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Abstract

This paper reviews aspects concerning the genetic regulation of the expression of the well studied peroxisomal genes
including those of fatty acid β-oxidation enzymes; acyl-CoA oxidase, multifunctional enzyme and thiolase from dif-
ferent tissues and species. An important statement is PPARα, which is now long known to be in rodents the key
nuclear receptor orchestrating liver peroxisome proliferation and enhanced peroxisomal β-oxidation, does not appear
to control so strongly in man the expression of genes involved in peroxisomal fatty acid β-oxidation related enzymes.
In this respect, the present review strengthens among others the emerging concept that, in the humans, the main genes
whose expression is up-regulated by PPARα are mitochondrial and less peroxisomal genes. A special emphasis is
also made on the animal cold adaptation and on need for sustained study of peroxisomal enzymes and genes; chal-
lenging that some essential roles of peroxisomes in cell function and regulation still remain to be discovered.
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Introduction

Microbodies, which include peroxisomes,  con-
tribute to key metabolic pathways of the cell func-
tion. In some species, especially in rodents, these
organelles are able to proliferate abundantly upon
exposure to so-called peroxisome proliferators.
Peroxisome-located enzymes are also regulated by
many molecules including nutrients (fatty acids,
steroids), hormones (T3, retinoids), PPARs and
other nuclear signaling factors. The present review
covers the following aspects: 1 – Historical back-
ground, 2 – Recall on lipid metabolism and peroxi-
some metabolic pathways, and currently unresolved
issues; 3 – Regulation of peroxisomal enzymes and
strategic approaches for their study (Biological
models, tissue – organs,  investigating domains,
methodologies and physiological situations);
4 – Disorders with peroxisomal gene altered func-
tions; 5 – Sustained study of key peroxisomal
enzymes and genes; 6 – Conclusions and perspec-
tive. For valuable consideration on peroxisomal dis-
orders and regulation of genes the reader may kind-
ly refer to the accounts of a recent symposium [1].

Historical background

The recognition of inborn errors affecting peroxi-
some enzymes and biogenesis has actually boosted
our knowledge on the function of peroxisomes in
mammalian cells. Biological and biochemical find-
ings that may be encountered in human peroxiso-
mal disorders include deficient plasmalogen
biosynthesis, reduced common C24 bile acid for-
mation with excess C27 bile acid precursors,
reduced cholesterol, and very long-chain fatty acid
(VLCFA) accumulation in body fluids and tissues.
These findings have highlighted the role of peroxi-
somes which appear to be essential for numerous
metabolic functions (see Table 1 and next section).

Presently, as far as we know, the amount of per-
oxisomal enzymes are mostly controlled at the gene
transcriptional level. This gene regulation is espe-
cially very large in liver from rodent species and
may be dramatically amplified by the so-called per-
oxisome proliferation phenomena. In fact, our
understanding of this regulation results largely from
studies on PPARs (Peroxisome Proliferator-Activa-

ted Receptors) and other nuclear receptors includ-
ing HNF4 (Hepatic Nuclear Factor n°4). Other sig-
naling transcription factors have been shown to
modulate peroxisomal gene expression, i.e. thyroid
hormone receptors, glucocorticoids receptors,
LXR. It has been also well documented that addi-
tional cofactors (often tissue specific) are also
required for regulation of the nuclear  transcription-
al machinery. On the other hand, specific ligands
whose prototypes such as fibrates were historically
long known for their hepatomegaly and peroxisome
proliferation inductive properties in the rodents
before PPARα was discovered [2], are required for
triggering nuclear receptor activation. These lig-
ands (or regulatory molecules) can be either dietary
compounds or metabolites (nutrients like fatty
acids, cholesterol or cholesterol derivatives), bio-
logical signaling molecules (thyroid hormones, glu-
cocorticoids, retinoids) or pharmacological com-
pounds (fibrates, dexamethasone).

Lipid metabolism and peroxisome
metabolic pathways. Current
challenges

Cell and body fatty acid metabolism involves three
main categories of molecules, i.e. triglycerides, fatty
acids and lipoproteins, and several pathways includ-
ing trafficking from white adipose tissue to liver
which exhibits intracellular sites for fatty acid break-
down : mitochondria, peroxisomes and endoplasmic
reticulum. The protein content and function of per-
oxisomes have been provided with a better under-
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Table 1. Peroxisome metabolic pathways. 

