wt) phytol for 6 weeks, and 1 group received a 0.25%
(wt/wt) phytol diet for 3 weeks. The 0.25% phytol diet caused a
decrease in body weight of 25 � 5% in the Phyh�/� males and
16 � 10% in the Phyh�/� females. This body weight loss is most

probably caused by lipoatrophy, because upon dissection, almost
no white fat could be observed in the Phyh�/� mice after the
0.25% phytol diet.

Because of the phytol diets, phytanic acid accumulated in
plasma and tissues (Fig. 2). After 3 weeks on the 0.25% phytol
diet, plasma phytanic acid levels �1 mmol/L were reached. Such
levels have also been reported in Refsum disease patients (8). Of
the different tissues analyzed, liver showed the highest accumu-
lation of phytanic acid, followed by kidney, testis, and cerebel-
lum, and the extent of the accumulation was similar for males and
females. These results show that the most important biochemical
characteristic of Refsum disease, i.e., phytanic acid accumula-
tion, is reproduced by disruption of the Phyh gene in the mouse.

Further biochemical analyses in plasma revealed increased
amylase and alanine-amino transferase (ALAT) activity in
pooled plasma of Phyh�/� mice after 3 weeks on the 0.25%
phytol diet, whereas albumin levels were unaltered [supporting
information (SI) Table S1]. Cholesterol, triglycerides, free fatty
acids, and total fatty acid levels were decreased in plasma from
Phyh�/� mice on a phytol diet (Table S1). The levels of virtually

Phyh+/+ Phyh-/- Phyh+/+ Phyh-/- Phyh+/+ Phyh-/-

control 0.1% phytol 0.25% phytol

+/+ +/+ +/+-/- -/- -/-
C 0.1%P 0.25%P

μm
ol

/L

Ph
yt

an
ic

 a
ci

d 
(n

m
ol

/m
g 

pr
ot

ei
n)

Fig. 2. Phytanic acid levels in plasma and tissues of male WT and Phyh�/�

mice. Phytanic levels were determined in liver (white bars), kidney (gray bars),
cerebellum (black bars), testis (checked bars), and plasma (Inset graph) from
WT and Phyh�/� mice on a control diet (C), a 0.1% phytol diet, and a 0.25%
phytol diet. Data represent mean � SD.
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Fig. 3. Phyh�/� mice on a phytol diet develop hepatic lipidosis. H&E staining
of livers from WT (A–C) and Phyh�/� mice (D–F) on a control diet (A andD), on
a 0.1% phytol diet (B and E), and on 0.25% phytol diet (C and F). In Phyh�/�

mice on a 0.25% phytol diet (F), steatosis is clearly detected by the large lipid
vacuoles present throughout the liver parenchyma. On a 0.1% phytol diet (E),
Phyh�/� mice showed signs of microsteatosis (small lipid vacuoles within
hepatocytes). (Scale bar: 100 �m.)
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Fig. 4. Loss of spermatogonia in phytol-fed Phyh�/� mice. Immunohisto-
chemical detection of calreticulin in testis of WT mice (A–C) and Phyh�/� (D–F)
mice on control diet (A and D), 0.1% phytol diet (B and E), and 0.25% phytol
diet (C and F). Calreticulin is highly expressed in spermatogonia of WT mice on
control diet (A). Loss of spermatogonia in Phyh�/� mice on the 0.1% phytol (E)
and 0.25% phytol (F) diets is demonstrated by decreased numbers of calreti-
culin-positive spermatogonia leaving gaps (arrows in E and F) in the epithe-
lium of the seminiferous tubules. The slide is hematoxylin QS counterstained.
(Scale bar: 50 �m.)
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Fig. 1. Generation of targeting vector and Phyh�/� mice. (A) Strategy of
gene targeting. The WT allele, targeting vector and the targeted allele are
depicted. After homologous recombination, exons 4–7 and parts of introns 3
and 7 are deleted. The location of the 5� probe used for Southern blot analysis
is shown. (B) Southern blot analysis of genomic DNA isolated from ES cells,
digested with EcoRV and BamHI, and probed with the 5� probe yielded a
12.3-kb fragment for the WT allele (�/�) and a 10-kb fragment for the
targeted allele (�/�). (C) Genotyping by PCR on genomic DNA. Amplification
from the WT allele (�/�) resulted in a 201-bp fragment and amplification from
the targeted allele (�/�) a fragment of 260 bp. (D) (Upper) PCR analysis of liver
cDNA from WT and Phyh�/� mice. No amplification of exons 1–8 could be
detected in Phyh�/� mice. (Lower) A control for cDNA amplification was
carried out with primers for �-actin.
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all of the fatty acids determined were decreased (C14:0, C16:0,
C18:0, C20:0, C22:0, and C24:0 and �3, �6, �7, and �9 poly-
unsaturated fatty acids). These results confirm that high levels of
phytanic acid cause increased fat degradation, resulting in the
disappearance of the white fat, as described above.

Pathological Effects of Phytanic Acid Accumulation in Phyh�/� Mice.
The pathological effects of phytanic acid accumulation in the
liver were studied by histological analysis. H&E staining of liver
sections (Fig. 3) of Phyh�/� mice fed with the 0.25% phytol diet
showed morphological changes that included steatosis, hepato-
cyte degeneration, and inflammatory infiltrates. The steatosis in
livers from Phyh�/� mice was microvesicular when they were fed

the 0.1% phytol diet (Fig. 3E) and macrovesicular when fed the
0.25% phytol diet (Fig. 3F). In contrast, no morphological
changes were observed in WT mice when fed a phytol diet.

H&E staining of testis sections revealed that, despite having
sperm at different stages of maturation, the seminiferous tubules
of Phyh�/� mice on the phytol diet did not have the full
complement of spermatogenic cells (Fig. 4). This loss of sper-
matogenic cells was clearly seen upon immunodetection of
calreticulin, which is predominantly expressed in spermatogonia.
After 6 weeks on the 0.1% phytol diet, loss of spermatogonia was
clearly visible (Fig. 4E), but mild when compared with the loss
observed after 3 weeks on the 0.25% phytol diet (Fig. 4F). No
abnormalities were observed by histological analysis in heart,
kidney, intestine, lung and eye.
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Fig. 5. Automated gait analysis using CatWalk revealed ataxia in Phyh�/� mice on a phytol diet. (A) Paw prints of the fore- and the hindpaws for representative
runs by male WT and Phyh�/� mice on different diets are shown. The paw print area of both the fore- and hindpaw of the Phyh�/� mice on 0.25% phytol were
markedly decreased. (B) Successive frames of the paw–floor contact area for fore- and hindpaws revealed a decreased contact area for male Phyh�/� mice
compared with WT mice on a 0.25% phytol diet. C, control diet; P, 0.25% Phytol diet. (C) Base of support for the hindpaws (white bars) was significantly decreased
(*, P� 0.05, t test) in the Phyh�/� mice on the phytol diets compared with the base of support of the WT mice on the same diets. The decrease was also significant
for the Phyh�/� mice before and after the 0.25% phytol diet (data not shown). There were no differences for base of support of the forepaws (black bars).
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Phenotype Assessment—Behavioral Tests. To assess the phenotype
of the Phyh�/� mice, we used the SHIRPA protocol as primary
screen (9). Twenty-four tests were performed with all of the mice
before and after the diet period. Phyh�/� mice after the phytol
diet had a deviating score for some tests, pointing to abnormal-
ities in neuromuscular function. Both male and female Phyh�/�

mice showed an increased number of paw slips while moving on
a grid. Trunk curl was absent in Phyh�/� males after the phytol
diets, whereas it was present in the mice before the diets. In
addition, the gait of both male and female Phyh�/� mice after the
phytol diets was scored fluid but abnormal, whereas their gait
was normal before the diet. The gait of the WT mice was normal
regardless of their diet.

Automated Quantitative Gait Analysis. Because the SHIRPA pro-
tocol revealed gait abnormalities, locomotion was subsequently
analyzed in more detail by using CatWalk automated gait
analysis (10). Phyh�/� mice developed an abnormal gait because
of the phytol diet, and the abnormalities were most striking in
animals fed with a 0.25% phytol diet. As seen in Fig. 5A, the paw
print area (the total area of the paw contacting the floor during
stance phase) of both fore- and hindpaws was decreased in
Phyh�/� mice on the 0.25% phytol diet. In addition, the spread
of the intermediate toes of the hindpaws was decreased. The
analysis of the successive frames of the paw–floor contact area
for individual fore- and hindpaws, clearly showed decreased
contact areas for Phyh�/� mice compared with WT mice on the
0.25% phytol diet (Fig. 5B). At the same time, the duration of
the stance phase did not differ significantly between the different
groups (data not shown). The base of support (average distance
between the mass midpoints of the prints at maximum contact)
of the hindpaws for male Phyh�/� mice decreased because of the
phytol diet (Fig. 5C). There was no correlation between the base
of support and weight of the animals at the time of the CatWalk
analysis. No differences were found in the base of support of the
forepaws for both Phyh�/� males and females. The gait abnor-
malities observed in Phyh�/� mice point to a neuropathy induced
by phytanic acid accumulation.

