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lipophilic carboxylic acids, peroxisomes are required for 
the degradation of very long-chain (VLC) FAs (VLCFA), 
pristanic acid, and various other carboxylic acids and play 
an essential or important role in the formation of primary 
bile acids and PUFA (via  � -oxidation). The  � -oxidative 
degradation of phytanic acid and  � -hydroxylated FAs 
turned out to be confi ned to peroxisomes as well. In addi-
tion to Zellweger syndrome (ZS) and related disorders, 
other diseases have been linked to peroxisomes, notably 
X-linked adrenoleukodystrophy (X-ALD) and Refsum dis-
ease (  Table 1  ). To understand some aspects of the perox-
isomal  � - and  � -oxidation pathways in humans, the main 
topic of this review, a brief introduction on the biogenesis 
of peroxisomes is given, followed by some discussion about 
their membrane properties. This will also be useful to 
comprehend the underlying causes of certain peroxisomal 
diseases, with new entities being added in recent years. 
Fundamental knowledge about peroxisomal metabolism 
is mainly based on studies in rodents. However, these fi nd-
ings cannot always be extrapolated to humans, sometimes 
even not from rats to mice. As far as known, the situation 
in humans has been described in this text, or possible 
differences are indicated. Unless otherwise mentioned, 
genes/enzymes will be named according to recommenda-
tions by HUGO. 

       Abstract   In humans, peroxisomes harbor a complex set of 
enzymes acting on various lipophilic carboxylic acids, orga-
nized in two basic pathways,  � -oxidation and  � -oxidation; 
the latter pathway can also handle  � -oxidized compounds. 
Some oxidation products are crucial to human health (pri-
mary bile acids and polyunsaturated FAs), whereas other 
substrates have to be degraded in order to avoid neuropa-
thology at a later age (very long-chain FAs and xenobiotic 
phytanic acid and pristanic acid). Whereas total absence of 
peroxisomes is lethal, single peroxisomal protein defi cien-
cies can present with a mild or severe phenotype and are 
more informative to understand the pathogenic factors. 
The currently known single protein defi ciencies equal about 
one-fourth of the number of proteins involved in peroxi-
somal FA metabolism.   The biochemical properties of 
these proteins are highlighted, followed by an overview of 
the known diseases.  —Van Veldhoven, P. P.  Biochemistry 
and genetics of inherited disorders of peroxisomal fatty 
acid metabolism.  J. Lipid Res . 2010.  51:  2863–2895.   

 Supplementary key words adrenoleukodystrophy • ATP binding cas-
sette-transporter • carnitine • cholestanoic acid • chondrodysplasia • 
dicarboxylic acids • docosahexaenoic acid • lignoceric acid • phytanic 
acid • phytol • Refsum • Zellweger 

 The report by Goldfi scher et al. ( 1 ) in 1973 on the lack 
of peroxisomes in liver and kidney of patients with the 
cerebro-hepatorenal syndrome of Zellweger was the fi rst 
one associating peroxisomes with an inherited lethal hu-
man disorder. At that time, peroxisomes were thought to 
be remnants of a respiratory ancestor organelle, and mito-
chondria, also affected in this disorder, were thought to 
contribute primarily to the pathology. In the meantime, 
knowledge about the metabolic role of peroxisomes in hu-
mans has increased substantially. With regard to FAs, in 
the context of this review defi ned in a broader sense as 
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  PEROXISOME BIOGENESIS  

 Based on recent proteomic studies ( 2–4 ) it is estimated 
that mammalian peroxisomes contain about 80–90 pro-
teins. These are involved in reactive oxygen, glyoxylate, 
polyamine, purine, amino acid, and lipid metabolism. En-
zymes belonging to the latter pathways are highly ex-
pressed in liver, but the peroxisomal content can differ 
according to tissue and cell type (  Table 2  ). More than 80% 
of the organellar proteins are matrix enzymes. These are 
synthesized on free polyribosomes in the cytosol and post-
translationally imported in import-competent (pre)perox-
isomes ( 5, 6 ) (  Fig. 1  ). For their import, matrix proteins 
rely on targeting sequences, named peroxisome targeting 
signal (PTS) 1 and PTS2. PTS1 consists of a C-terminal 
dodecamer ending with SKL or a related sequence (S/A/
V/P - K/R/H/Q/N - L/I/M-COOH) in mammals) ( 7 ); its 
binding protein is called peroxin 5 (PEX5). The latter is a 
cytosolic, tetratricopeptide repeat-containing protein that 
docks at the membrane of import competent vesicles, a 
process controlled by PEX14. In humans, a short and long 
PEX5 isoform exist, both derived from  PEX5  by differen-
tial splicing. PTS2 is a nonapeptide located near the N 
terminal of proteins, with a consensus motif NH 2 -X (1-30) -R-
L-XXXXX-H-L for mammals. It is recognized by another 
cytosolic receptor protein, PEX7, which is characterized 
by a WD40 motif. The PTS2-PEX7 complex also docks at 
PEX14 but indirectly via interaction with PEX5L, the lon-
ger PEX5 isoform ( 8 ). In mammals, PTS2 proteins are 
processed after import, with the N-terminal PTS2 being 
cleaved off by TYSND1, a peroxisomal cysteine endopepti-
dase. Somewhat mysteriously, only three matrix proteins 
employ the PTS2-PEX7 import system. Not all PTS1 vari-
ants are equally effective, and proteins containing a less 
potent PTS1 are partially cytosolic or face competition 
with proteins containing a strong PTS1, like SKL. This ex-
plains differences between species, or sometimes between 
cell types, with regard to the cytosolic/peroxisomal dis-
tribution of matrix proteins. A few proteins are known 
to contain, in addition to PTS1, a mitochondrial targeting 
sequence at the N terminus. Apparently, these signals 
and their respective import machinery have a compa-
rable strength, and such enzymes display a bimodal 
distribution. 

 With regard to peroxisomal integral membrane pro-
teins (PMP), also posttranslationally imported, the target-
ing sequences, called mPTS, are less well delineated ( 9 ). 
Various PMPs interact with PEX19, a predominantly cyto-
solic protein containing a C-terminal prenylation site, but 
some PEX19 is found on the peroxisomal membrane. In 
the absence of PEX19 and other proteins involved in per-
oxisomal membrane biogenesis (PEX3, PEX16), cells lack 
peroxisomes and no membrane remnants are found ( Fig. 
1 ). In the absence of PEX5, or downstream binding part-
ners, cells still have peroxisomes, although empty and 
without matrix content (ghosts) ( Fig. 1 ). Indeed, due to 
the role of PEX5L in PTS2-import, both PTS1 and PTS2 
proteins are mistargeted. Depending on their stability, the 
nonimported proteins can sometimes be detected in the 

cytosol, some are even active (e.g., catalase, alanine gly-
oxylate aminotransferase), but PTS2-proteins and some 
PTS1-proteins (see “Acyl-CoA oxidases” and ”2-Enoyl-CoA 
hydratases and 3-hydroxyacyl-CoA dehydrogenases”) are 
not processed. 

 Mutations in  PEX5  and in genes coding for downstream 
peroxins or peroxins involved in membrane biogenesis 
cause rather similar phenotypes, currently named peroxi-
some biogenesis disorders (PBDs), the prototype being 
the ZS, an autosomal recessive lethal disorder (ZS; OMIM 
#214100;  Table 1.   Fig. 1 ) ( 10 ). ZS patients present with 
severe hypotonia, craniofacial malformations, liver and 
kidney problems, seizures, retinopathy and neuron migra-
tion defects, and die usually within the fi rst year of life. 
Other clinical descriptions, with a milder phenotype but 
still fatal, include neonatal adrenoleukodystrophy (OMIM 
#202370) and infantile Refsum disease (OMIM #266510) 
( 10 ) ( Table 1 ). The biochemical abnormalities refl ect the 
absence of functional peroxisomes: accumulation of un-
usual bile acid intermediates, of VLCFA, of pristanic acid, 
and of phytanic acid; lack of plasmalogen; shortage of do-
cosahexaenoic acid (DHA; C 22:6n-3 ). ZS patients and pa-
tients with milder clinical symptoms (collectively named 
the Zellweger spectrum) can be classifi ed into 12 comple-
mentation groups depending on the underlying  PEX  mu-
tation. Mutations in  PEX7  result in a separate phenotype, 
rhizomelic chondrodysplasia punctata type 1 (RCDP; 
OMIM #215100). Characteristics for this rare autosomal 
recessive disorder are the symmetrical shortening of the 
upper limbs, calcifi c stippling, a typical dysmorphic face, 
and growth retardation ( Fig. 1 ). Most patients present 
with cataract, and ichthyosis is quite common. Compared 
with ZS, RCDP type 1 patients live longer, some surviving 
into the second decade. In this syndrome, PTS2 enzymes, 
which catalyze reactions in three major peroxisomal path-
ways (plasmalogen synthesis,  � -oxidation, and  � -oxidation) 
are mislocalized. As a consequence, plasmalogens are low 
and phytanic acid accumulates; PTS1 enzymes are, how-
ever, targeted and functional ( Fig. 1 ). Clinically, patients 
with type 1 RDCP cannot be distinguished from patients 
with a defect in one of the peroxisomal enzymes of the 
plasmalogen synthesis, glyceronephosphate O-acyltrans-
ferase (GNPAT) defi ciency or RCDP type 2 (OMIM 
#222765) and alkylglycerone-phosphate synthase (AGPS) 
defi ciency or RCDP type 3 (OMIM #600121). 

 Besides these biogenesis disorders, various other disor-
ders have been diagnosed due to mutations in a single 
peroxisomal protein ( Table 1 ). Many of these display 
perturbations in the oxidation of lipophilic carboxylic ac-
ids. These pathways will be discussed further. In  Table 2 , 
the targeting sequences of all known enzymes/proteins 
involved in peroxisomal  � - and  � -oxidation are given to-
gether with gene acronyms, chromosome mapping, and 
other relevant information. 