• Oxidation (with H2O2 production) of
1. VLCFA, LCFA, PUFA
2. Prostaglandins
3. Biliary salts
4. Polyamines
5. Amino acids
6. α-hydroxy acids
7. Purines 

• Plasmalogen synthesis
• Cholesterol synthesis



standing and characterization consequently to the
recognition of inborn errors affecting peroxisome
enzymes and biogenesis. The role of peroxisome
includes catalysis of numerous metabolic functions
(Table 1) among which fatty acid transport and
β-oxidation (VLCFA, PUFA-Poly Unsaturated Fatty
Acids and derivatives such as arachidonic acid,
prostaglandins and leukotrienes), fatty acid β-oxida-
tion (branched-chain fatty acids such as phytanic
acid which gives rise to pristanic acid), purine, D-
aminoacid and α-hydroxyacid oxidations, polyamine
(spermine, spermidine) breakdown [3]. The role of
these organelles further extents to anabolic pathways
such as initiation of ether lipid/plasmalogen biosyn-
thesis, cholesterol and bile acid synthesis [3].
Recently, peroxisomes have been shown to be
involved in docosahexaenoic acid (DHA) formation
[4], and rat liver iNO synthase has been detected in
these organelles [5]. Interestingly enough, a decrease
in cultured fibroblasts of peroxisome abundance,
unrelated to deficiency of a key step in peroxisome
biogenesis, is linked to AOX deficiency or defective
MFP1 import [6], suggesting that local metabolism
might be involved in organelle formation.

At the beginning of this new century, valuable
issues which surely deserve to be addressed include:
restoration of impaired peroxisomal functions,
search for the role of peroxisomes in brain, biologi-
cal significance of peroxisomes diversity, under-
standing peroxisomes in interaction with other
organelles, involvement of peroxisomes in develop-
mental stages, discovery of currently unexplored
peroxisomal functions, and evolutionary aspects of
peroxisomes. [7]. In this respect, recently emerging
exciting findings related to peroxisome and devel-
opment have been obtained in lower eukaryotic
species [8] where Petriv et al. reported that in C.ele-
gans gene inactivations of membrane ABC trans-
porters, peroxins involved in the peroxisome bio-
genesis process (PEX5, PEX12 and PEX19) and
metabolic enzymes (dienoyl-CoA isomerase and
dihydroxyacetonephosphate synthase) shut up the
worms in the early development stage (L1, L2).
Using Podospora anserina, Berteaux-Lecellier et al.
[9] have shown that the pex2 mutant is unable of
transition between mitotic state and differentiated
state, an obligate critical step in the reproductive
cycle. Moreover, transfection of PEX2 mutant with
human cDNA encoding PMP70 (a peroxisomal
membrane protein) restores not only the assembly of

peroxisomes but also the normal course of the dif-
ferentiation commitment process [10].

Exploratory procedures and
regulations of peroxisomal enzymes;
animal models, inducing factors,
activated receptors

Experimental models currently available
for investigative explorations of
peroxisomes

The animal species and the cell type
A large variety of species have been tested as bio-
logical models to reveal either common properties
or, on the opposite, specific differences in peroxi-
some biochemistry and regulation. Rodents (rat,
mouse, guinea pig, hamster, etc.) have been largely
investigated along with, when possible, human,
monkey and other animals. For instance, the com-
parison of species liver sensitivity has allowed to
conclude that human liver cells are resistant to per-
oxisome proliferators [11]. The gerbil (Jaculus ori-
entalis), a rodent  from the sub desert highland of
Morrocco has successfully avered to exhibit unique
peroxisome regulatory properties in response to
fibrate [12], cold adaptation and hibernation [13].
Such models are helpful to investigate the extent of
adaptive changes in peroxisomal enzymes upon
extreme physiological conditions. On the other
hand, single cells (cell lines, primary cultures,
yeast/fungi), invertebrates (C.elegans), and also
plant (A. thaliana) have been often used for the
study of peroxisome.