CNS Abnormalities in Phyh�/� Mice. To determine potential CNS
pathology, we performed macro- and microscopic analyses of
brain and spinal cord. No gross abnormalities were observed in
brains of Phyh�/� mice upon dissection. Immunostaining with an
antibody against myelin basic protein (MBP) revealed normal

myelination in the cerebral cortex and spinal cord of Phyh�/�

mice regardless of the dietary regimen (data not shown). How-
ever, glial fibrillary acidic protein (GFAP) immunohistochem-
istry (Fig. S1) revealed reactive astrocytosis in the brain of
Phyh�/� mice fed with the 0.25% phytol diet. Astrocytosis was
prominent in the inferior colliculus (Fig. S1F) and thalamus
(data not shown). Occasionally, reactive astrocytes were iden-
tified in the granular layer of the cerebellum (Fig. S1J), but
normal appearing astrocytes were present in the hippocampus
(Fig. S1K) and spinal cord (Fig. S1L). Calbindin-D28K immu-
nohistochemistry (Fig. 6) and quantification of Purkinje cells
revealed a decrease in Purkinje cell numbers in Phyh�/� mice fed
phytol (Fig. S2). When Phyh�/� mice were fed with the 0.1%
phytol diet, we observed focal loss of Purkinje cells within the
cerebellar Purkinje cell layer (Fig. 6E). A severe loss of Purkinje
cells with only some remaining foci of surviving Purkinje cells
(Fig. 6F), that showed an abnormal truncated arborization, was
observed after the 0.25% phytol diet. Within the cerebrum, an
increase in the number of calbindin-D28K-positive neurons was
observed in the cortex, thalamus, and medulla of Phyh�/� mice
fed with the 0.25% phytol diet (data not shown). This observa-
tion led us to investigate the expression of calcium-binding
proteins in the CNS. Parvalbumin expression was clearly in-
creased in the thalamus and cerebral cortex of Phyh�/� mice with
the highest expression after the 0.25% phytol diet (Fig. S3). The
number of cortical neurons expressing parvalbumin was also
increased in Phyh�/� mice fed the phytol diets (Fig. S3). Ex-
pression of calreticulin in the CNS was similar between WT and
Phyh�/� mice regardless of the dietary regimen (data not
shown). In conclusion, our immunohistochemical analyses have
shown that phytanic acid accumulation causes pathological and
adaptive changes in the CNS of Phyh�/� mice.

Peripheral Neuropathy in Phyh�� mice. To determine whether a
peripheral neuropathy is present in Phyh�/� mice, motor nerve
conduction velocities (MNCV) were measured. The measure-
ments revealed a significant decrease in MNCV in Phyh�/� mice
fed with a 0.1% phytol diet for 8 weeks (Fig. S4). The MNCV in
Phyh�/� mice after the phytol diet was 22.7 � 3.2 m/s compared
with 29.6 � 0.6 m/s in WT mice. This decrease in MNCV was due
to an increased latency in the compound muscle action potentials
after stimulation (Fig. S4). The action potentials were also
extended in Phyh�/� mice. On the control diet, Phyh�/� mice had
normal MNCV with normal compound muscle action potentials.
These results show that the phytol diet causes a peripheral
neuropathy in Phyh�/� mice. Histological analyses and MBP
immunohistochemistry of sciatic nerves from WT and Phyh�/�

mice did not reveal gross abnormalities in myelination (Fig. S4).

Discussion
Only limited postmortem data are available on Refsum patients,
and the pathophysiology of Refsum disease is poorly understood.
In this article, we report studies on the pathological conse-
quences of phytanic acid accumulation in a Phyh�/� mouse,
which we generated as model for the human disorder. Because
phytanic acid is present in numerous dietary sources, Refsum
patients are life-long exposed to elevated phytanic acid levels.
During metabolic stress due to fasting or a viral infection, stored
phytanic acid is mobilized from adipose tissue, causing a rapid
rise of plasma phytanic acid levels, thus accelerating the pro-
gression of clinical symptoms (1, 3). The Phyh�/� mice in this
study received a phytol-supplemented diet for a relatively short
period (up to 6 weeks), allowing us to study the short-term effect
of phytanic acid accumulation. The plasma phytanic acid levels
that were reached in the Phyh�/�mice were similar to those
found in plasma from Refsum patients (8). We observed several
detrimental effects caused by the high phytanic acid levels. First
of all, Phyh�/� mice displayed a severe weight loss on the diet
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Fig. 6. Loss of Purkinje cells in the cerebellum of Phyh�/� mice fed phytol.
Immunohistochemical detection of calbindin-D28K in the cerebellum of WT
(A–C) and Phyh�/� (D–F) mice fed a control diet (A and D), a 0.1% phytol diet
(B and E), and a 0.25% phytol diet (C and F). Small areas lacking Purkinje cells
are evident in the cerebellum of Phyh�/� mice fed the 0.1% phytol diet (E).
Widespread loss of Purkinje cells is observed in the cerebellum of Phyh�/� mice
fed the 0.25% phytol diet, with only a few surviving Purkinje cells (F). The slide
is hematoxylin QS counterstained. (Scale bar: 100 �m.)
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with the highest phytol concentration. This was accompanied by
lipoatrophy and hepatic lipidosis. At the same time, plasma levels
of triglycerides, cholesterol, and fatty acids were decreased.
These changes are most likely due to activation of peroxisome
proliferator receptor � (PPAR�) by phytanic acid. Phytanic acid
has been shown to be an activating ligand of this nuclear receptor
(11–13), which regulates the expression of genes involved in lipid
and lipoprotein metabolism and fatty acid oxidation both in
humans and rodents (14–16). The expression of peroxisomal
straight-chain acyl-CoA oxidase, a target gene of PPAR� (14),
was up-regulated in Phyh�/� mice on a phytol diet (data not
shown) pointing to PPAR� activation in these mice. Indeed,
Phyh:PPAR� double-knockout mice fed for 3 weeks with a 0.25%
phytol diet did not lose any weight, confirming the involvement
of PPAR� in the phytanic acid induced weight loss in Phyh�/�

mice (data not shown).
Toxicity of high phytanic acid levels could be observed in

different tissues of the Phyh�/� mice. In the liver of Phyh�/�

mice, the 0.25% phytol diet caused not only steatosis but also
hepatocyte degeneration and infiltration. Phytol treatment also
resulted in increased plasma levels of ALAT and amylase,
indicative of liver and pancreas damage. In addition, a loss of
spermatogonia was observed in the testis of phytol-fed Phyh�/�

mice. Longer exposure to these high levels of phytanic acid may
lead to a block in spermatogenesis, which has been described for
Refsum patients (17).

Phenotype assessment with the SHIRPA protocol and subse-
quent automated gait analysis using the CatWalk system re-
vealed an abnormal gait for Phyh�/� mice on the phytol diet. The
toe spread, paw print area, and base of support of the hindpaws
were all decreased, leading to an unsteady gait. The decreased
toe spread is indicative of denervation of intrinsic foot muscles
(18) and a peripheral neuropathy as shown by decreased MNCV.
The neuropathy in Phyh�/� mice resembles the axonopathy
shown in several Refsum patients (19, 20), characterized by
marginal decreases in MNCV and no gross demyelination. The
abnormal paw print with decreased paw print area is suggestive
of pedes cavi, which is a clinical feature of Refsum disease (21)
and other peripheral neuropathies like Charcot–Marie–Tooth
disease. Interestingly, histochemical analysis in the cerebellum
revealed a loss of Purkinje cells, which is known to cause
cerebellar ataxia (22), a prominent feature in Refsum disease (1,
3). A role of phytanic acid in the death of Purkinje cells has been
suggested in rhizomelic chondrodysplasia punctata type I (23),
another peroxisomal disorder associated with phytanic acid
accumulation. Astrocytosis in the inferior colliculus, thalamus,
and cerebellum was an additional remarkable consequence of
phytanic acid accumulation in the CNS.