  PEROXISOMAL MEMBRANE PROPERTIES  

 The pioneering studies of de Duve and coworkers ( 11 ) 
revealed particular aspects of the membrane permeability 
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of isolated peroxisomes: lack of osmotic behavior causing 
sedimentation to high density in small solute gradients 
and lack of latency for matrix enzymes 1 . In the 1980s, the 
permeability of rat liver peroxisomes was biochemically 
and electrophysiologically investigated ( 12 ), resulting in 
the concept of a nonselective pore-forming protein; a 
likely candidate was PXMP2, better known as PMP22, a 
rather abundant PMP (subunit size of 22 kDa). Following 
the discovery of some peroxisomal membrane transport-
ers, such as members of the ATP binding cassette (ABC) 
transporter and the mitochondrial solute transporter 
families, the pore hypothesis was disfavored. Recent rein-
vestigations of the permeability, however, led to similar 
“leaky” conclusions ( 13 ). Based on studies in a knockout 
mouse ( 14 ), PXMP2 is responsible for the permeability, 
forming a homotrimeric general diffusion pore (esti-
mated diameter 1.4 nm) with weak cation selectivity and 
no voltage dependence. This leads to the following pic-
ture: the PXMP2 pore allows access of small, uncharged 
or weak anionic solutes (<300 Da) with an exclusion limit 
of  � 600 Da; entry or exit of bulky polar molecules (e.g., 
CoA, ATP) is restricted and is or has to be mediated by 
(specifi c) carriers/transporters, or, alternatively, exit 
could occur after hydrolysis to smaller fragments. Pres-
ently, known transporters include three ABC-transporters 
(ABCD1, ABCD2, ABCD3) (discussed further in “ABCD-
transporters and  � -oxidation”) and two solute carriers 
(SLC25A17 or PMP34 and SLC22A21 or OCTN3) (see 
“Auxiliary enzymes and proteins related to  � -oxidation” 
and “Auxiliary enzymes and new candidates”). Based on 
indirect data, a few other transporters are postulated ( 15, 
16 ), but so far without molecular or genetic evidence. 
Hence, compared with the inner mitochondrial mem-
brane, mammalian peroxisomes contain only a limited 
number of solute transporters. Moreover, proteomics on 
purifi ed peroxisomal membranes ( 4, 17 ) failed to reveal 
additional transporters. With regard to degradation of 
bulky cofactors, nudix hydrolases ( 18 ) acting on NAD(P)
H and CoA have been shown to be present in peroxi-
somes. For more insight/discussion on the membrane 
properties of peroxisomes, the reader is referred to re-
cent reviews ( 15, 16 ). This brief description of the enig-
matic properties of these organelles, however, should be 
suffi cient to understand the diffi culties when studying the 
peroxisomal uptake/transport of amphipatic molecules 
such as FAs and acyl-CoAs or related processes such as 
activation and to propose models. 

  PEROXISOMAL  � -OXIDATION  

 The prime substrate in humans for  � -oxidation, being 
defi ned as the degradation of carboxylic acids by removal 
of one carbon atom, is phytanic acid (3,7,11,15-tetrameth-
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 1  Latency refers to the fact that an enzyme activity cannot be mea-
sured unless the membrane is broken. Catalase is an exception but this 
is due to its kinetics whereby diffusion becomes a limiting factor.
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pacity of ruminants to degrade phytanic acid is not suf-
fi cient, and it is stored in neutral and phospholipids of 
tissues and milk ( 21 ). In addition to direct intake, hu-
mans can convert free dietary phytol to phytanic acid. 
The enzymatic steps involved are (partly) peroxisomal 
( 22 ) ( Fig. 2 ). Once ingested and after entering the cir-
culation (via lymph and lipoproteins), phytanic acid is 
taken up by most tissues, but especially by heart, muscle, 
and liver. Kidney and adipose tissue also store phytanic 
acid; uptake in brain, however, is small (based on animal 
studies) ( 23 ). 

 Enzymology of peroxisomal  � -oxidation 
 Until 1993, phytanic acid degradation was described 

as an oxidative decarboxylation, generating pristanic 

ylhexadecanoic acid) (  Fig. 2  ). More recently, long-chain 
2-hydroxylated FAs (2OH-FA) were proven to be  � -oxidized 
( 19 ), and an  � -oxidative mechanism is supposedly respon-
sible for the presence/formation of odd-numbered long-
chain FAs in brain ( 20 ). 

 Phytanic acid (racemic at position 3;  Fig. 2 ) is present 
in our diet, mostly in dairy products, meat, and certain 
fi shes, with an estimated daily intake of 1 mg/kg body 
weight for an adult. This methylbranched FA originates 
from phytol, which, when esterifi ed to chlorophyll, 
serves to anchor this pigment in the thylakoid mem-
branes of chloroplasts. Humans and mice cannot hydro-
lyze esterifi ed phytol, but in ruminants, phytol is liberated 
from ingested plants and further oxidized to phytanic 
acid by the bacterial fl ora ( Fig. 2 ). Apparently, the ca-

  Fig.   1.  Peroxisome biogenesis in humans. A: A simplifi ed scheme for protein import in mammalian peroxisomes under normal condi-
tions and involved peroxins, indicated by their PEX number and arranged according to known interactions, is shown. The complex of 
PTS1-matrix proteins (in green) and one of the PEX5 isoforms, formed in the cytoplasm, will dock at the membrane, followed by transloca-
tion involving the RING peroxins PEX2, 10, and 12 (dashed arrows). After cargo release, PEX5 is recycled to the cytoplasm with the help 
of PEX1, 6, and 26 (dashed arrow). The role of mono- and polyubiquitination of PEX5 in this process is not displayed. Import of PTS2-
matrix proteins (in orange), captured by PEX7, is mediated by the long PEX5 isoform. After import, some PTS1 proteins are proteolytically 
processed (T), and the targeting signal of PTS2-proteins is removed (ACAA1, thiolase; PHYH, AGPS). Newly synthesized PMPs (in blue) 
can interact with PEX19 in the cytoplasm (or with the membrane associated PEX19), followed by docking and membrane insertion. Per-
oxins playing a role in PMP targeting are depicted in different shades of blue. In the absence of a functional PEX7, PTS2 proteins are not 
imported and processed and are degraded in the cytoplasm (faintly colored), but the matrix is still fi lled with PTS1 proteins (B). This 
condition results in RCDP type I. Patients with RCDP type I have rhizomelia and congenital cataracts (notice the spectacles in this 19-month-
old infant). When peroxins involved in PTS1 import are missing, e.g., PEX14 (C), peroxisomes are empty (ghosts) causing the severe ZS. 
Both PTS1 and PTS2 proteins remain cytoplasmic and unprocessed and can be degraded. The picture shows a very hypotonic baby with 
head malformation, low ear implantation, and hepatomegaly. In cases where PEX19 or other peroxins involved in PMP import are mutated 
(not shown), all peroxisomal proteins remain in the cytoplasm or are degraded, and no ghosts can be observed. Pictures courtesy of 
Dr. L. Van Maldergem, Centre de Génétique Humaine, Université de Liège, Belgium (B) and Dr. J. Jaeken, UZ-Leuven, Belgium (C) with 
informed consent of the parents.   

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 
.html 
http://www.jlr.org/content/suppl/2011/05/16/jlr.R005959.DC1
Supplemental Material can be found at:

http://www.jlr.org/


Inherited disorders of peroxisomal fatty acid metabolism 2871

 Within the cell, phytanic acid (3 S  or 3 R  isomer, both 
present in our diet) is activated to its CoA-ester, which can 
be either directed to degradation or esterifi ed into triglyc-
erides and phospholipids ( 30 ;  Fig. 2 ; supplementary Fig. 
I). At the subcellular level, the activation can occur in 
mitochondria, endoplasmic reticulum (ER), and peroxi-
somes. Based on activity measurements in transfected cells, 

acid and CO 2  ( 23 ), with some hints for 2-hydroxyphy-
tanic acid being an intermediate. Starting with the dis-
covery of formate being produced from phytanic acid 
by Poulos et al. ( 24 ), the pathway was revised consider-
ably, with the major fi ndings being the discovery of an 
 � -hydroxylase ( 25 ) and a lyase ( 26 ) (for review, see 
 27–29 ). 

  Fig.   2.  Formation of phytanic acid from phytol and its metabolism. Phytol, derived from chlorophyll, can 
be converted to phytanic acid by rumen bacteria (left side) and taken up via the diet or to phytanoyl-CoA in 
mammals with phytenoyl-CoA as intermediate (right side). Phytanoyl-CoA can be incorporated in lipids 
(esterifi cation), shortened by  � -oxidized, or hydrolyzed back to phytanic acid. In cases where  � -oxidation is 
impaired, phytanic acid will be degraded starting from the  � -end ( � -oxidation; see supplementary Fig. II). 
Enzymes printed in blue are associated with peroxisomes. Reactions for which the responsible enzyme have 
not yet been clarifi ed are marked by a question mark.   
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noncanonical PTS1, SNM, in humans. A TPP-binding mo-
tif (P-X 8 -GD-S/G-X 24-27 -NN; prosite PDOC00166), typical 
for decarboxylases/transketolases, is present in the 
C-terminal half of the protein. The metal cofactor Mg 2+ , 
coordinated to the pyrophosphate group of TPP, is likely 
bound by D 455  and N 482  (of human HACL1). The impor-
tance of D 455  and S 456  was confi rmed by site directed muta-
genesis (P. Fraccascia, M. Casteels, and P.P. Van Veldhoven, 
unpublished observations). Generally, decarboxylases act 
on 2-oxocarboxylic acids, generating CO 2  and aldehyde. 
HACL1 (and the closely related oxalyl-CoA decarboxy-
lases) appear to be an exception, whereby a nucleophilic 
attack is presumed to take place at the carbonyl of the 
thioester linkage. Whereas HACL1 is mainly peroxisomal 
in rat liver, subcellular studies on human liver revealed some 
cleavage activity in the microsomal fraction, which is asso-
ciated with ER vesicles (V. Foulon, P.P. Van Veldhoven, 
and M. Casteels, unpublished observations). 