Relationships between peroxisomes and cell dif-
ferentiation state have been documented in various
tissues and organs notably in liver, vs brain, kidney,
muscle, white and brown adipose tissues. Among
others, the acyl-CoA oxidase specific activity of
human glioblastoma L1 cells increases upon expo-
sure to perfluorododecanoic acid, a peroxisome pro-
liferator, in a cell cycle number dependency [14].

The molecular biology tools and analytical
procedures
Standard experimental procedures include enzyme/
protein immunoblotting, gene organisation, tran-
scriptional and post-trancriptional investigations
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(nuclear receptors), biochemical signaling explo-
rations, micro-morphology. Recently, emerging
global procedures (genomics, transcriptomics and
proteomics screenings) and in vivo inactivation of
targeted genes (null mice and transgenic models)
have been also adapted to study peroxisomes In
this respect, a growing up number of mice with KO
genes are currently available in and to research lab-
oratories for most of the β-oxidation enzymes, the
three PPARs isoforms, several peroxisomal mem-
brane proteins and peroxins (Table 2). Presently,
KO mice provide bi-allelic selective inactivation of
the following genes (the given list being only
indicative and far from being exhaustive): ALDP-
/- [15], AOX-/- [16], MFP1-/- [17], MFP2-/- [18],
TH-SCP2-/- [19], PPARα -/- [20], PPARβ-/- [21],
PPARγ-/- [22], and the peroxins PEX5-/- [23],
PEX2-/- [24], PEX5-/- [25], PEX13-/- [26]. There
are also available overexpressed gene models
which are, however, to our knowledge, currently
limited to catalase transgenic mice [27].

Applications in peroxisomal regulation of RNA
interference strategy (see [8]) and structural bio-
chemistry are just emerging issues. It has been
recently shown that interactions of C-ter and N-ter

domains of peroxisomal MFP1 were required for
the hydratase-isomerase activity of this protein
[28]. Moreover, a throughput cDNA microarray
screening of PPAR-target genes in mouse liver has
revealed that among 7500 genes/expression tags,
246 were at least two-fold overexpressed in mice
given Wy 14.643, a peroxisome proliferator, includ-
ing PEX11 gene, encoding a peroxisomal mem-
brane protein involved in fatty acid oxidation and
peroxisome biogenesis, whose expression was
enhanced almost 7-fold [29].

Peroxisome proliferation and nuclear
receptor activation

Inductive properties of nutrients, hormones and
drugs
As mentioned above, activation of PPARs is trig-
gered by specific ligands which correspond to
nutrients/metabolites, hormones or drugs. The use
of controlled physiological conditions and precise
experimental protocols have been helpful in char-
acterizing regulatory properties of peroxisomes
regarding fat, sugar, diabete-obesity, starvation and
special diets. After having documented effects in
liver, Zipper [30] reported moderate peroxisome
proliferation in rat myocardium upon ethanol,
physical exercise and C22:1 erucic acid. Fan et al.
[31] described increased PPARα levels associated
with increase fatty acid content in liver from mice
with disrupted expression of peroxisomal acyl-
CoA oxidase gene. The focus on receptors acting as
sensors of the nutritional-endocrinological-phar-
macological environment/status emphasizes key
roles of thyroid and steroid hormone receptors,
PPARs and their ligands (fibrates and other classes
of compounds inducing peroxisome proliferators
in rodents), retinoids as RXR ligands. Nutritional
regulation of metabolic genes is illustrated by stim-
ulatory effects of fatty acids on LXRα gene expres-
sion [32], activation of PPARα upon hydroxylated
soybean oil [33], by conjugated linoleic acid [34]
or by phytanic acid [35]. General inducible and
inductive properties of PPARs have been the topic
of many reviews, including [36]. A special atten-
tion has been paid to PPARα as a possible physio-
logical sensor in man. Suppression of HNF-4α
activity by CoA esters of hypolipidaemic peroxi-
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Table 2. Genetic models.