We observed a striking up-regulation of the calcium-binding
proteins calbindin and parvalbumin in the cerebral cortex,
thalamus, and medulla of Phyh�/� mice due to the phytanic acid
accumulation. In vitro studies have shown that rat hippocampal
astrocytes show an increase of cytosolic calcium due to activation
of intracellular calcium stores in response to exposure to phy-
tanic acid (24–26). This suggests that the up-regulation of the
calcium-binding proteins could be a neuroprotective mechanism
to protect against excitotoxicity caused by phytanic acid.

In conclusion, our studies have provided important insights in
the pathophysiology of Refsum disease. As a consequence of
phytanic acid accumulation, Phyh�/� mice, just like human
patients, developed a peripheral neuropathy and cerebellar
ataxia that was accompanied by a loss of Purkinje cells. In
addition, the increased phytanic acid levels caused reactive
astrocytosis, and up-regulation of the calcium-binding proteins
in the CNS, which is most likely a neuroprotective mechanism
against the excitotoxic effects of phytanic acid. Our studies
showed that Phyh�/� mice are a good model for this human
disorder. Future studies will focus on the effects of long-term

exposure to high levels of phytanic acid. Studies in Phyh�/� mice
will be valuable for the development and evaluation of potential
new treatment options.

Materials and Methods
Construction of the Targeting Vector and Generation of Phyh�/� Mice. The Phyh
gene (GenBank accession no. NP�034856.1) was cloned from a 129 SVJ mouse
genomic library (Stratagene). The targeting vector was constructed by remov-
ing an EcoRI-ClaI fragment including exons 4–7 and replacing it with the
hygromycin B resistance gene in the opposite transcriptional orientation to
the Phyh gene. The final construct contained 6.3 kb and 2 kb of 5� and 3�
homology, respectively. The targeting vector (30 �g) was linearized with
HindIII and introduced into IB10 ES cells (The Netherlands Cancer Institute, 6 	
106cells) by electroporation (0.8 kV and 3 �F) in a Bio-Rad gene pulser.
Targeted ES cells were screened by PCR for homologous recombination. The
primers annealed to the hygromycin B resistance marker and the 3� genomic
flank outside the construct, respectively. PCR positive clones were also ana-
lyzed by Southern blot for correct 5� homologous recombination. Genomic
DNA was digested overnight with EcoRV and BamHI and hybridization of the
Southern blot was carried out with an external 5� probe (EcoRI-HincII frag-
ment, containing exon 1). Targeted ES cells were injected in C57BL/6 blasto-
cysts, resulting in several chimeric mice that showed germ-line transmission.
Phyh�/� mice (50%Swiss/25%129SVJ/25%FVB) were crossbred to obtain
Phyh�/� and Phyh�/� animals. F2 offspring were used for the experiments.
Mice were genotyped by PCR analysis on genomic DNA. The sequence of the
forward primer for the WT allele was 5�-CTC TCC AAT CTT AGT CGG TC-3�
(located in intron 7) and the sequence of the forward primer for the targeted
allele was 5�-CTA CCG GTG GAT GTG GAA TG-3� (located in the promoter of the
hygromycin B resistance gene). One reverse primer was used with both
forward primers: 5�-CCC TAG CGT TTC CTC TGT G-3� (located in intron 8) at an
annealing temperature of 55 °C. The PCR product obtained from amplifica-
tion of the WT allele was 201 bp and 260 bp for the targeted allele.

Animal Experiments. Seven-week-old WT and Phyh�/� mice were fed pelleted
mouse chow (AB Diets) without supplements (control) or supplemented with
0.1% (wt/wt) phytol or 0.25% (wt/wt) phytol (Sigma–Aldrich). Each group
consisted of 6 animals, including 3 males and 3 females that were 7 weeks old
at the start of the experiment. The mice received the diet for 3 weeks in the
case of the 0.25% phytol diet and for 6 weeks in the case of the control and
0.1% phytol diet. At the start and at the end of the diet period, the SHIRPA
protocol was performed with all animals, and the gait was analyzed by using
CatWalk. At the end of the experiment, mice were anesthetized by using
isoflurane, blood was collected by cardiac puncture, and tissues were har-
vested. The animals were killed the day after the final SHIRPA and CatWalk
analysis, and they had free access to water and food until that moment. Tissues
were snap-frozen in liquid nitrogen and stored at �80 °C for further analysis.
For the MNCV measurements, another set of animals was used. For these
measurements, WT and Phyh�/� mice were fed a control or a 0.1% (wt/wt)
phytol supplemented diet for 8 weeks. All animal experiments were approved
by the University of Amsterdam Animals Experiments Committee.

Biochemical Analyses. Phytanic acid levels were determined by gas-
chromatography mass spectrometry as described (27). Very long-chain,
straight-chain, mono-, and polyunsaturated fatty acids were analyzed by
capillary gas chromatography (28, 29). Amylase, ALAT, free fatty acids, cho-
lesterol, and triglycerides were measured according to standard procedures in
the Institut Clinique de la Souris (Strasbourg, France).

SHIRPA Protocol. A total of 24 separate measurements of the SHIRPA protocol
(9) were recorded for each animal at the beginning and at the end of the diet
period. Assessment of each animal began with observation of undisturbed
behavior in a cylindrical clear perspex viewing jar. The mice were then trans-
ferred to an arena for observation of motor behavior. This was followed by a
sequence of manipulations using tail suspension, where measurements of
visual acuity, grip strength, body tone, and reflexes were recorded. Subse-
quently, negative geotaxis and contact righting reflex were measured, and a
wire maneuver was performed. Finally, the animal was restrained in supine
position to measure limb tone.

CatWalk Automated Quantitative Gait Analysis. The gait of the mice was
analyzed by using the CatWalk program (10). This program acquires data
when mice are filmed with a CCD camera from below while traversing a
walkway with a glass floor in a dark room. Alongside the long edge of the glass
light enters the glass, which is reflected by paws placed on the walkway. The
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animals were allowed to traverse the walkway as many times as needed to
obtain at least 3 fluent crossings (without stopping or hesitations). Both
qualitative and quantitative data can be assessed with the CatWalk program.
For this study, we focused on the paw print, the paw print area, and the base
of support (average distance between the mass-midpoints of the prints at
maximum contact).

Histological and Immunohistochemical Analyses. Harvested tissues were fixed
by immersion in formalin at 4 °C for 48 h and processed for paraffin embed-
ding. For immunohistochemistry, 5-�m sections were cut on a Leica RM2255
microtome and stained with H&E for microscopic pathologic analyses. For
immunohistochemistry, sections were cleared in Histoclear II (National Diag-
nostics), hydrated to water in graded alcohol series, and processed for DAB-
immunostaining following a standard protocol using Vectorstain Elite ABC kit
(Vector Laboratories) for polyclonal antibodies and the Vector M.O.M. kit
(Vector Laboratories) for mouse monoclonals and visualized by using DAB
(Sigma). Sections were counterstained with hematoxylin QS (Vector Labora-
tories), dehydrated in graded alcohol series, cleared in Histoclear II, and
mounted with DPX (Fluka). Sections were analyzed in a Zeiss Axiophot micro-
scope equipped with a Leica DFC320 camera. Primary antibodies used in this
study were, against GFAP (rabbit polyclonal; DAKO Cytomation), MBP (goat
polyclonal, C16; Santa Cruz Biotechnology), calbindin-D28K (Mouse monoclo-
nal, clone CB955; Sigma–Aldrich), parvalbumin (mouse monoclonal, clone
Parv19; Sigma–Aldrich), calreticulin (goat polyclonal, C17; Santa Cruz Biotech-
nology). For the calculation of the numbers of calbindin-D28K-positive Pur-

kinje cells and parvalbumin-positive cortical neurons, 3 nonadjacent sections
(separated by 250 �m) from the midline were analyzed. Purkinje cells were
counted in entire cerebellar slices. Parvalbumin-positive neurons were
counted in a 0.1-mm2 area comprising the motor and visual cortex.