 Pristanal, formed by HACL1, is transformed into pris-
tanic acid. It is unclear which aldehyde dehydrogenase 
was/is responsible. The ER-bound fatty aldehyde dehydro-
genase ALDH3A2 (previously FALDH or ALDH10), the 
defi ciency of which causes Sjögren-Larsson syndrome 
(SLS) ( 44 ), was postulated to be involved ( 45 ). This en-
zyme is active on pristanal, and the activity is reduced in 
SLS cells. Subcellular fractionation studies revealed, how-
ever, that pristanal (or a synthetic analog) can be oxidized 
in peroxisomes (and mitochondria, although the bulk ac-
tivity is microsomal). Recent data suggest that alternative 
splicing of  ALDH3A2  could explain the peroxisomal activ-
ity ( 46 ). Whereras ALDH3A2 is targeted to the ER, a 
truncated splice form, named FALDH-V, is directed to 
peroxisomes (although no apparent PTS is present). How-
ever, FALDH-V seems to be a membrane bound enzyme, 
whereas the peroxisomal pristanal dehydrogenation is 
catalyzed by a matrix enzyme. Hence, the link with SLS 
remains debatable: phytanic acid is not accumulating in 
this disorder ( 45 ) and  � -oxidation in SLS fi broblasts is 
normal ( 47 ). Pristanal likely can be converted by more 
than one peroxisomal enzyme and/or can leave the per-
oxisomal compartment and reenter as pristanic acid after 
oxidation at another site. Pristanic acid, characterized by a 
methyl branch at position 2, is a substrate for peroxisomal 
 � -oxidation (see “Substrates for  � -oxidation”; supplemen-
tary Fig. I). 

 Regarding the fate of formyl-CoA, the other lyase prod-
uct, in vitro data suggest that a major 4  portion is enzymati-
cally hydrolyzed to formate and CoA in the matrix ( Fig. 3 ). 
Formate is further oxidized to CO 2  in the cytosol, mainly 
via the folate-dependent one carbon pathway. 

 Hence, although the endproducts of phytanic acid 
breakdown were correctly formulated by the pioneers of 
 � -oxidation research, the intermediary metabolites were 
not and appear be more complex than anticipated. 

ACSL1 2  ( 33 ) and ACSVL1 (SLC27A2) 3  ( 37 ), a long-chain 
and VLC acyl-CoA synthetase, respectively, can be re-
sponsible for this reaction. One generally assumes that 
phytanoyl-CoA is formed outside peroxisomes. Following 
its transport into the peroxisomes, the CoA-ester will be 
hydroxylated at the second carbon by phytanoyl-CoA 
 � -hydroxylase (PHYH) (  Fig. 3  ). This enzyme belongs to the 
family of dioxygenases and uses Fe 2+ , 2-oxoglutarate, and 
O 2  as cofactors. It mediates a two-electron oxidation reac-
tion whereby 2-oxoglutarate is converted into CO 2  and 
succinate. One of the oxygen atoms of O 2  is incorporated 
into succinate, the other in the acyl-CoA ester. In vitro, 
substrate inhibition is seen with phytanoyl-CoA (and long-
chain 3-methylacyl-CoA) already starting around 10 µM. 
This can be counteracted by albumin ( 38 ). Others have 
claimed that the enzyme prefers substrate bound to sterol 
carrier protein 2 (SCP2) ( 39 ), which indeed has a good 
affi nity for phytanoyl-CoA ( 40 ). 

 PHYH hydroxylates not only phytanoyl-CoA but also 
other 3-methyl-branched acyl-CoA esters with a chain 
length of 10–18 carbons. A bulky group at the  � -end (e.g., 
5-phenyl-3-methylpentanoyl-CoA) is tolerated, but free 
3-methyl FAs are not substrates. Both the length and the 
position of the branch are important; extending the 
branch to a 3-ethyl group lowers the activity considerably 
and 2-methyl- and 4-methylbranched acyl-CoAs are not hy-
droxylated ( 38 ). With an excess of enzyme, a low activity 
with straight chain acyl-CoAs can be seen ( 41 ). Rather 
strangely, both 3 S - and 3 R -methyl isomers are recognized 
but are selectively transformed into the 2 R -hydroxy,3 S -
methyl- and 2 S -hydroxy,3 R -methyl-, respectively ( 42 ). Con-
sequently, both naturally occurring isomers of phytanic 
acid can be degraded (supplementary Fig. I). 

 Human PHYH is synthesized as a 38.6 kDa protein and 
contains a PTS2 at residues 9–17. After import, mediated via 
PEX7, it is processed to a 35 kDa protein. In the primary 
amino acid sequence, an oxygenase motif (HXD/E...H) 
that binds iron is present. By site-directed mutagenesis, the 
role of H 175 QD was established, H 264  being a likely candi-
date for the second histidine. A motif for binding 2-oxoglu-
tarate (RXS) is not present, but R 275  was identifi ed as the 
binder of the 5-carboxygroup of 2-oxoglutarate ( 43 ). 

 The formed 2-hydroxyphytanoyl-CoA is cleaved into 
pristanal and formyl-CoA by 2-hydroxyphytanoyl-CoA lyase 
( 26 ), now renamed 2-hydroxyacyl-CoA lyase (HACL1) 
( Fig. 3 ). This reaction requires thiamine-pyrophosphate 
(TPP) and Mg 2+  as cofactors and is optimal around pH 
7.5–8.0 and in the presence of albumin. HACL1 is a tetra-
meric protein, composed of 60 kDa subunits ending in a 

 2  The nomenclature of acyl-CoA synthetases has been revised consid-
erably during the last years; symbols according to current guidelines 
( 31,32 ). ACSL stands for acyl-CoA synthetase long-chain.

 3  The approved gene symbol for this enzyme is  SLC27A2 . In this pa-
per, the acyl-CoA synthetase designation proposed by Watkins ( 34 ) is 
followed for the members of the SLC27A family, ACSVL standing for 
acyl-CoA synthetase VLC. This provides more consistency with the 
ACSL symbols used. Moreover, recent data indicate that these proteins 
do not act as transporters as suggested by their current gene symbol, 
but enhance transport by transforming FAs into CoA-esters ( 35,36 ).

 4  At physiological pH, formyl-CoA has a limited stability and might 
chemically decompose ( 48 ).
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stantia nigra in humans ( 55 ). When MDCK cells were 
supplied with [1- 14 C]dolichoic acid, labeled formate was 
produced, supporting an  � -oxidative mechanism, although 
apparently not operational in HepG2 cells ( 56 ). 

 Investigation of the substrate specifi city of HACL1 re-
vealed that peroxisomes are involved in the degradation of 
2OH-FA as documented for long-chain 2-hydroxyocta-
decanoic acid (2OH-C 18:0 ) ( 19 ) and VLC cerebronic 
acid (2OH-C 24:0 ) (M. Sniekers, M. Casteels, and P.P. Van 
Veldhoven, unpublished observations). In contrast to phy-
tanic acid, 2OH-FA are endobiotics, rather abundantly 
present in cerebrosides and sulfatides of brain and kidney 
and ceramides of skin. They were postulated to play a role in 
myelin formation and stability. This seems to be confi rmed 
by recent fi ndings in mice ( 57 ) and patients ( 58 ) lacking 
FA  � -hydroxylase (FA2H), an ER enzyme responsible for 
the formation of 2OH-FA. These patients suffer from spas-
tic paraparesis and dystonia caused by degeneration of the 
white matter (leukodystrophy). 

 Given extracellularly, the majority of 2OH-FA appear to 
be degraded, with few molecules being incorporated into 
structural lipids ( 19, 59, 60 ). The steps involved in the 
degradation of 2OH-FA are an activation, uptake of the 

 Substrates for  � -oxidation 
 Although not documented completely, other 3-methyl 

(isoprenoid) FAs, or indirectly their alcohol/aldehyde 
precursors, are postulated to use the above described 
 � -oxidation pathway. In fact, this was proven for synthetic 
phytanic acid analogs like 3-methylhexadecanoic acid 
( 30 ), 3,14,14-trimethylpentadecanoic acid ( 49 ), and the 
shorter 3,6-dimethyloctanoic acid ( 50 ). Notably, various 
PET-tracers for myocardial imaging ( 51 ) are 3-methyl-
branched FAs 5  and are, although slowly, metabolized. 
Further candidates include metabolites of farnesol, gera-
nylgeraniol, and dolichols. Similarly to the phytol to 
phytenic/phytanic acid conversion (see “Auxiliary en-
zymes and proteins related to  � -oxidation”), farnesol and 
geranylgeraniol can be oxidized to 2-enoic/2,3-dihydro 
acids in mammalian cells ( 52, 53 ). Attempts to study the 
degradation of dolichols are rather limited, although the 
presence of dolichoic acid was documented several years 
ago in bovine thyroid ( 54 ) and more recently in the sub-

  Fig.   3.  Peroxisomal  � -oxidation. At the left side, the revised  � -oxidation pathway for phytanic acid is shown. Both phytanic acid and its 
precursor, phytol, are dietary lipids (magenta dashed arrows). At the right side, the degradation of 2-hydroxy FAs is depicted. 2-Hydroxy 
FAs are derived from the diet (magenta dashed arrow), formed by lysosomal breakdown of sphingolipids (green dashed arrow), or gener-
ated by hydroxylation of FAs in the ER by FA2H (dashed black arrow). The contribution of the latter step seems to be small, and the formed 
2OH-FA, after activation, is mainly used for the N-acylation of sphingoid bases resulting in the formation of ceramide species containing 
2OH-FA, which are incorporated in sphingolipids. In blue, peroxisomal enzymes/reactions.   