Mouse invalided genes related to peroxisome fatty
acid metabolism
ALDP Kobayashi's lab 1997 [15]
AOX Reddy's lab 1996 [16]
MFP1 Reddy's lab 1999 [17]
MFP2 Baes's lab 2000 [18]
TH-SCP2 Seedorf's lab 1998 [19]
TH (inducible) Latruffe's lab unpublished yet
PPAR Gonzalez's lab 1995 [20]

Other KO genes
PEX5 Baes's lab 1997 [23]
PEX2 Faust's lab 1997 [24]
PEX5 conditional Baes's lab 2002 [25]
PEX13 conditional Bjorkman's lab 2002 [26]
PPAR Wahli's lab 2001 [21]
PPAR Gonzalez's lab 2002 [22]

Transgenic mice overexpressing peroxisomal enzyme
Catalase Glauert's lab 1996 [27]



some proliferators may account for hypolipidaemic
properties of these compounds in the humans inde-
pendently of PPARα activation by their respective
unesterified carboxylate forms. As a consequence,
hypolipidaemic activity of so-called peroxisome
proliferators is currently suggested to be mediated
by PPARα and HNF-4α pathways in rats and man,
respectively.

Inductive properties of physiological
conditions (cold exposure and hibernation)

Jerboa, one of the deep hibernators originated from
sub-desert highlands, represents an excellent model
to study during cold adaptation process lipid
metabolism. Morphological analysis of liver perox-
isomes by electron microscopy reveals a strong
alteration in shape and size of this compartment.
Cold exposure of jerboa results in peroxisome pro-
liferation with an increase in their number and size
(+61%). During hibernation only the size becomes
large, forming giant peroxisomes with a decrease of
their number in hepatocytes [37]. 

We reported previously [13] that the protein
yield of the purified peroxisomal fraction per gram
of liver decreased by 60% in both pre-hibernating
and hibernating jerboa. Taking into account the
observed increase in size of peroxisomes in these
two physiological states, the decrease in the protein
yield might be explained by a shift in peroxisome
density that implies the modification of the sedi-
menting properties. A similar explanation was pro-
posed regarding cold adaptation in rat [38]. 

It has been reported that white adipose tissue
may participate in selective retention of essential
fatty acids during the pre-hibernating period [39].
Nedergaard et al. [40], reported a 10-fold increase
of brown adipose peroxisomal β-oxidation in cold
adapted rat and calculated up to 10 % of total brown
fat proteins to be peroxisomal. However, recent
experiments on rat after 4 weeks cold exposure
Guardiola-Diaz et al., [41] show neither significant
increase in brown adipose peroxisome prolifera-
tion, nor induction of peroxisomal enzymes during
the first two weeks of cold adaptation, a period cor-
responding to the initial proliferative phase taking
place in brown adipose tissue. In the same experi-
ment a 7-fold increase in AOX content and peroxi-
some volume was observed in rat liver [41].

Nuclear signaling factors

The state of the art regarding fatty acid oxidation
and biological significance of PPARs in man is not
clear yet due to the fact that although human
PPARα is functional [42] and positively control
peroxisomal fatty acid oxidation enzymes in human
HepG2 cell lines [43], there is a low control by
overexpression of mouse PPARα in human cells. In
contrast, in these circumstances, mitochondrial
counterpart is subject to up-regulation [43, 44]. In
this line, PPARα activates human muscle carnitine
palmitoyltransferase I (CPT I) [45]. On the other
hand, PPARs agonists has been shown to repress
human cytochrome CYP4F2-LTB4 α-hydroxylase
promoter [46].

Interactions between PPARαα and other nuclear
receptors
There are multiple interactions between PPARα
and other nuclear receptors in man and rodents. The
thyroid hormone receptor inhibits activation of
PPARs by ciprofibrate [47]. LXRα (Liver-X-
Receptor) antagonizes mouse PPARα/RXRα-medi-
ated transcriptional activation by peroxisome pro-
liferators [48]. Bile acids inhibit the effects of
PPARα activation in part via impaired recruitment
of transcriptional co-activators [49]. The complex
CARα/RXRα (Constitutive Androsterone Recep-
tor/Retinoid X Receptor) recognizes the DR2 ele-
ment Hydratase-Dehydrogenase PPRE [50]. The
nutritional regulation of metabolic genes is illus-
trated with the modulating effect of fatty acids; i.e.
the LXRα gene expression is stimulated by fatty
acids [32], the hydroxylated soybean oil stimulates
PPARα expression [33] or the conjugated linoleic
acid activates PPARα [34].