MNCV Measurements. Mice were anesthetized with ketamine and xylazine
(100 mg/kg and 10 mg/kg, respectively). Recording needle electrodes were
placed in the foot pad, and supramaximal stimulation of sciatic nerves was
performed distally at the ankle and proximally at the sciatic notch. Recordings
were obtained on a PowerLab 4/25T (AD Instruments) using Chart5 software.
Conduction velocities were calculated as (proximal distance � distal distance)/
(proximal latency � distal latency), with latencies corresponding to the time
lapse between the stimulus and the onset of the compound muscle action
potential and expressed in meters per second.
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Fig. S1. Astrocytosis in Phyh�/� mice due to phytanic acid accumulation. Immunohistochemical detection of glial fibrillary acidic protein (GFAP) in WT (A–C
andG–I) and Phyh�/� mice (D–F and J–L) in the inferior colliculus (A–F), cerebellum (G and J), hippocampus (H andK), and spinal cord (I and L) of mice fed a control
diet (A and D), 0.1% phytol diet (B and E), and 0.25% phytol diet (C, F, and G–L). Astrocytosis is clearly detected in the inferior colliculus of Phyh�/� mice on the
0.25% phytol diet (F) but absent in Phyh�/� mice fed the 0.1% phytol diet (E). Within the cerebellum, hippocampus, and spinal cord, the number and appearance
of astrocytes were similar in WT and Phyh�/� mice. The slide was hematoxylin QS counterstained. (Scale bar: 100 �m.)
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Fig. S2. Quantification of Purkinje cells in WT and Phyh�/� mice fed control and phytol diets. Cerebellar sections were immunostained with an antibody against
calbindin-D28K to visualize Purkinje cells. Phyh�/� mice fed a phytol diet showed significant decreases in Purkinje cell numbers, with the lowest number of
Purkinje cells in Phyh�/� mice fed the 0.25% phytol diet. *, P � 0.01.
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Fig. S3. Expression of parvalbumin by immunohistochemical detection in the cortex (A–F) and anterodorsal thalamic nuclei (ATN) (G–L) of WT (A–C and G–I)
and Phyh�/� mice (D–F and J–L) on a control diet (A, D, G, and J), a 0.1% phytol diet (B, E, H, and K), and a 0.25% phytol diet (C, F, I, and L). The cerebral cortex
of Phyh�/� mice fed the 0.25% phytol diet showed increased numbers of parvalbumin-positive neurons (M) as well as increased levels of parvalbumin (F). In the
ATN, increased parvalbumin-reactivity was detected in Phyh�/� mice from all dietary groups (J–L), with the highest expression in Phyh�/� mice fed the 0.25%
phytol diet (L). The slide was hematoxylin QS counterstained. (Scale bars: 30 �m in A–F and 100 �m in G–L. *, P � 0.05.
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Fig. S4. Peripheral neuropathy in Phyh�/� mice fed a phytol diet. (A) Motor nerve conductance velocity (MNCV) measurements revealed a decrease in Phyh�/�

mice fed a 0.1% phytol diet for 8 weeks. *, P � 0.05. (B) Compound muscle action potentials (CMAPs) recorded after stimulation at the sciatic notch showed a
delay in onset and a longer duration in Phyh�/� mice fed the phytol diet. (C) Immunofluorescent detection of MBP in cross-sections of sciatic nerves from Phyh�/�

and Phyh�/� mice fed the 0.1% and 0.25% phytol diets. (Scale bar: 10 �m.) (D) Immunohistochemical detection of MBP in longitudinal sections of sciatic nerves
from Phyh�/� and Phyh�/� mice fed the 0.1% and 0.25% phytol diets. (Scale bar: 30 �m.)
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Table S1. Clinical chemical parameters in pooled plasma from WT and Phyh�/� male mice on a control or phytol-supplemented diet

Genotype Diet
Albumin,

g/L
ALAT,
units/L

Amylase,
units/L

Cholesterol,
mmol/L

Triglycerides,
mmol/L

Free FAs,
mmol/L

Total FAs,
mmol/L

Phyh�/� Control 21 45 477 2.61 1.40 0.66 8,131 � 681
Phyh�/� 0.1% Phytol 21 28 450 2.08 0.78 0.30 5,738 � 539
Phyh�/� 0.25% Phytol 18 28 396 1.62 0.66 0.28 4,601 � 840
Phyh�/� Control 21 47 451 2.12 1.14 0.71 6,841 � 1,423
Phyh�/� 0.1% Phytol 21 331 406 2.06 0.57 0.36 4,771 � 1,056
Phyh�/� 0.25% Phytol 23 NA 571 1.83 0.32 0.24 3,267 � 1,238