 5  15-p-[ 123 I]iodophenyl-3(R,S)-methylpentadecanoic acid (3MIPP) is 
an approved radiotracer for clinical use.
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be a nonspecifi c effect of SCP2, well known for its lipid 
binding properties ( 66 ). The ligand binding cavity of SCP2 
can accommodate multiple lipids, including long-chain 
acyl-CoAs, which are high affi nity ligands. Affi nity of SCP2 
for phytanoyl-CoA ( K  d  255 nM) is, however, higher than 
for other long-chain acyl-CoA-esters or for the acid ( 40 ). 
Hence, SCP2, which contains a PTS1 and is present in 
the peroxisomal matrix (but also in the cytosol), might be 
required for proper delivery of substrate to PHYH. In 
agreement with this idea, SCP2-defi cient mice fed a 
phytol-enriched diet develop a cardiac phenotype ( 67 ). 
However, in these mice, the thiolase required for the deg-
radation of pristanic acid (SCPx; see “3-Oxoacyl-CoA thio-
lases”) is also absent. On the other hand, a selective 
accumulation of phytanic acid, but not of pristanic acid, 
was found in the myocardial phospholipids and might be 
causative for the high rate of sudden cardiac arrest. 

 In mice, a peroxisomal acyl-CoA thioesterase (ACOT6) 
has been described with specifi city toward phytanoyl-CoA 
(and pristanoyl-CoA), with a high expression (based on 
mRNA level) in white adipose tissue, followed by kidney 
and brown adipose tissue ( 68 ). The  ACOT6  gene is present 
in humans, but expression seems restricted to testis. The 
physiological function of ACOT6 is unknown, and its CoA 
ester hydrolysis would be counterproductive with regard 
to degradation of phytanic acid (or pristanic acid) ( Fig. 
2 ). Westin et al. ( 68 ) speculate that hydrolysis would medi-
ate exit of phytanic acid (or pristanic acid) from peroxi-
somes in case of limiting  � -oxidation (or  � -oxidation) 
capacity, thereby allowing their esterifi cation into triglyc-
erides or transport to a more catabolically active organ. At 
least for mice, this would be consistent with the rather se-
lective expression of ACOT6 in adipose tissue. 

 An extensive discussion about the import of cofactors 
for  � -oxidation does not seem justifi ed given the enigmatic 
permeability of the peroxisomal membrane described 
above (see “PEROXISOMAL MEMBRANE PROPERTIES”). 
Concerning 2-oxoglutarate, it was postulated that isoci-
trate dehydrogenase (IDH1), ending in a PTS1 and to 
some extent localized in peroxisomes, would provide this 
cosubstrate of PHYH. If so,  � -oxidation would be depen-
dent on isocitrate, NADP + , and IDH1. Alternatively, based 
on liposomal reconstitution, the presence of a peroxi-
somal 2-oxoglutarate/isocitrate transporter was suggested 
( 16 ). On the other hand, given the properties and exclu-
sion limit of the pore forming PMXP2 ( 14 ), the matrix 
concentration of these small cofactors will refl ect the cyto-
plasmic concentration and carriers are not crucial. 

 Isolated peroxisomes contain a pool of TPP, most likely 
bound to HACL1 ( 69 ). This cofactor appears to be im-
ported together with HACL1 and hence a specifi c trans-
porter is not required ((P. Fraccascia, M. Casteels, and 
P.P. Van Veldhoven, unpublished observations). 

 To what extent ATP, CoA, or acyl-CoA transporters are 
involved in  � -oxidation depends largely on the locations of 
synthetases acting on phytanic/phytenic acid and 2OH-FA. 
This is a complicated issue, because the number of in-
volved acyl-CoA synthetases, their topology, and their con-
tribution are rather unclear. Substrate spectra can overlap, 

CoA-ester in peroxisomes (if not formed in the matrix), 
and cleavage by HACL1 into formyl-CoA and an (n-1) 
straight-chain aldehyde ( Fig. 3 ). The latter, similarly to 
pristanal, is oxidized to a (n-1) FA. Activation of 2OH-FA 
can be catalyzed by different acyl-CoA synthetases (M. 
Sniekers, M. Casteels, and P.P. Van Veldhoven, unpublished 
observations), such as ACSL6, ACSVL1, and ACSVL4. 
2OH-FA formed by lysosomal hydrolysis of sphingolipids 
likely will undergo the same degradative route, whereas 
hydroxylation of FAs by FA2H and incorporation into 
sphingolipids are thought to be well-connected processes 
without release of the intermediary 2OH-FA ( 61 ) ( Fig. 3 ). 

 An alternative pathway for degradation of 2OH-FAs is 
their oxidation to 2-oxo-FAs by HAO2, a peroxisomal long-
chain L-hydroxyacid oxidase. HAO2 prefers medium-
chain 2OH-FA, but to be recognized, these must possess 
the L-confi guration, and HAO2 has a limited tissue distri-
bution (mainly kidney). Studies with thiamine depleted 
cells/animals and the use of thiamine antagonists 6  indi-
cate that this probably constitutes a minor pathway and 
pinpoint HACL1 as the main player ( 59 ). 

 The presence of straight-chain odd-numbered FAs 
(C 23:0 , C 25:0 ) in brain is well known. Older in vivo experi-
ments indicated that these are derived from one carbon 
longer FAs, with 2-OH FAs being an intermediate ( 62 ). 
This fi ts perfectly with the revised peroxisomal  � -oxidation 
pathway for 2OH-FA as depicted in  Fig. 3 . 

 Auxiliary enzymes and proteins related to  � -oxidation 
 As shown in  Fig. 2 , phytol can be converted to phytanic 

acid by mammals. Interestingly, this is a (partial) peroxi-
somal process ( 22 ) that differs from the conversion occur-
ring in ruminant bacteria. In mammals, phytol is oxidized 
to phytenal, followed by dehydrogenation to 2 E -phytenic 
acid. The latter is converted in ER or peroxisomes to a 
CoA-ester, which is reduced to phytanoyl-CoA by PECR, a 
peroxisomal long chain 2-enoyl-CoA reductase ( Fig. 2 ). 
Interestingly, one phytol isomer is preferred in mammals, 
resulting in formation of 2 E -phytenic acid and 2 E -
phytenoyl-CoA. The phytol/phytenic acid conversion is 
dependent on (microsomal) ALDH3A2 ( 63 ). Because 
ALDH3A2 generates a peroxisomal splice variant (see 
above), this process might take place in peroxisomes. 

 To what extent HSDL2, a member of the short-chain 
dehydrogenase/reductase family (hydroxysteroid dehy-
drogenase subfamily) present in peroxisomes ( 64 ), can 
contribute to phytol metabolism is not known. Its substrate 
has not yet been determined, but the presence of an SCP2 
domain is indicative of a role in lipid metabolism. Another 
member of this family, DHRS4 (originally named carbonyl 
reductase), is also reported to be a peroxisomal enzyme. It 
acts as a retinal reductase/retinol dehydrogenase ( 65 ), 
but activity toward phytol/phytenal has not been tested. 

 Another gene product that can modulate  � -oxidation is 
SCP2, which stimulates in vitro PHYH activity. This could 

 6  Based on similar experiments an alternative route for phytanic acid 
breakdown involving PHYH, hydrolysis and oxidation by HAO2 is con-
sidered to be minor or not existing.
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patients generally live longer than Zellweger patients, phy-
tanic acid elevations, which are age dependent, are easier 
to document. 

 PHYH defi ciency results in Refsum’s disease (OMIM 
#266500), an autosomal recessive disorder, also known as 
heredopathia atactica polyneuritiformis ( 28, 29 ). In af-
fected individuals, phytanic acid slowly accumulates in tis-
sue lipids, and levels in plasma, based on total lipid analysis, 
will increase to >200 µM, even up to 5 mM (controls <10 
µM). Other  � -oxidation substrates (see “Substrates for 
 � -oxidation”) also accumulate; e.g., dihydrogeranylgeranoic 
acid has been detected in urine and plasma of Refsum pa-
tients ( 78, 79 ). In late adulthood, the fi rst clinical symptoms 
appear, notably retinitis pigmentosa and night blindness. 
Anosmia is a constant feature, and peripheral neuropathy, 
cerebellar ataxia, and nerve deafness are common abnor-
malities in later life. If untreated (dietary restriction, plas-
mapheresis), cardiac arrhythmia can lead to death. A 
shortened metacarpal or metatarsal is present in some 
Refsum patients at birth. 

 About 20 mutations have now been described for PHYH. 
These can be grouped into several classes: mutations that 
affect the targeting (P 29 S), the active sites for binding Fe 2+  
and/or oxoglutarate (D 177 G, R 275 Q, R 275 W), the overall con-
formation (W 193 F, I 199 F, F 257 S), or those that result in trun-
cations, frame shift, and deletions ( 80, 81 ). In case the 
mutation affects the 2-oxoglutarate binding site (R 275 Q, 
R 275 W), the activity can be restored by the use of alternative 
2-oxoacids (chemical cosubstrate rescue), at least in vitro 
( 82 ). 

 In Refsum patients, the above-described  � -oxidation sal-
vage pathway (see “Auxiliary enzymes and proteins related 
to  � -oxidation”; supplementary Fig. II) has been docu-
mented ( 28 ). Based on the excretion of 3-MAA (and its 
immediate precursor, 2,6-dimethyloctanedioic acid), it is 
activated about 2-fold, but apparently this is not suffi cient 
to avoid pathology. Nevertheless, this pathway is of inter-
est, because it can be pharmacologically upregulated and 
could offer a therapeutic treatment for Refsum disease 
( 28 ). Currently, therapy is limited to dietary manipulation 
and plasmapheresis. 