Cross-talks between PPARs and other nuclear
factors
PPARα is also involved in many cross-talks with
other nuclear receptors, for instance: PPAR β (δ)
inhibits PPARα and its effects on PPRE through
the binding of SMRT (Silencing Mediator for
Retinoid and Thyroid hormone receptors) and
SHARP (SMRT and Histone deacetylase
Associated Repressor Protein) [51]. A short het-
erodimer PPAR-RXR lacking DNA binding acti-
vates PPARα-RXRα dependent AOX and MFP1
genes [52]. STAT5b negatively regulates PPARα
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[53]. RIP140 negatively interacts with PPARα and
LXRα [54]. P300 activates PPARα and PPAR β
(δ) in Caco2 cells [55], or PRIC285 (Peroxisome
proliferator-activated-Receptor alpha-Interacting
factor Complex) functions as a coactivator for
PPARα [56]. 

Cross-talks between PPARs and general cell
signaling pathways
Cross-talks of PPAR isoforms with the general cell
signaling tranduction pathways have been further
documented [57]. The protein kinase A activates
PPARα through a higher stability of the PPAR
phosphorylated form-DNA complex in mouse [58].
The P38-MAP kinase activates PPARγ through an
increase of PGC-1 coactivator binding to PPARγ in
mouse myocytes [59]. TNFα inhibits PPARα gene
expression and PPARα peroxisomal target genes in
rat liver [60].

Interactions of PPARs with gene products other
than transcriptional or cell signaling factors
Some target gene products self activate PPAR. For
instance, HMG-CoA synthase regulates gene
expression by association with PPARα [61] or by
interaction of the N-terminus of PPARα with in

vitro translated bifunctional enzyme [62].
Recently, cytosolic FABP (Fatty Acid Binding
Protein) has been shown to interact with PPARs
and to relocate the receptor in the nucleus [63].

Disorders with peroxisomal gene
altered functions

Several peroxisome inherited genetic diseases
affect either organelle biogenesis, components
assembly and/or metabolism based peroxisomal
enzymes (Table 3). The main disorders character-
ized by failure to assemble correctly peroxisomes
are the cerebro-hepato-renal syndrome or
Zellweger’s disease, the neonatal adreno-
leukodystrophy, the infantile Refsum disease, the
hyperpipecolic acidemia, and rhizomelic chon-
drodysplasia punctata. Single peroxisomal enzyme
deficiencies include X-adrenoleukodystrophy
(ALDP) / adrenomyeloneuropathy, acyl-CoA oxi-
dase deficiency, bifunctional enzyme deficiency,
the DHAP acyltransferase deficiency, alkyl-DHAP
synthase deficiency, glutaric acidura type III, clas-
sical refsum disease (phytanoyl-CoA hydrolase),
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Table 3. Peroxisome inherited genetic diseases.

* Nervous System Affected Adapted from Powers & Moser [63] 

Assembly deficiences Single peroxisomal enzyme deficiencies

Zellweger syndrome*
(PEX1, PEX2, PEX5, PEX6 …)

Neonatal adreno-leukodystrophy*
(PEX1, PEX5, PEX6 …)

Infantile Refsum disease*
(PEX1, PEX12 …)

Hyperpipecolic acidemia*

Rhizomelic chondrodysplasia punctata* (PEX7 …)

X-adrenoleukodystrophy*(ALDP) / adrenomyeliloneuropathy*

Acyl-CoA oxidase deficiency*
Bifunctional enzyme deficiency*

DHAP acyltransferase deficiency*
Alkyl-DHAP synthase deficiency*

Glutaric acidura III*

Classical Refsum disease* (Phytanoyl-CoA hydrolase)
Hyperoxaluria type I (Alanine-glyoxylate aminotransferase)
Acatalasemia



primary hyperoxaluria type I (alanine-glyoxylate
aminotransferase) and acatalasemia [64]. In con-
trast, there are several peroxisomal enzymes for
which selectives deficiencies has not been
described yet.

