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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
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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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