 Genetic analysis showed that not all Refsum patients 
carry mutations in the  PHYH  gene (locus 10p13). Depend-
ing on the cohort of patients studied, about 20–50% ( 83, 
84 ) are due to defects at other loci. The fi rst of these to be 
established by family linkage studies involves chromosome 
6q22-24, which includes  PEX7 . In the affected family mem-
bers, impaired import of PHYH (and other PTS2 proteins) 
was indeed demonstrated, but apparently they display a 
milder phenotype than classical RCDP type 1 patients. In 
fact, one of the fi rst patients diagnosed by Refsum belongs 
to this group ( 85 ). Mutations in  PEX7  are present, but 
these allow for some residual functional activity ( 83 ). The 
other loci have not been mapped yet, but 1p32 ( SCP2 ), 
22q13.2 ( SLC25A17 ), and 3p24.3 ( HACL1 ) are likely can-
didates, and maybe 12q24.33 ( PXMP2 ). 

 For HACL1, no defi ciency has been described yet. Be-
cause not only phytanic acid but also 2OH-FA will accumu-
late, patients might present with a more severe phenotype 

often phytanic acid (and pristanic acid) is not included in 
specifi city studies, and modern tools like expression of 
tagged proteins can lead to wrong conclusions, because 
the localization of overexpressed synthetases differs from 
that of the endogenous protein ( 36 ). Various reports 
claimed that peroxisomal phytanoyl-CoA synthetase activ-
ity is facing the cytoplasm, and ACSL1 was thought to be 
responsible for this reaction ( 33 ). Lewin et al. ( 70 ), how-
ever, argued that ACSL4, based on the use of selective an-
tibodies, is the only long-chain acyl-CoA synthetase (ACSL 
type) present in (rat liver) peroxisomes. ACSL4 is periph-
erally associated with the mitochondrial-associated mem-
branes and the peroxisomal membrane. It likely faces the 
cytoplasm and prefers PUFA, but its activity toward phy-
tanic acid has not been tested. ACSVL1, associated mainly 
with ER but also with peroxisomes, can also act on phy-
tanic acid (in addition to pristanic acid and various other 
straight-chain FAs). Its catalytic site is oriented toward the 
matrix ( 37 ). Finally, in mouse skin fi broblasts, ACSVL5 
[FA transport protein (FATP) 4] is associated with multi-
ple organelles, including peroxisomes ( 71 ), but activity 
toward phytanic acid was neither reported nor disproved. 

 So, the best conclusion is that phytanic acid activation 
can occur on both sides of the peroxisomal membrane. 
For 2OH-FA, similar conclusions can be drawn. If it pro-
ceeds on the outside, the involvement of an ABC-trans-
porter (see “ABCD-transporters and  � -oxidation”) can be 
postulated. If activated within the matrix, CoA and ATP 
are obviously essential cofactors. CoA, although being 
present in peroxisomes ( 72 ), is not available for this reac-
tion, and a transporter is not known. SLC25A17, a mem-
ber of the mitochondrial solute transporters (better known 
as PMP34) is described as a peroxisomal ATP transporter 
( 73, 74 ). The phytol-induced pathology seen in  Slc25a17   � / �   
mice, with accumulation of phytanic and pristanic acid (E. 
Van Ael, M. Baes, and P.P. Van Veldhoven, unpublished 
observations), is at least consistent with an intra-peroxi-
somal need for ATP. 

 In addition to  � -oxidation, phytanic acid can be 
 � -oxidized via the cytochrome P450 dependent pathway. 
More specifi cally, different members of the CYP4 family 
can  � -hydroxylate phytanic acid in humans ( 75, 76 ) (sup-
plementary Fig. II). After further oxidation, breakdown of 
the resulting  � -carboxyphytanic acid, starting now from 
the  � -carboxylgroup via  � -oxidation, will produce 3-meth-
yladipic acid (3-MAA) as the endproduct (supplementary 
Fig. II), which is excreted in the urine. Given the presence 
of a methylgroup in the  � -1 position of  � -carboxyphytanic 
acid, its shortening is postulated to be carried out by per-
oxisomes (see “Substrates for  � -oxidation”). 

 Human diseases linked to  � -oxidation 
 In PBDs in which both PTS1 and PTS2 import is im-

paired ( 1 ), the key enzymes of  � -oxidation, PHYH and 
HACL1, are mistargeted, resulting in the accumulation of 
phytanic acid ( 10 ). The mistargeted hydroxylase appears 
to be degraded in ZS samples, but the lyase remains partly 
active ( 77 ). In RCDP type-1, import of PHYH is affected 
due to mutations of PEX7 ( Table 1 ). Because RCDP type 1 
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50–100 µM). To what extent the mitochondrial problems 
contribute to the pathology of Refsum disease is not 
known. Intracellular levels of free phytanic acid are nor-
mally kept low by binding to fatty acid binding protein 
(FABP) and SCP2, both abundantly present (0.2–0.4 mM) 
( 93 ), and a large portion will be converted into phytanoyl-
CoA. Effects of phytanoyl-CoA on intra-mitochondrial pro-
cesses ( 94 ) are questionable, because the CoA-ester is not 
recognized by the carnitine-palmitoyl transferase/translo-
cation machinery ( 95 ). 

 Besides these toxic effects, phytanic acid (but also pris-
tanic acid and phytol) infl uences transcription by activat-
ing nuclear receptors RXR �  and PPAR �  and possibly 
PPAR �  ( 96 ). These receptors are not only important regu-
lators of lipoprotein and lipid metabolism but are also 
linked to carcinogenesis. 

  PEROXISOMAL  � -OXIDATION  

 Shortly after the description of a FA  � -oxidation path-
way in rat liver peroxisomes in 1976 ( 97 ), the presence of 
a similar system in human liver was established ( 98 ). The 
role of this  � -oxidation system was initially a controversial 
issue, partly because it was based on the use of palmitic or 
oleic acid, but slowly a specialized function emerged and 
a specifi c set of substrates were delineated. Based on bio-
chemical work in rodents and clinical data in patients, fol-
lowing substrates are shortened in peroxisomes, either 
by one (bile acid intermediates) or more cycles, such as 
VLCFA, pristanic acid, PUFA, eicosanoids, epoxy FAs, 
xenobiotics, and various  � -oxidized metabolites derived 
from saturated long-chain FAs, leukotrienes, PUFA, and 
likely phytanic acid. With regard to PUFA, peroxisomes 
not only degrade these compounds but are also involved 
in their formation (see “PUFAs”). Given the role of PUFA in 
brain-related processes such as memory and behavior in 
humans, this particular peroxisomal function seems to be 
undervalued. As a common property, substrates for per-
oxisomal  � -oxidation play no signifi cant role in energy 
production. Often, these compounds are poor or no 
substrates for the mitochondrial carnitine palmitoyltrans-
ferase ( 99, 100 ), which is controlling the entry of long-
chain FAs into mitochondria. Furthermore, the presence 
of a methyl branch at the second carbon relative to 
the carboxy-thio CoA-ester will determine by which 
 � -oxidation enzymes the particular compound will be 
degraded ( 27, 101 ). 

 Enzymology of peroxisomal  � -oxidation 
 The four basic  � -oxidation steps for an acyl-CoA ester, 

desaturation, hydration of the formed 2 E -enoyl-CoA, de-
hydrogenation of 3-hydroxyacyl-CoA, and thiolytic cleav-
age of 3-oxoacyl-CoA, are catalyzed by three enzymes in 
human peroxisomes: an acyl-CoA oxidase, a multifunc-
tional protein (or multifunctional enzyme), and a thiolase 
(  Fig. 4  ). 

 Acyl-CoA oxidases.   In the desaturation step, three acyl-
CoA oxidases have been well characterized, differing in 

than in Refsum disease. Given TPP is a cofactor for HACL1, 
thiamine (vitamin B1) supply was postulated to modulate 
 � -oxidation. Indeed, breakdown of 3-methylbranched FAs 
and 2OH-FA are impaired in cells cultured in presence of 
thiamine antagonists or in hepatocytes of oxythiamine-
treated rats ( 59 ). Furthermore, in thiamine responsive 
megaloblastic anemia (OMIM #249270), a disease caused 
by mutations in  SLC19A2  coding for a thiamine plasma 
membrane importer,  � -oxidation is more sensitive to 
thiamine depletion ( 59 ). This raises the possibility that 
 � -oxidation is affected when dietary thiamine is restricted, 
such as in beri-beri and Wernicke-Korsakoff syndrome. 
Thiamine defi ency combined with phytol or phytanic acid 
supplementation is even toxic to rats ( 59 ). So far, the ef-
fects of thiamine defi ciency were only linked to energy 
processes, never to (brain) lipid abnormalities. 

 Accumulation of phytanic acid not only is seen in Ref-
sum disease (and PBDs) but is in fact found in all diseases 
in which the breakdown of its metabolite, pristanic acid, is 
reduced, most likely due to product inhibition or competi-
tion (see “PEROXISOMAL  � -OXIDATION”). In some of 
these patients, clinical symptoms typical for Refsum dis-
ease were reported, such as sensory motor neuropathy and 
adult onset retinitis pigmentosa in patients with 2-methyl-
acyl-CoA racemase defi ciency ( 86 ) (see “Diseases linked to 
 � -oxidation”), likely caused by the accumulation of pris-
tanic acid. On the other hand, such symptoms are not due 
per se to phytanic acid accumulation. A Refsum-like disor-
der has been described, linked to 20p11.21-q12, in which 
phytanic and pristanic acid levels are normal ( 87 ). 