This class of diseases impairing peroxisome
assembly and/or metabolism may seriously affect
patients; they however represent unique experi-
ments of the nature and are helpful in under-
standing and unravelling many aspects of perox-
isome function (for a recent valuable review
emphasizing metabolic aspects such as for
instance fatty oxidation in these disorders, see
[65]). By contributing to elucidate the regulation
and the role of peroxisomal genes in human, the
study of the molecular basis of these deficiencies
may have direct and indirect clinical implications
for human health and disease, identifying new
targets and mechanisms for pharmacological
developments. 

Sustained study of key peroxisomal
enzymes and genes

Fig. 1 illustrates an example of research on the
dialogue between the organelle and cellular
genome and its regulation, corresponding to the
strategy adopted at the LBMC from the Burgundy
University. This research actually focuses on four
peroxisomal proteins: the membrane ABC trans-
porters [66], the bifunctional enzyme [67] and
PPAR dependent enzymes [68], the farnesyl
pyrophosphate synthase [69] and the inducible thi-
olase (thiolase B). Cholesterol regulates the FPP
synthase, an important step on the peroxisome
cholesterol synthesis pathway, through  SREBP
(Sterol response Element Binding Protein) as tran-
scription factor. A key role played by peroxisomal
thiolases in cell metabolism, contributing to
diverse biochemical pathways including cellular
biosyntheses of dolichol, cholesterol, fatty acid
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and isoprenoids, protein acylation and energy
release. Among others, the research strategy
depicted in Figure 1 has recently allowed to show
that the promoter-located PPRE of the peroxiso-
mal thiolase B interacts not only with PPARα but
also with HNF-4 which activated luciferase gene
expression driven by the putative thiolase PPRE
[70]. As a suggestion, thiolase B gene induction by
peroxisome proliferators might be mediated via
either recruitment of other gene regulatory ele-
ments or via additional PPRE sequence(s), all of
which remain to be determined to explain the
potent extent of this induction by peroxisome pro-
liferators. As illustrated by this example, many
regulatory and essential aspects of the peroxisome
function remain to be discovered and further stud-
ies are needed to optimally exploit our knowledge
on peroxisomes in order to treat human peroxiso-
mal and related disorders. It is without saying that
the range of human diseases and pathogenesis
courses that might be addressed by these pathways
is impressive. This is our opinion that some of
these issues have been until now overlooked in
terms of pharmacological development as more as
disposition of peroxisomal acetyl-CoA might have
currently specific unsuspected characteristics,
depending on the cell type.

Conclusions and perspective

The impressive amount of data published on
PPAR clearly indicate that in animals, PPARα
receptor is a key element in the peroxisomal
enzyme regulation by fatty acids, hormones and
xenobiotics. Data illustrates that PPARα is con-
trolled either positively or negatively by multiple
ways. Attempts to explain large variations in per-
oxisomal enzymes gene expression level, especial-
ly in liver, by nutrients at the PPAR dependent
level, should consider differences between species
in the diet which in rodents is mainly based on car-
bohydrates except for the suckling period, and
which in man consists of a mixed diet containing
carbohydrates, fat and protids. In the latter dietary
conditions (i.e. in the human subject), peroxisomal
enzymes appear largely and constitutively
expressed in contrast to rodents. This is not the
case for mitochondrial fatty acid oxidation pro-

teins which apparently keep inducible properties
like in rodents. Attempts to correct human peroxi-
somal diseases are on progress using nutritional
and pharmacological therapy through the ABC
protein family encoding genes redundancy
approach, but other pharmacological approaches
are suggested, based on a better knowledge of the
regulatory aspects of peroxisomal functions. The
current topics of interest in peroxisome function
and regulation might be the following: - restora-
tion of impaired peroxisomal functions, - peroxi-
somes role in brain, - peroxisomes diversity, - per-
oxisomes in interaction with other organelles, -
peroxisomes in development, and  - unexplored
peroxisome functions. In summary, our feeling is
that interesting prospects could be made on perox-
isome in relation with their involvement in partic-
ular developmental and physiological stages, and
in new functions.
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