FA, fatty acids; NA, not analyzed.
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Peroxisomes are single-membrane bound organelles that are present in all eukaryotic cells with 
the exception of erythrocytes. In mammals peroxisomes perform a multitude of functions 
including amongst others, (1) �-oxidation of fatty acids including very-long-chain fatty acids 
(VLCFA), (2) �-oxidation of phytanic acid, and (3) biosynthesis of plasmalogens. In humans a 
group of disorders is characterized by lack of peroxisomes or impairment in one of its functions. 
Collectively these disorders are called Human Peroxisomal Disorders (HPD), and a few 
examples include: (i) Zellweger syndrome, (ii) Rhizomelic Chondrodysplasia Punctata (RCDP), 
(iii) X-linked adrenoleukodystrophy, and (iv) Refsum’s disease. Based on the clinical 
presentation of the different HPD we conclude that peroxisomes are important for the normal 
well-being and health, as well as, the normal function and development of several tissues 
including liver, kidney, brain, bone, eye and testis. Although the biochemical and genetic basis 
of HPD are well characterized, the pathology and the mechanisms behind the pathology remain, 
in some cases, elusive. Our goal was to continue the characterization of HPD by studying the 
genetic basis and generate mouse models that would assist in the understanding of the 
pathology as well as assisting in the development of putative therapies. 
Of the different functions performed by peroxisomes we first focused our attention on 
plasmalogens. Plasmalogens belong to a special class of glycerophospholipids characterized by 
the presence of an �,�-unsaturated ether-bond (also called vinyl  ether bond) at the sn-1 position 
of the glycerol backbone. Plasmalogens have been implicated in several biological processes 
where they can affect membrane fluidity, mediate signal transduction and protect against 
oxidative stress (see Chapter 2). The importance of plasmalogens for human health is 
highlighted by the observation that plasmalogen deficiency is the biochemical basis of the HPD, 
RCDP. RCDP is a complex disorder characterized by the presentation of bone, brain and eye 
abnormalities. Although different genetic forms of RCDP exist, they all share a common 
clinical presentation and the impaired biosynthesis of plasmalogens. The most frequent form of 
RCDP, i.e., RCDP type-1, is caused by mutations in the PEX7 gene (see Chapter 3). PEX7 
encodes the Peroxin 7, one of the cytosolic receptors involved in the import of proteins from the 
cytosol to the peroxisomal matrix. As a consequence of the lack or impaired function of Peroxin 
7, cells from RCDP type-1 patients cannot import three different proteins into peroxisomes, 
namely: (1) acetyl-Coenzyme A acyltransferase 1 (ACAA1; also called peroxisomal 3-oxoacyl-
Coenzyme A thiolase or thiolase), (2) alkylglycerone phosphate synthase (AGPS; also called 
alkyl-dihydroxyacetonephosphate synthase, ADHAPS or alkyl-DHAP synthase) and (3) 
phytanoyl-CoA 2-hydroxylase (PHYH). At the biochemical level RCDP type-1 patients 
primarily display defects in plasmalogen biosynthesis and phytanic acid �-oxidation. In order to 
understand the pathophysiological consequences behind RCDP type-1 patients, we generated a 
mouse model for this disorder by knocking-out part of the mouse Pex7 gene. This mouse model, 
i.e., the Pex7 knockout mouse, developed all the biochemical and pathologic hallmarks of 
RCDP type-1 patients (see Chapter 4). Using the Pex7 knockout mouse we were able to 
evaluate a putative therapy for RCDP patients using an alkyl-glycerol to rescue the plasmalogen 
defect. It is known for a long time that alkyl-glycerols, i.e., monoalkyl ethers of glycerol (e.g. 1-
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O-hexadecylglycerol (chimyl alcohol) or 1-O-octadecylglycerol (batyl alcohol)) are able to 
circumvent the peroxisomal steps involved in the biosynthesis of plasmalogens and normalize 
the levels of plasmalogens in fibroblasts from RCDP patients. We showed that a batyl alcohol 
enriched diet, can restore plasmalogen levels in multiple tissues from Pex7 knockout mice and, 
prevent and rescue the pathology caused by the plasmalogen deficiency (see Chapter 6). This in 
vivo work should encourage trials in human disorders with plasmalogen defects in which the 
reduced levels of plasmalogens are the cause of the pathology or may modulate the disease 
progression. Reduced plasmalogen levels have also been found in non-peroxisomal disorders 
including Alzheimer’s disease, Gaucher’s disease, dementia and ischemia. We have also studied 
a possible link between plasmalogens and X-linked adrenoleukodystrophy (X-ALD). X-ALD is 
a peroxisomal disorder caused by mutations in the ABCD1 gene, encoding the ALD-protein 
(ALDP) a transmembrane protein belonging to the ATP-binding-cassette (ABC) transporter 
family, and is characterized by the accumulation of VLCFA in plasma and tissues. The most 
severe form of X-ALD, called the cerebral ALD variant, is characterized by a severe and 
rapidly progressing inflammatory demyelination of the brain. It is not fully understood how the 
accumulation of VLCFA leads to the demyelination and the different presentations of X-ALD. 
We hypothesized that a deficiency in plasmalogens could play a role in the mechanism through 
which the accumulation of VLCFA leads to loss of myelin and impaired neuronal function. To 
test our hypothesis we generated a double knockout mouse lacking plasmalogens and 
accumulating VLCFA in brain (i.e., the Pex7:Abcd1 double knockout mouse) (see Chapter 5). 
Our initial results showed that plasmalogens may modulate the pathology caused by VLCFA 
accumulation. The consequences of VLCFA accumulation were more severe in the absence of 
plasmalogens, highlighting the importance of these phospholipids for the maintenance of 
myelin and function of the nervous system. Our results in the mouse have been corroborated by 
the finding of reduced plasmalogen levels in affected areas of brain samples from X-ALD 
patients. 
Finally, we have also generated a mouse model for Refsum’s disease. Refsum’s disease is a 
peroxisomal disorder characterized by an impairment in the �-oxidation of phytanic acid, 
leading to the accumulation of high levels of phytanic acid in plasma and tissues. Clinically, 
Refsum patients are characterized by: retinitis pigmentosa, peripheral neuropathy, cerebellar 
atrophy and anosmia. The disorder is caused by mutations in the PHYH gene. The encoded 
protein, phytanoyl-CoA hydroxylase (PHYH), is the enzyme responsible for the first step in the 
�-oxidation of phytanic acid. We generated a mouse model for Refsum’s disease by knocking-
out part of the mouse Phyh gene (i.e., the Phyh knockout mouse). Our initial characterization of 
the Phyh knockout mouse showed that, it developed the biochemical and pathologic hallmarks 
of Refsum’s disease (see Chapter 7). In the Phyh knockout mouse, the accumulation of phytanic 
acid was correlated with the amount of phytol (the precursor of phytanic acid) in the diet and 
the accumulation of phytanic acid led to abnormalities in brain, nerve, liver and testis. The 
continuous characterization of the Phyh knockout mouse should provide us with a better 
understanding of the pathophysiologic mechanisms behind the accumulation of phytanic acid 
and should also be useful in evaluating putative therapies for Refsum’s disease. 
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The use of mouse models to understand human peroxisomal disorders should continue to 
provide us with important clues related to the biochemistry of impaired peroxisome metabolism 
and to the ensuing physiological consequences. Although there is a difference between mice 
and men, which should always be carefully analyzed, studies using mouse models provide us 
with better tools to achieve experiments of proof-of-principle and test therapeutic approaches 
that can then be translated to human health.  
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Peroxisomen zijn organellen omgeven door een enkel membraan en aanwezig in alle eukaryote 
cellen, met uitzondering van erytrocyten. In zoogdiercellen zijn peroxisomen betrokken in 
verschillende processen, zoals onder meer (1) �-oxidatie van vetzuren, waaronder zeer lange 
keten vetzuren (ZLKV), (2) �-oxidatie van fytaanzuur, en (3) plasmalogeen biosynthese. Een 
defect van één van deze functies of een gebrek van peroxisomen in hun geheel ligt aan de basis 
van een groep van afwijkingen in de mens. Samen worden deze afwijkingen Humane 
Peroxisomale Ziekten (HPZ) genoemd en enkele voorbeelden hiervan zijn: (i) het syndroom 
van Zellweger, (ii) Rhizomele Chondrodysplasia Punctata (RCDP), (iii) X-gebonden 
adrenoleukodystrofie, en (iv) de ziekte van Refsum. Aan de hand van de klinische kenmerken 
van de verschillende HPZ concluderen we dat peroxisomen belangrijk zijn voor zowel de 
ontwikkeling als het normaal functioneren van verschillende weefsels en organen, zoals de 
lever, nieren, hersenen, botten, ogen en testis. Hoewel de genetische en biochemische basis van 
de HPZ goed zijn beschreven, is de pathologie en de pathogenese grotendeels onopgehelderd. 
Het doel van het werk, zoals beschreven in dit proefschrift, was het verder karakteriseren van de 
HPZ door onderzoek te doen naar de genetische basis en door vervolgens muismodellen te 
ontwikkelen om zo het begrip van de pathologie te vergroten. Dit zou vervolgens een bijdrage 
kunnen leveren aan de ontwikkeling van mogelijke therapieën.  
Van de verschillende peroxisomale functies is vooral aandacht besteed aan de plasmalogeen 
biosynthese. Plasmalogenen behoren tot een speciale groep van glycero-fosfolipiden die 
gekenmerkt worden door de aanwezigheid van een onverzadigde �,�-etherbinding (ook 
vinylether genoemd) op de sn-1 positie van de glycerolgroep. Plasmalogenen worden gedacht 
een rol te spelen bij verschillende processen, waaronder de fluïditeit van biologische 
membranen, signaaltransductie en bescherming tegen oxidatieve stress (zie Hoofdstuk 2). Dat 
een deficiëntie in de biosynthese van plasmalogeen de basis is voor één van de HPZ, namelijk 
RCDP, onderstreept het belang van plasmalogenen voor het gezonde functioneren van de mens. 
RCDP is een syndroom dat wordt gekenmerkt door afwijkingen in de morfologie van bot-, 
hersen- en oogweefsel. Hoewel verschillende genetische afwijkingen RCDP kunnen 
veroorzaken, leiden ze allen tot een deficiënte plasmalogeen biosynthese en tot eenzelfde 
klinisch beeld. RCDP-type 1 is de meest voorkomende variant van RCDP en wordt veroorzaakt 
door mutaties in het PEX7 gen (zie Hoofdstuk 3). PEX7 codeert voor het receptoreiwit peroxin 
7, dat een rol speelt bij het transport van eiwitten van het cytosol naar de matrix van 
peroxisomen. In cellen van RCDP-type 1-patiënten is er een gebrek aan of defect in peroxin 7 
waardoor drie verschillende eiwitten niet het peroxisoom in kunnen worden getransporteerd, 
namelijk: (1) acetyl-Coenzyme A acyltransferase 1 (ACAA, wat ook wel peroxisomale 3-
oxoacyl-Coenzyme A thiolase, of thiolase genoemd wordt), (2) alkylglycerone phosphate 
synthase (AGPS, ook bekend als alkyl-dihydroxyacetonephosphate synthase, ADHAPS, of 
alkyl-DHAP synthase), en (3) phytanoyl-CoA 2-hydroxylase (PHYH). Op biochemisch niveau 
vertonen RCDP-type 1 patiënten vooral deficiënties in plasmalogeen biosynthese en fytaanzuur 
�-oxidatie. 
Om een beter inzicht te krijgen in de achtergrond van de pathofysiologie van RCDP-type 1 
patiënten, hebben we een muismodel voor deze aandoening ontwikkeld door een deel van het 
muizen Pex7 gen uit te schakelen. Dit muismodel, de Pex7 knock-out muis, ontwikkelde alle 
biochemische en pathologische kenmerken die waargenomen worden bij RCDP-type 1 
patiënten (zie Hoofdstuk 4). Door onderzoek aan dit model hebben we een mogelijke therapie 
voor RCDP-patiënten kunnen evalueren, waarbij de plasmalogeen deficiëntie werd 
gecompenseerd door alkylglycerol toe te dienen. Uit experimenten met fibroblasten afkomstig 
van RCDP-patiënten was bekend dat alkylglycerolen (bijvoorbeeld 1-O-hexadecylglycerol 
(chimyl alcohol) of 1-O-octadecylglycerol (batyl glycerol) de plasmalogeen niveaus konden 
normaliseren, omdat ze door de cel gebruikt kunnen worden als intermediair in de biosynthese 
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van plasmalogenen en zo de peroxisomale stappen daarvan omzeild worden. Door batyl 
glycerol toe te voegen aan het dieet van de Pex7 knock-out muizen, wordt in meerdere weefsels 
aangetoond dat de niveaus van plasmalogenen zich herstelden (zie Hoofdstuk 6). De resultaten 
van dit in vivo onderzoek zullen mogelijk de weg vrij maken voor klinische trials met patiënten 
die lijden aan een defect in plasmalogeen biosynthese en waarbij het gebrek aan plasmalogenen 
direct de oorzaak van de pathologie is, of hierop van invloed is. Voorbeelden van niet-
peroxisomale aandoeningen waarbij plasmalogenen verlaagd kunnen zijn, zijn onder meer in de 
ziekte van Alzheimer, de ziekte van Gaucher, dementie en ischemie.  
Verder is onderzoek gedaan naar een mogelijk verband tussen X-ALD en plasmalogenen. X-
ALD is een peroxisomale ziekte veroorzaakt door mutaties in het gen ABCD1 dat codeert voor 
ALDP. Dit membraaneiwit behoort tot de familie van ATP-binding-cassette (ABC)-
transporters, en wordt gekenmerkt door een verhoging van ZLKV in plasma en weefsels. De 
zwaarste vorm van X-ALD, de cerebrale variant, vertoont een sterke en snel voortschrijdend 
verlies van myeline met geassocieerde inflammatie in de hersenen. Het is niet goed bekend hoe 
de verhoogde ZLKV niveaus leiden tot het verlies van myeline en tot de verschillende vormen 
van X-ALD. Wij stelden als hypothese dat een gebrek aan plasmalogenen van invloed zou 
kunnen zijn op het mechanisme van de pathologie en de daarop volgende verstoring van 
neuronale functie. Dit werd getest met behulp van een zogenaamde dubbel knock-out muis die 
een deficiëntie in de biosynthese van plasmalogenen combineert met een ZLKV stapeling in de 
hersenen (de Pex7:Abcd1 dubbel-knock-out muis). De eerste resultaten van dit onderzoek, 
beschreven in hoofdstuk 5, toonden aan dat de pathologie in de hersenen veroorzaakt door 
verhoogde ZLKV, verergerd wordt door de afwezigheid van plasmalogenen. Dit onderstreept 
de belangrijke rol van deze fosfolipiden in het onderhoud van myeline en het functioneren van 
het zenuwstelsel. De resultaten van ons onderzoek in de muis worden ondersteund door de 
bevinding dat plasmalogeen niveaus specifiek verlaagd zijn in de hersengebieden die aangedaan 
zijn in X-ALD patiënten.  
Ten slotte is ook onderzoek gedaan in een muismodel voor de ziekte van Refsum. De ziekte van 
Refsum is een peroxisomale ziekte die gekarakteriseerd wordt door een defect in de alfa-
oxidatie van fytaanzuur. Als gevolg van dit defect stapelt fytaanzuur in plasma en weefsels van 
de patiënt. De klinische symptomen van de ziekte van Refsum zijn: retinitis pigmentosa, 
perifere neuropathie, cerebellaire atrofie en anosmie. De ziekte wordt veroorzaakt door mutaties 
in het PHYH gen. Het eiwit waarvoor dit gen codeert wordt phytanoyl-CoA 2-hydroxylase 
(PHYH) genoemd en dit enzym is verantwoordelijk voor de eerste stap van de alfa-oxidatie van 
fytaanzuur. Het muismodel werd gemaakt door een knock-out muis te maken waarbij een 
gedeelte van het muizen Phyh gen verwijderd is. Initiële karakterisatie van deze Phyh knock-out 
muis liet zien dat hij de belangrijkste biochemische en pathologische kenmerken van de ziekte 
van Refsum ontwikkelde (Hoofdstuk 7). In het muismodel was de stapeling van fytaanzuur 
gecorreleerd met de hoeveelheid fytol (de precursor van fytaanzuur) in het voedsel en deze 
stapeling van fytaanzuur zorgde voor afwijkingen in de hersenen, zenuwen, lever en testis. 
Verdere karakterisatie van de Phyh knock-out muis moet meer inzicht geven in de 
pathofysiologische mechanismes die ten grondslag liggen aan de stapeling van fytaanzuur. Het 
muismodel zal ook gebruikt kunnen worden voor het uittesten van mogelijke therapieën voor de 
ziekte van Refsum. 
Onderzoek aan muismodellen voor humane peroxisomale ziekten zal ons belangrijke inzichten 
verschaffen over de biochemische afwijkingen als gevolg van verstoord peroxisomaal 
metabolisme en over de fysiologische consequenties daarvan. Ondanks de verschillen tussen 
muis en mens, waar altijd rekening mee moet worden gehouden, geven muismodellen ons een 
goede mogelijkheid om experimenten uit te voeren die een bepaald principe moeten bewijzen 
en om therapieën uit te testen die vervolgens vertaald kunnen worden naar de mens. 
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I have worked at the AMC for a long, long time. And during this large period of my life I had 
the privilege of meeting an enormous group of people that in some ways, marked different 
stages of my life at the AMC. I will apologise now to those, which will not be mentioned here. 
Believe me that the main reason is my quasi inability to recall names, but I do not forget you. 