 Cellular and molecular pathology of phytanic acid 
 Toxicity of phytanic acid was initially explained by struc-

tural homology to other isoprenoids (farnesol, tocopher-
ols), especially to retinoic acid, given the retinopathy. 
Hence, it could interfere with isoprenoid metabolism and 
protein prenylation, but few supportive data exist. Another 
factor is the disturbance of the bilayer packing upon in-
corporation of phytanic acid in phospholipids, causing 
changes in proton permeability and likely affecting phos-
pholipid signaling. Phytanic acid accumulation in the pe-
ripheral nerves is more pronounced than in the central 
nerves; phosphatidylcholine of the sciatic nerve of a 57-
year-old female Refsum patient was reported to contain 
24% phytanic acid ( 88 ). This could underlie the periph-
eral neuropathy and demyelinisation of the peripheral 
nerves in Refsum disease. 

 More recently, mitochondria are proposed as the main 
target of phytanic acid. Some cell types (ciliary ganglion 
cells, hippocampal astrocytes) ( 89 ) do not tolerate well 
phytanic acid, and in mice lacking PHYH, loss of Purkinje 
cells and spermatogonia was seen after phytol supplemen-
tation ( 90 ). In cultured astrocytes, phytanic acid would 
uncouple complex I, resulting in reactive oxygen species 
production, cytosolic calcium release, and apoptosis ( 89, 
91, 92 ); in human skin fi broblasts, a protonophoric action 
of phytanic acid was documented. Some of the cellular 
fi ndings can be mimicked with isolated mitochondria ex-
posed to phytanic acid (rather high concentrations of 
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oxidase) can only desaturate straight-chain substrates 8  and 
is expressed in most tissues. In vitro highest activity is seen 
with medium-chain acyl-CoAs, and modifi cations at the 
 � -end of the alkyl-chain are tolerated (CoA-esters of dicar-
boxylic acid, xenobiotics, prostaglandins). Due to a splicing 
event, the  ACOX1  gene encodes two isoforms (a or I and b 
or II), differing in only a few amino acids encoded by two 
alternatively used exons. Although this splicing is pre-
served in mammals and even in lower vertebrates such as 

substrate spectrum, properties, and tissue distribution 7 . In 
an FAD-dependent manner, they introduce a 2- trans  bond 
in the acyl-CoA ester; reoxidation of the produced FADH 2  
requires molecular oxygen, resulting in the production of 
H 2 O 2  ( Fig. 4 ). ACOX1 (previously named palmitoyl-CoA 

  Fig.   4.  Overview of peroxisomal  � -oxidation reactions. The basic steps of the peroxisomal  � -oxidation se-
quence are shown. Depending on the chain length, substituents, especially the presence of a 2-methyl group, 
and structure of the acyl-chain of the CoA esters, the involved enzymes will differ. The shortened acyl-CoA 
can reenter the  � -oxidation cycle or undergo other conversions. For the infl uence of the 2-methyl group 
confi guration, see also  Figure 5 .   

 7  Initially, these enzymes were named according their (assumed spe-
cifi c) substrate(s), however this created substantial confusion since 
these appear to differ between species. In concert with HUGO, a more 
systematic nomenclature was introduced, based on ACOX as acronym 
followed by a number.  8  Defi ned as having no methyl group in the fi rst 3 carbon atoms.
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one discovered, multifunctional protein 1 (MFP1) 9 , (multi-
functional enzyme type 1, originally called bifunctional 
protein) catalyzes the hydration of 2 E -enoyl-CoA into 3 S -
hydroxyacyl-CoA (3-L-hydroxyacyl-CoA) and dehydroge-
nation of 3 S -hydroxyacyl-CoA ( Fig. 4 ) but also displays 
 � 3, � 2-enoyl-CoA isomerase activity. When given 2 Z -enoyl-
CoA, 3 R -hydroxyacyl-CoAs are formed. MFP1 can act on 
2-methyl-2 E -enoyl-CoA, but the formed 3 S -hydroxy-2 S -
methylacyl-CoA is not a substrate for its dehydrogenase do-
main ( Figs. 4, 5 ). The second discovered multifunctional 
protein, MFP2 10  (D-bifunctional protein; multifunctional 
enzyme type II) transforms 2 E -enoyl-CoA into 3 R -hydroxy-
acyl-CoA (3-D-hydroxyacyl-CoA) and dehydrogenates this 
product (hence, referred to as D-specifi c multifunctional 
enzyme). In case of a 2-methylbranch, the formed 3 R - 
hydroxy-2 S -methyl stereoisomer is recognized by the 
dehydrogenase domain ( Figs. 4, 5 ). The described stereose-
lectivities of MFP1 and MFP2 are maintained in the reversed 
reactions. Based on these facts, both MFP1 and MFP2 can act 
on straight-chain compounds (MFP1 with a preference for 
shorter chain substrates in vitro), whereas MFP2 is involved 
in the degradation of compounds containing a 2-methyl-
branch such as pristanic acid and bile acid intermediates. 

 Although both MFPs have a subunit size of about 80 kDa, 
the different stereospecifi city suggests already that MFP1 
and MFP2 are not homologous. Indeed, their primary 
structure and domain organization are quite different. 
MFP1 has an N-terminal 2-enoyl-CoA hydratase domain 
(amino acids 1–190), which also harbors the enoyl-CoA 
isomerase activity. Active sites are two acidic amino acids 
(E 104  and E 124 ). Via a stretch of about 90 amino acids, the 
hydratase domain is linked to the dehydrogenase domain. 
The latter one consists of two subdomains, one (amino ac-
ids 281–474) containing a Rossman fold binding the dinu-
cleotide with a G 304 XGXXG motif, the other one (amino 
acids 480–583) displaying homology to the dimerization 
domain of mitochondrial acyl-CoA dehydrogenases. The 
last domain carries the PTS1 and might be involved in pro-
tein folding and stabilizing the two active domains ( 111 ). 

 N terminally, (human) MFP2 contains a short-chain 
alcohol dehydrogenase domain (amino acids 1–254) 
with a Rossmann fold for binding the NAD(H)-cofactor 
(G 16 XXXGXG) and a conserved catalytic tetrad (D 39 -S 151 -
Y 164 -K 168 ), whereby Y 164  is the catalytic site. Centrally, one 
fi nds an enoyl-CoA hydratase domain (amino acids 336–
603), with E 366  and D 510  being involved in the catalysis. 
At the C terminus, a SCP2-like domain (amino acids 
612–731) is present ending in a PTS1 ( 112 ). 

 Unlike monomeric MFP1, MFP2 is a dimeric protein, 
which is partly processed after import by TYSND1 ( 109 ) 

fi sh ( 102 ), the role of the isoforms is not entirely clear; tis-
sue distribution and substrate spectrum were reported to 
be very similar. Recent in vitro data indicate that only (hu-
man) isoform b can desaturate VLC acyl-CoAs ( 103 ). This 
would fi t with the crystal structure of (rat) ACOXIb reveal-
ing a hydrophobic crevice that can bind fatty acyl chains of 
up to 23 carbon atoms ( 104 ). 

 ACOX2 (originally named trihydroxycholestanoyl-CoA 
oxidase in rodents and branched-chain acyl-CoA oxidase 
in humans) acts on 2-methylacyl-CoAs and in humans takes 
care of cholestanoyl-CoA and pristanoyl-CoA. Additionally, 
it can also desaturate straight-chain acyl-CoAs. In humans, 
in contrast to rodents, ACOX2 is ubiquitously expressed. 
Recognition of 2-methyl-acyl-CoAs by ACOX2 is stereo- 
specifi c, because only 2 S -methylacyl-CoAs (or 25 S  for the 
CoA-esters of bile acid intermediates) are desaturated. As a 
consequence, an extra enzyme is required to degrade 2 R -
methylacyl-CoAs (  Fig. 5  ). A third oxidase, ACOX3 (origi-
nally named pristanoyl-CoA oxidase), is highly expressed 
in rat liver but apparently not so in humans and mice. This 
oxidase recognizes different acyl-CoAs, with or without a 
2-methyl branch, but a bulky or constrained group at the 
 � -end is not tolerated ( 105 ). ACOX3, similar to ACOX2, 
recognizes the 2 S -methyl confi guration ( 106 ). Although 
no convincing evidence has been reported in human sam-
ples for ACOX3 at the protein level, the  ACOX3  gene 
clearly is actively transcribed in humans and modulation of 
mRNA levels have been described (e.g. in prostate cancer) 
( 107 ) (see “Perspectives”). Finally, databases suggest the 
presence of a fourth ACOX in mammals, ACOX4 (or 
ACOXL), which is most similar to ACOX3, with a lung-
specifi c expression. In humans,  ACOX4  mRNA, however, 
encodes a truncated, likely inactive protein (P.P. Van 
Veldhoven and E. De Schryver, unpublished observations). 

 Mammalian ACOXs display a high degree of amino 
acid similarity and belong to the superfamily of acyl-CoA 
dehydrogenases/acyl-CoA oxidases ( 108 ). In mammals, all 
ACOXs have a subunit of about 75 kDa (calculated) and 
employ FAD as cofactor, the latter being stably (ACOX1) 
or loosely (ACOX2) bound. ACOX1 and ACOX2 are di-
meric and rat ACOX3 is octameric. A conserved glutamate 
(around amino acid 420–430) constitutes the catalytic site 
involved in the  � -proton abstraction from the substrate 
whereby the  � -hydride is transferred to the enzyme-bound 
FAD. A FAD binding motif (CGGHGY) is situated in front 
of this glutamate. Near the N terminal, a conserved stretch 
of six amino acids (K-W/F-W-I/V/P-G-G/N/D) is present, 
proposed as an ACOX motif. 