Ronald, we have met a long time ago, well before my arrival at the AMC. You are such a nice 
person that since our first encounter in Ghent (nicely supplemented with a couple of gin & 
tonics) it has been a pleasure knowing you and, working for and with you. Thank you for 
having me in your lab and for your enthusiasm, endless support and help. Thank you for letting 
me and my ideas and imagination run wild. It was a great experience and experiment (and I 
hope you feel the same!).  I look forward to the continuation of our work and our collaboration. 

At Biochemie I would like to start by thanking Henk Tabak and Ben Distel, for welcoming me 
to the lab and for the wonderful experience. I learned a lot and it was a very exciting period. To 
those reading this, it will become clear the amount of time that has passed. Although some of 
the people acknowledged here are still working at the AMC, most have moved on. Dear Ewald 
and Alison, thank you for all the help and the teachings. You always kept me on my toes and I 
had to keep up the pace. Thank you also for putting me in touch with your father, Mr. Hettema, 
to whom I’m very grateful for letting me stay at the Haarlemmerplein house for such an 
extended period. At the Biochemie lab there were and are too many people to acknowledge, but 
I would just like to thank Romana, Duco, Tineke, Marlene, Aafke, Claudia, Adam, Bertrand for 
the help and the nice atmosphere. To all the past AIOs, now Post-Docs, I wish them lots of 
success. To Daniël, Dave and Rolf … what can I say? Dani, the trips to the States were amazing 
and I hope you are enjoying your life amongst Americans. Thank you for letting me drive in 
Monument Valley! Rolf, the brief yet enjoyable smoke breaks were always something to look 
forwarded to. Dave, your wit, sarcasm and sharp tong were and are always welcome. I felt very 
much at ease with our conversations … although the innocent bystanders would misconceive 
our conversations as unfriendly! To you all, remember, Porto is not that far away and I would 
love to show you around! 

Now, how to start acknowledging all the people at the GMZ lab? It’s not an easy task. 
Dear Hans, thank you for the help, assistance and proof reading. The mouse endeavour was a 
lot of work but the experience has paid off. Dear Ries, thank you for the help with the 
biochemical characterization of the different mice I had, and to Henny, a big thank you for 
always finding time and a slot to run the plasmalogens and the VLCFA. To the original core at 
GMZ, Lodewijk, Carlo, Petra, Jos, Simone, Rob and Connie, thank you for the continuous help 
over the years. Simone and Loodje, thank you for the discussions and the tricky questions 
during the werkbesprekingen. Connie, thanks for the assays and for always finding the correct 
antibody and the proper dilutions. Jos, how did I manage not to use the Cobas? Carlo, I will 
miss our discussions over the latest papers and the hypothesis on peroxisome transporters. 
Petra, what would I have done without your assistance in matters of cell culture and beta-



Dankwoord

123

oxidation assays? Thank you very much and I will miss your little chats. Rob, thank you and 
thank you again. I think we should continue our subcellular fractionations! We did 247 
gradients, but it’s not a nice round number, we should aim at 500 … we are only half way there! 
On one end it would be nice to continue our chats (during centrifugation, during sample 
collection, etc, etc) until 8 or 9 pm, but on the other hand I don’t think I could label any more 
epjes … let’s think of something else in which we can reach 500, deal? 

Dear Annelies and Moniek, thanks for taking such good care of the incoming and outgoing 
packages. Lida, thanks for the company during the smoke breaks at Antoine Petit and when we 
had to move outside to the cold, cold weather! Dear René, thank you for your expertise with 
neurospheres and the company behind the microtome and the microscope. Patricia, Jeroen, 
Lida, Rutger, Heleen, Jan, Janet (K and Haasjes) Wim, Wendy, André, Marjolein, Nico, Inge, 
Michel, Judith, Arno, Wilma, Albert, Liny, Ben, Lia, Nico, Jerry, Ingrid, Henk, Judith, and 
Mirjam (I hope I didn’t forget someone), thank you for different things and for making the lab a 
friendly place. 

Dear Maddy, many thanks for too many things but also for helping me track Ron’s location, 
finding a slot here and there in Ron’s agenda, all the letters and those dreadful EU reports!  
Dear Rally and Gerrit-Jan, thank you for the patience and help when I came up with bizarre 
orders and shipments from overseas. It was always to try to save an euro here and an euro there, 
but those people from the Apotheek don’t understand!!!!! 

To the “mouse people”: Stef, Linda, Sander, Marc and Sacha. Thank you for sharing and 
understanding the ups and downs of working with mice. It’s very important to have someone 
with whom our mouse problems are understood. Dear Sacha, looking back I cannot imagine 
what drove us to do Catwalk and Shirpa on an endless group of mice! In the end it was worth it 
and it will continue to be so. Fred (I know you are not a “mouse person” … yet. But I’m 
opening a slot for you here because you, me, Sacha and Marc build a Catwalk from scratch), 
thank you for the funny business in the lab and for equipping my lap top with really good 
software (on a more sad note, I have to say that the lap top finally died a couple of weeks ago 
after a long and useful existence). 

To all the current and past AIOs, I wish you all good luck with the experiments and lots of 
success in your future. 

I would also like to thank António Coutinho and PGDBM for the wonderful opportunity and 
training.

My dear students Ted, Sofia and Serena, it was a privilege to teach and guide you. Dear 
Annemieke, it is a pleasure knowing you and working with you. Really soon it will be your turn 
to write a thesis and add PhD to your MD. Because of you I learned to be more organized and 
focused.
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Dear Daan, it’s finally finished and it’s my turn. Thank you for your friendship in the good and 
not so good times. Remember to never stand beneath a tree covered with fresh snow … 
especially if I’m around! 

My dear friend Eelco, thank you for welcoming me into your home and your family. You, Esmé 
and the girls were always warm and full of joy. Both Utrecht and Terschelling were such a nice 
refuge, where with good food, good wine and excellent company my life was suddenly brighter. 
We only managed to arrange one joint vacation in Portugal … that needs to change. 

To Ana and Ana, I can only say that, I always longed for the weekends when we would get 
together in Amsterdam, in Köln and that one time in Nijmegen (ok, two times, but now I’m 
including the day of your thesis!). Looking back those were glorious days … although nostalgia 
is settling in and I just recall the good stuff. Now and then I also remember that getting together 
was the perfect remedy for our foul moods (that were primarily work related!!!). I really missed 
having you around. 

À minha familia pelo apoio e ajuda. Por estarem sempre contentes com as minhas chegadas, 
compreensivos com as minhas partidas e também por acharem que já era demais! 

Mónica, you are my best friend and my true love. Thank you for indulging my bizarre life, for 
understanding me and helping me in so many ways. We are finally together and a whole. We 
will continue to be happy and the arrival of our baby girl will just spice things up. Amo-te. 

“The only way to have friends is to throw 
everything out the window, to keep your door 
unlocked, and never know where you will be 
sleeping at night.” 

Joseph Joubert, 1783 
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Chapter 4, page 71 
 
 
 

 
 

Figure 5. Neuronal migration defect in Pex7-/- mice. (A–C) Cresyl violet stained coronal sections of E18.5 brains 
showing wild-type (A), PEX5-/- (B), and Pex7-/- (C) pups (bar=40 mm). (D) Counts of BrdU-labeled cells at E18.5 in 
the intermediate zone after injection into pregnant animals at E13.5. Symbols indicate statistically significant 
differences between wild-type (asterisk) or PEX5-deficient (plus) mice and other experimental groups (** P<0.01, 
*** or +++ P<0.001 in ANOVA with Bonferroni’s multiple comparison test). 
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Chapter 4, page 72 
 

 
Figure 6. Impaired ossification in Pex7-/- mice. Whole mount skeletal staining of cartilage (blue) and bone (red) of 
wild-type (Pex7+/+; left column) and knockout (Pex7-/-; right column) P0.5 pups. (A and B) View of the skull floor 
showing impaired ossification of the basisphenoid bone (black arrows) of Pex7-/- mice. (C and D) View of the skull 
floor showing impaired formation of ossification centers in the middle ear (white arrows) of Pex7-/- mice. (E and F) 
Impaired formation of ossification centers in the transverse process of coccygeal vertebrae of Pex7-/-mice (black 
arrowheads). (G and H) Delayed ossification of the calcaneus and lack of ossification in the talus of Pex7-/- 
hindpaws (black arrows). (I and J) Lack of ossification in the middle phalanges (black arrows) of Pex7-/- hindpaws. 
In (J) note the persistence of dense cartilage in the middle region of the phalange. 

/
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Chapter 5, page 84 
 

 
 

Fig. 3 Plasmalogens modulate the damaging effects of VLCFA accumulation in testis. (A-D) Histogical analyses of testis from 
P21 WT (A) Abcd1 KO (B), Pex7 KO (C) and DKO (D) mice stained with nuclear fast red, showing degeneration of seminiferous 
tubules of DKO mice. Arrowheads in (D) point to multinucleated cells found in the lumen of seminiferous tubules. (E) 
Quantification of multinucleated cells (�2 nuclei) per seminiferous tubule of mice from the different genotypes. n=3 for all 
genotypes and scale bars are 50 μm. (F-G) Immunohistochemical detection of cleaved-caspase 3 in the seminiferous tubules 
of P21 Pex7 KO (F) and DKO (G) mice showing an increased number of apoptotic spermatocytes in DKO mice. Arrowheads in 
(G) point to multinucleated cells. (H) Quantification of cleaved-caspase 3 positive cells in seminiferous tubules of mice from 
the different genotypes. Slides were counterstained with hematoxylin. Scale bars are 50 μm. (I-L) Histogical analyses of testis 
from 6-month old WT (I) Abcd1 KO (J), Pex7 KO (K) and DKO (L) mice stained with H&E, showing complete degeneration of the 
seminiferous tubules of Pex7 KO and DKO mice. Arrowheads in (L) denote the increased numbers of Leydig cells in the testis of 
DKO mice. Identification of Leydig cells was achieved by staining adjacent sections with an antibody against nestin (data not 
shown). n=3 for all genotypes and scale bars are 50 μm. 
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Chapter 5, page 85 
 

 
 
 
 
Fig. 4 Astrocytosis and microgliosis in the CNS of 
DKO mice. (A-F) Immunohistochemical detection of 
GFAP in the cerebellum (A-D) and brainstem (E-F) of 
10-month old WT (n=5; A) Abcd1 KO (n=3, B), Pex7 
KO (n=4 ,C and E) and DKO (n=5, D and F), revealing 
astrocytosis in cerebellar whitematter and granular 
layer of Pex7 KO and DKO mice. In the brainstem of 
DKO, astrocytes show a more reactive morphology 
and are present in increased numbers. Scale bars 
are 100 μm. (G-J) Immunohistochemical detection 
of F4/80 in the cerebellum (G and H) and brainstem 
(I and J) of10-month old Pex7 KO (n=4, G and I) and 
DKO (n=5, H and J), revealing microgliosis in the 
cerebellar white matter and brainstem of DKO mice. 
Scale bars are 100 μm. 