 After import, ACOX1 is proteolytically processed into the 
so-called B (50 kDa) and C (20 kDa) subunits that remain 
together as a heterodimer; the cleavage occurs with both 
isoforms and is catalyzed by the peroxisomal TYSND1 pro-
tease ( 109 ). The other oxidases are not cleaved. To mea-
sure the different ACOX enzymes, selective assays and/or 
substrates are required ( 110 ), but so far only ACOX1 defi -
ciencies have been diagnosed (see “ACOX1 defi ciency”). 

 2-Enoyl-CoA hydratases and 3-hydroxyacyl-CoA dehydroge-
nases.   Regarding the multifunctional proteins, the fi rst 

 9  The gene acronym is  EHHADH  (enoyl-CoA hydratase/3-hydroxy-
acyl-CoA dehydrogenase).

 10  The offi cial gene acronym  HSD17B4  (17-hydroxysteroid dehydro-
genase type IV) refers to a postulated role in steroid metabolism. 
Although a low activity is seen in vitro with 17 � -estradiol, the MFP2-
defi ciency phenotype points to a major role of the gene product in 
 � -oxidation, and not in sterol dehydrogenation.
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  Fig.   5.  Formation of bile acids and stereochemistry of the involved enzymes. Shown at the top, starting 
from cholesterol through different steps (multiple arrows), mainly 25 R -bile acid intermediates (e.g., tri-
hydroxycholestanoic acid) are formed in humans due to the stereospecifi c reaction of 27-hydroxylase 
(CYP27A1). After activation in the ER, the CoA-ester is transported into peroxisomes and undergoes a chiral 
inversion to a 25 S -isomer, which is desaturated by ACOX2. The enoyl-CoA hydratase and 3-hydroxyacyl-CoA 
dehydrogenase domains of MFP1 and MFP2 can produce or act on only one of the four possible 24-hydroxy-
25-methyl-trihydroxycholestanoyl-CoA (also called varanoyl-CoA) stereoisomers. In contrast to the physio-
logical pathway via MFP2 (with 24 R -hydroxy-25 R -methyl-cholestanoyl-CoA as intermediate), cholanoyl-CoA 
formation via MFP1 requires the assistance of racemase. A similar reasoning can be applied to pristanic acid 
(3 R -hydroxy-2 R -methyl-pristanoyl-CoA as the normal intermediate). The conversion of the 24 R ,25 R -inter-
mediate into 24 Z -cholestenoyl-CoA, apparently a dead end product, via AMACR followed by a dehydratation 
by MFP1, has only been demonstrated in vitro. Shown at the left side, the  � -oxidized and activated product 
of the brain-derived cerebrosterol (24 S -OH-cholesterol), given the 24 S -hydroxy confi guration, might be con-
verted to primary bile acids via MFP1. Enzymes depicted in blue are peroxisomal.   
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 � -hydroxylation/oxidation by sterol 27-hydroxylase 
(CYP27A1), into 3 � ,7 � ,12 � -trihydroxy-25 R -cholestanoic 
acid (THCA) or 3 � ,7 � -dihydroxy-25 R -cholestanoic acid 
(DHCA). After activation, at the level of the ER, the 
CoA-ester is transported to and into peroxisomes ( Fig. 5 ). 
The  R -confi guration of the methyl branch at carbon 25 
( � -positioned with regard to the 26-carboxy group) has to be 
converted to 25 S  before the CoA-ester can be desaturated 
by ACOX2. The racemisation of the methylgroup, which 
can proceed in both directions, is catalyzed by 2-methyl-
acyl-CoA racemase [ � -methylacyl-CoA racemase (AMACR)] 
( 117 ). Pristanic acid (formed from 3 R /S-phytanic acid) is 
racemic at position 2, while the 6- and 12-methyl groups 
possess an  R -confi guration. To get rid of 2 R -pristanic acid 
here, racemisation at the level of the CoA-ester is needed 
and catalyzed by the same racemase ( Fig. 5 ; supplemen-
tary Fig. I). AMACR is a monomeric protein of 43 kDa, 
present both in peroxisomes and mitochondria. This bi-
modal distribution, seen in all mammals investigated, is 
controlled by two targeting sequences, PTS1 at the C-end 
and a mitochondrial targeting sequence at the N terminal. 
Mitochondrial acyl-CoA dehydrogenases, similar to acyl-
CoA oxidases, are stereospecifi c 13 , and mitochondrial 
AMACR can help to form the proper isomer of short-chain 
2-methylbranched acyl-CoA (see “Pristanic acid”). Appar-
ently, no cofactor or cosubstrate is needed for the AMACR 
reaction, which proceeds via deprotonation and reproto-
nation of the  � -carbon (and an enol/keto tautomerisation 
of the  � -carbanion). Thioesterifi cation of the substrate 
thereby serves to increase the acidity of the  � -carbon hy-
drogen. Based on the crystal structure of AMACR from 
 Mycobacterium  ( 118 ), amino acids R 87 , H 122 , D 123 , D 152 , and 
E 237  of human AMACR are important for catalysis. The 
histidine base (H 122 ) would abstract a proton from the 
 � -carbon of the substrate in the keto-form and the acidic 
aspartate (D 152 ) would donate a proton to the enolic form 
of the bound substrate. 

 The in vitro fi nding that AMACR acts on 3-hydroxy-2-
methyl-acyl-CoAs (e.g., 24 S ,25S-varanoyl-CoA into the 
24 S ,25 R -stereoisomer), although with a low effi ciency 
compared with acyl-CoA esters with no 3-hydroxy group 
( 119 ), suggests that there might be a salvage pathway 
by which 2-methylbranched substrates can be  � -oxidized 
without the involvement of MFP2 but by a sequence of 
hydration by MFP1, racemisation by AMACR, and dehy-
drogenation by MFP1 ( Fig. 5 ). 

 Although outside the scope of this review, it is of interest 
to note that AMACR controls the action of certain pain 
relievers (Ibuprofen, Nurofen, Advil, Nuprin). These 
2-arylpropionates, an important subclass of nonsteroidal 
antiinfl ammatory agents, can indeed be considered as 
2-methylbranched FAs. Moreover, only the 2S-isomer is 
pharmacologically active, but generally the formulation is 
racemic given the observed epimerisation upon intake. 
The actual process consists of an activation, followed by 

into two dimers corresponding to the dehydrogenase 
(subunit size of 35 kDa) hydratase plus SCP2-like domains 
(subunit size of 45 kDa), respectively. Both separate do-
mains are active. The extent of cleavage differs between 
tissues and species, but processing is not required for activ-
ity and MFP2 is active in the absence of peroxisomes. 

 Regarding the tissue distribution, MFP1 is most abun-
dant in liver and kidney. For MFP2, the highest mRNA lev-
els are found in liver, heart, hippocampus, prostate, and 
testis of humans (for an extensive review on MFP2, see 
112). So far, only MFP2 defi ciency has been reported in 
humans (see “MFP2 defi ciency”). 

 3-Oxoacyl-CoA thiolases.   The thiolytic cleavage is done 
by either acetyl-CoA acyltransferase (peroxisomal 3-oxo-
acyl-CoA thiolase; ACAA1) 11  or by SCP X (SCPx) ( Fig. 4 ). 
The latter, a fusion of a thiolase domain and a C terminally 
SCP2 domain, is derived from the largest transcript of the 
 SCP2  gene; a smaller transcript, with an independently 
regulated more distal promotor, encodes SCP2. Due to 
splicing, even more transcripts can be formed, and both 
SCPx and SCP2 can undergo post-translational processing 
( 113 ). For SCPx, the proteolysis takes place within the per-
oxisomal matrix (and for SCP2 at least to some extent). Of 
the two thiolases present, only SCPx catalyzes the cleavage 
of 3-oxo-2-methylacyl-CoA ( 114 ). Hence, SCPx is required 
to degrade bile acid intermediates and pristanic acid, and 
during the cleavage reaction of these substrates, propionyl-
CoA is produced. 

 All enzymes described above, except ACAA1, contain a 
PTS1. The N-terminal PTS2 of ACAA1 (41 kDa) is cleaved 
off by TYSND1 after import. In its mature form, this thio-
lase is a dimeric protein of 40 kDa subunits and is found in 
most tissues. Important catalytic residues 12  are C 123 , H 377 , 
and C 408 ; C 123  is positioned close to the 3-oxo-group of the 
substrate to form an intermediate. 

 Isolated SCPx is dimeric, being either homo- or hetero-
meric combinations of 58 and 46 kDa subunits. The pro-
cessed 46 kDa subunit lacks the SCP2 domain, but all three 
forms are active. A conserved cysteine (C 94  of human 
SCPx) is proposed as catalytic site. The protein is most 
abundant in liver, colon, adrenal, and kidney. In adult 
mice, there is a striking sexual difference in the amount of 
hepatic SCPx (10-fold less in females) ( 115, 116 ). It is not 
known whether a similar gender effect is present in hu-
mans. Regarding disorders related to peroxisomal thio-
lases, so far only SCPx defi ciency has been reported (see 
“SCPX defi ciency”). 

 2-Methylacyl-CoA racemase.   To degrade compounds 
containing a 2 R -methylbranch, e.g., bile acid intermedi-
ates and pristanic acid, the above described enzymes are 
not suffi cient and an extra enzyme is required. In humans, 
cholesterol is converted via the acidic pathway, involving 

 11  Contrary to rodents, which express two peroxisomal isoforms en-
coded by separate homologous genes, only one gene is present in man. 
Likely different proteins can be generated by splicing.

 12  Based on the full-length protein.
 13  The short-branched chain acyl-CoA dehydrogenase can act on 

2R-methylacyl-CoA but will form 2-alkylacrylyl-CoA.
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sis in the ER (PUFA-CoA), whereas others are exported to 
the bile (primary bile acids) or via blood and kidneys ex-
creted (  Fig. 6  ). 