 Fig. 5 Age-dependent demyelination caused by VLCFA 
accumulation. (A-D) Immunohistochemical detection 
of MBP in the cerebellum of 3-months old WT (n=3; A) 
Abcd1 KO (n=3, B), Pex7 KO (n=3, C) and DKO (n=3, D), 
showing normal myelination in the cerebellum. Slides 
were counterstained with hematoxylin. Scale bars are 
50 mm. (E-F) Immunohistochemical detection of MBP 
in the cerebellum of 10-months old WT (n=4; A) Abcd1 
KO (n=4, B), Pex7 KO (n=3, C) and DKO (n=5, D), 
showing demyelination of the cerebellar white matter 
of the third lobule. Slides were counterstained with 
hematoxylin. Scale bars are 50 μm. Quantification of 
MBP (I) and CNPase (J) levels in lysates from cerebrum 
and cerebellum of 10 months old mice. *P�0.05. 
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Chapter 6, page 95 
 

 
Figure 1 Therapeutic effects of AG diet on rescuing the pathology caused by plasmalogen deficiency. 
(a) Testis sections stained with hematoxylin and eosin (H&E). The hallmark of plasmalogen loss in the 
testis of Pex7 KO mice fed a control diet, i.e., Sertoli-only phenotype with severe loss of spermatocytes, 
is rescued upon feeding the AG-diet. Seminiferous tubules from AG-fed Pex7 KO mice display a 
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� ������ �b) 
Harderian gland sections stained with H&E. Harderian glands from Pex7 KO mice fed a control diet 
showed atrophy of glandular cells with reduced cytoplasmic volume and lacking lipid inclusions. After 
AG diet, Harderian glands from Pex7 KO mice showed a restoration in morphology that included the 
�
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�� ���
� �	� ���������� �
����� ����� ��
� ������ �c) White 
adipose tissue sections stained with H&E. Degenerated adipocytes with small-sized fat inclusions are 
characteristic features found in Pex7 KO mice. After AG diet, adipocytes from Pex7 KO mice displayed 
������� ���
� ���� 	��� ����
���� ����� ��
� �!���� �d) Brown adipose tissue sections stained with H&E. 
Adipocytes from control-fed Pex7 KO mice showed, in contrast to WT, an increased number of small fat 
inclusions within the cytoplasm of adipose cells.  AG-diet restored the histology of adipocytes in brown 
adipose tissue of Pex7 "#� ���
�� ����� ��
� ������ �e) Representative examples of compound muscle 
action potentials recordings after stimulation at the sciatic notch of wild type and Pex7 KO mice fed 
control or AG diets. Increased latencies were observed in control-fed Pex7 KO mice that were partially 
restored after the AG diet. (f) Calculated motor nerve conductance velocities (MNCV) of wild type and 
Pex7 KO mice fed control or AG diets. Bars represent the average values obtained after bilateral 
measurements in wild type and Pex7 KO mice. The AG diet partially restores MNCV in sciatic nerves of 
Pex7 KO mice.  
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Chapter 6, page 97 
 

 
Figure 2 Alkyl-glycerol diet is able to restore plasmalogen levels and prevent the development of 
pathology. (a) Plasmalogen levels in multiple tissues from 20-days old (P20) mice fed a control diet (WT 
pups n=4; Pex7 KO pups n=4) or an AG diet (WT pups n=5; Pex7 KO pups n=6). Increased levels of 
plasmalogens are observed in kidney, testis, eye and intestine. (b) Testis sections of P20 WT and Pex7 
KO pups stained with hematoxylin and eosin (H&E). Whereas control-fed Pex7 KO pups already showed 
the degenerative changes in spermatocytes, AG-fed Pex7 KO pups where protected from degenerative 
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sections of P20 WT and Pex7 KO pups stained with Richardson’s. In contrast to the lens of WT pups 
showing organized and orientated fiber cells, the cataract in the lens of control-fed Pex7 KO pups 
shows abnormally sized and abnormally arranged fiber cells. The AG diet prevented the abnormal 
development of fiber cells in Pex7 "#����������
%
���������������	�����������������
�!������d) Eye 
sections of mice showing the correlation between plasmalogen (Pls) levels and the development of 
cataracts in Pex7 KO pups (from each mouse one eye was used for histology and the other eye used for 
biochemical analyses). Whereas complete loss of plasmalogens (Pls=0.0) leads to a massive cataract 
occupying the entire lens, a plasmalogen level of 2.7% is able to prevent cataract formation in Pex7 KO 
pups. Partial restoration of plasmalogens (Pls=1.2%) leads a small nuclear cataract. Sections were 
stained as in (c9�����$������
������� 
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Fig. 3. Phyh-/- mice on a phytol diet develop hepatic lipidosis. H&E staining of livers from WT (A–C) and 
Phyh-/- mice (D–F) on a control diet (A and D), on a 0.1% phytol diet (B and E), and on 0.25% phytol diet 
(C and F). In Phyh-/- mice on a 0.25% phytol diet (F), steatosis is clearly detected by the large lipid 
vacuoles present throughout the liver parenchyma. On a 0.1% phytol diet (E), Phyh-/- mice showed signs 
of microsteatosis (small lipid vacuoles within hepatocytes). (Scale bar: 100 μm.) 
 
 

 
Fig. 4. Loss of spermatogonia in phytol-fed Phyh-/-  mice. Immunohistochemical detection of calreticulin 
in testis of WT mice (A–C) and Phyh-/- (D–F) mice on control diet (A and D), 0.1% phytol diet (B and E), 
and 0.25% phytol diet (C and F). Calreticulin is highly expressed in spermatogonia ofWTmice on control 
diet (A). Loss of spermatogonia in Phyh-/- mice on the 0.1% phytol (E) and 0.25% phytol (F) diets is 
demonstrated by decreased numbers of calreticulin- positive spermatogonia leaving gaps (arrows in E 
and F) in the epithelium of the seminiferous tubules. The slide is hematoxylin QS counterstained. (Scale 
bar: 50μm.) 
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Fig. 6. Loss of Purkinje cells in the cerebellum of Phyh-/- mice fed phytol. Immunohistochemical 
detection of calbindin-D28K in the cerebellum of WT (A–C) and Phyh-/- (D–F) mice fed a control diet (A 
and D), a 0.1% phytol diet (B and E), and a 0.25% phytol diet (C and F). Small areas lacking Purkinje cells 
are evident in the cerebellum of Phyh-/- mice fed the 0.1% phytol diet (E). Widespread loss of Purkinje 
cells is observed in the cerebellum of Phyh-/- mice fed the 0.25% phytol diet, with only a few surviving 
Purkinje cells (F). The slide is hematoxylin QS counterstained. (Scale bar: 100 μm.) 
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Fig. S1. Astrocytosis in Phyh-/- mice due to phytanic acid accumulation. Immunohistochemical  
detection of glial fibrillary acidic protein (GFAP) in WT (A–C and G–I) and Phyh-/- mice (D–F and J–L) in 
the inferior colliculus (A–F), cerebellum (G and  J), hippocampus (Hand K), and spinal cord (I and L) of 
mice fed a control diet (A and D), 0.1% phytol diet (B and E), and 0.25% phytol diet (C, F, and G–L). 
Astrocytosis is clearly detected in the inferior colliculus of Phyh-/- mice on the 0.25% phytol diet (F) but 
absent in Phyh-/-mice fed the 0.1% phytol diet (E). Within the cerebellum, hippocampus, and spinal 
cord, the number and appearance of astrocytes were similar in WT and Phyh-/- mice. The slide was 
hematoxylin QS counterstained. (Scale bar: 100 μm.) 
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Fig. S3. Expression of parvalbumin by immunohistochemical detection in the cortex (A–F) and 
anterodorsal thalamic nuclei (ATN) (G–L) of WT (A–C and G–I) and Phyh-/- mice (D–F and J–L) on a 
control diet (A, D, G, and J), a 0.1% phytol diet (B, E, H, and K), and a 0.25% phytol diet (C, F, I, and L). 
The cerebral cortex of Phyh-/- mice fed the 0.25% phytol diet showed increased numbers of 
parvalbumin-positive neurons (M) as well as increased levels of parvalbumin (F). In the ATN, increased 
parvalbumin-reactivity was detected in Phyh-/- mice from all dietary groups (J–L), with the highest 
expression in Phyh-/- mice fed the 0.25% phytol diet (L). The slide was hematoxylin QS counterstained. 
(Scale bars: 30 μm in A–F and 100 μm in G–L. *, P � 0.05. 
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Fig. S4. Peripheral neuropathy in Phyh-/- mice fed a phytol diet. (A) Motor nerve conductance velocity 
(MNCV) measurements revealed a decrease in Phyh-/-mice fed a 0.1% phytol diet for 8 weeks. *, P � 
0.05. (B) Compound muscle action potentials (CMAPs) recorded after stimulation at the sciatic notch 
showed a delay in onset and a longer duration in Phyh-/- mice fed the phytol diet. (C) 
immunofluorescent detection of MBP in cross-sections of sciatic nerves from Phyh+/+ and Phyh-/- mice 
fed the 0.1% and 0.25% phytol diets. (Scale bar: 10 μm.) (D) Immunohistochemical detection of MBP in 
longitudinal sections of sciatic nerves from Phyh+/+ and Phyh-/- mice fed the 0.1% and 0.25% phytol 
diets. (Scale bar: 30 μm.) 