 The acetyl- and propionyl-CoA units are transferred to 
the mitochondria as carnitine esters or can be released as 
free acids, which might also enter the mitochondria. The 
responsible enzymes are a peroxisomal carnitine acetyl-
CoA transferase, encoded by  CRAT , and an acetyl-CoA 
thioesterase 14  encoded by  ACOT8  (see 129 for a review on 
thioesterases and transferases). Via differential splicing, 
 CRAT  gives rise to two mRNAs coding for mitochondrial 
CRAT (70 kDa) and peroxisomal CRAT, both monomeric 
proteins. The latter lacks the mitochondrial targeting sig-
nal 15 . CRAT preferably acts on short-chain acyl-CoA (C 2 -
C 4 ) and is especially expressed in muscle and heart. 
ACOT8 (36 kDa monomeric protein) is considered a 
“broad range” thioesterase, expressed in most tissues and 
hydrolyzing short- (acetyl-CoA), medium-, and long-chain 
CoA-esters as well as esters of prostaglandins and bile ac-
ids. Recently, it was suggested that peroxisomally formed 
acetyl-CoA could be hydrolyzed in rodents by ACOT12, also 
known as the extra-mitochondrial acetyl-CoA thioesterase 
( 131 ). ACOT12 was indeed detected during a proteomic 
analysis of purifi ed kidney peroxisomes, confi rming older 
activity measurements. Whether its carboxy-end, KSVL, 
considered as a nonconsensus PTS1, is functional has not 
been established. Human ACOT12, expressed primarily in 
liver, ends, however, in VSTF, unlikely to be a targeting 
signal. Depending on the expression of the transferase 
and thioesterases, the acetate/acetyl-carnitine ratio will be 
tissue dependent ( 131 ). In rat hepatocytes, peroxisomal 
 � -oxidation of dicarboxylic ( 132 ) and PUFAs ( 133 ) pro-
duce mainly acetate. In heart, peroxisomal acetyl-CoA is 
claimed to be a source for mitochondrial malonyl-CoA 
( 134 ). 

 A third pathway for acetyl-CoA, whose physiological sig-
nifi cance seems underestimated, is elongation. Whereas 
data obtained with broken systems or organelles might be 
diffi cult to interpret, it is rather convincing that after intra-
venous injection of [1- 14 C]lignoceric acid in rats, label is 
recovered in the 1-C 16:1 /C 18:1 -alkenylgroup of the hepatic 
plasmalogens but not with [1- 14 C]palmitic acid ( 135 ). All 
peroxisomal  � -oxidation enzymes catalyze the reversed re-
actions, except for ACOXs, but due to the presence of a 
2-enoyl-CoA reductase (PECR) (see also “Auxiliary en-
zymes and proteins related to  � -oxidation” and  Fig. 2 ), it is 
indeed possible to create an elongation pathway. Based on 
its optimal substrate ( 136 ), elongation would start from 
octanoyl-CoA. In isolated peroxisomes, dodecanoyl-CoA 
was reported to be the best primer for FA elongation 
( 137 ). 

 Regardless of which path prevails, all three assure that 
CoA remains in the peroxisomal compartment (see  Fig. 

chiral inversion of the CoA-ester, and hydrolysis. The re-
sponsible enzyme was called 2-arylpropionyl-CoA epi-
merase ( 120 ); however, it is identical to AMACR. In which 
cell compartment 2-arylpropionates are racemiced in vivo, 
mitochondria or peroxisomes or both, is not known. 
Cholestatic liver disease has been seen after Ibuprofen 
overdose ( 121 ) and could be due to deregulation of per-
oxisomal bile acid  � -oxidation. The latter is manifestly 
seen in AMACR defi ciency (see “2-Methyl acyl-CoA race-
mase defi ciency”). 

 Enzyme complexes.   After the discovery of the enzymes 
acting on 2-methylbranched substrates, the idea emerged 
of separate  � -oxidation systems with substrate channeling, 
one for straight chain, another system for branched com-
pounds ( 122 ). This hypothesis was strongly supported by 
the fact that the enzymes not able to act on branched 
chains are induced severalfold in rodents by peroxisome 
proliferators, in contrast to other enzymes recognizing 
branched acyl-CoAs that are not or only modestly 
increased. As more single enzyme defi ciency patients 
were (correctly) diagnosed (see ” Diseases linked to 
 � -oxidation”) and more knockout mouse models became 
available ( 123, 124 ), a more complicated picture emerged. 
Whereas some substrates are selectively used, others can 
be employed by two or more enzymes, as discussed in the 
next section. Furthermore, given the tissue-dependent 
content and function of peroxisomes, some caution is war-
ranted when extrapolating from cellular studies on fi bro-
blasts or hepatocytes to other cells or to the situation in 
the intact organism. Whether or not the above-named en-
zymes are organized in larger units or complexes allowing 
substrate channeling is not well studied. Based on the abil-
ity to measure both intermediates and end products, en-
zymes acting on C 27 -bile acid intermediates (in rat) would 
not form a tight complex ( 125 ). Interestingly, by removing 
the 25-methylgroup (hence a straight-chain FA attached to 
a steroid nucleus), other (one or more) enzymes are in-
volved and only end products can be demonstrated. SCP2 
can associate with ACOX1, MFP1, and ACAA1 (the inter-
action with ACOX1 being the strongest) ( 126 ), and cata-
lase is reported to associate with MFP1 ( 127 ). Kurochkin 
et al. ( 109 ) speculate that the processing of  � -oxidation 
enzymes, notably ACOX1, MFP2, ACAA1, SCP2, and SCPx, 
by TYSND1 might provoke conformational changes facili-
tating such complex formation. 

 Substrates for  � -oxidation 
 In order of their discovery, physiological substrates for 

peroxisomal  � -oxidation include bile acid intermediates, 
VLCFA, dicarboxylic FAs, xenobiotics, epoxy-FAs, PUFA, 
prostaglandines, pristanic acid, leukotrienes, thrombox-
anes, VLC-PUFA, and dicarboxylic PUFA ( Fig. 4 ). Depend-
ing on their structure, these substrates can undergo one 
or more oxidation cycles. The fate of the shortened sub-
strates is diverse; some will be shuttled to mitochondria 
where they will undergo more cycles (pristanic acid me-
tabolites), a few might be intraperoxisomally converted 
(long-chain acyl-CoA) or be used for phospholipid synthe-

 14  For recent changes in nomenclature of ACOTs, see ( 128 ).
 15  The original description ( 130 ) of a peroxisomal specifi c mRNA in 

man is not supported by EST analysis. Instead an exon skipping mecha-
nism as operational in mice, is responsible.
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the cytosolic side of the ER, supposedly by ACSVL1 ( 140 ), 
which is mainly expressed in liver and kidney. The CoA-
ester is transported to and taken up by peroxisomes and 
transformed into choloyl-CoA with one  � -oxidation cycle 
( Fig. 6 ). In a similar way, DHCA is converted to cheno-
deoxycholoyl-CoA. Despite this important function, mice 
lacking ACSVL1 ( 141 ) display no obvious abnormalities, 
implicating additional enzymes acting on cholestanoic ac-
ids. ACSVL6, a liver-specifi c ER enzyme ( 140 ), has some 
activity toward THCA in vitro. The contribution of ACSVL6 
seems minor, however, given the normal levels of primary 
bile acids in knockout mice ( 142 ). The majority of these 
bile acids were unconjugated, confi rming primary bile ac-
ids as preferential substrates for ACSVL6. 

 The  � -oxidation enzymes needed are ACOX2, MFP2, 
and SCPx. Prior to desaturation by ACOX2, a chiral change 
of the 25 R -methylgroup by AMACR is needed ( Fig. 5 ). At 

6 ). This might be important, because hepatic peroxisomal 
 � -oxidation, in contrast to mitochondrial peroxisomal 
 � -oxidation, is diminished in rats kept on a pantothenate 
(a precursor of CoA)-defi cient diet ( 138 ). The shortened 
substrates also can be subjected to enzymatic conversions 
whereby CoA is released ( Fig. 6 ). In the subsequent sec-
tions, the degradation of some important substrates is de-
scribed in more detail. 

 Bile acid intermediates.   Primary bile acids are formed in 
liver from the longer bile acid intermediates with 27 car-
bons (cholestanoic acids) and excreted into bile as conju-
gated bile acids. The latter facilitate the effi cient excretion 
of lipophilic toxins/cholesterol and intestinal absorption 
of fat-soluble vitamins. Formation of C 24 -bile acids (cho-
lanic acids) is an exclusive peroxisomal process ( 139 ). 
THCA, derived from cholesterol ( Fig. 5 ), is activated at 

  Fig.   6.  Organization of peroxisomal  � -oxidation in relation to cellular metabolism. In this scheme, the subcellular origin of the major 
peroxisomal substrates (left side) and the fate of their degradation products (right side) are depicted. Due to the tissue-specifi c expression, 
not all depicted reactions will take place in peroxisomes of a particular cell type. The majority of substrates are activated in the ER (left 
side) and ABCD transporters, drawn in different colors, likely play a role in the uptake of the CoA-esters. Some FAs can be activated at the 
peroxisomal membrane or in the matrix, the required ATP entering via SLC25A17, but it is not known how these FAs cross the membrane. 
Depending on the presence of a 2-methyl group in the substrate, acetyl- or propionyl-CoA is produced (blue dashed arrows) that are nor-
mally shuttled to the mitochondria, as carnitine ester or free acid, but can be used for elongation (red dashed lines). The shortened sub-
strates are generally processed in such manner that CoA is formed intra-peroxisomally, apparently a common theme during  � -oxidation 
(green dashed arrows). This CoA can be reused by synthetases or thiolases or degraded by NUDT7. The  � -oxidation end products can leave 
the organelle by passive diffusion, via the PXMP2 pore, or if larger than the pore diameter, via transporters. For bile acid conjugates 
(433–515 Da), there is biochemical evidence for a transporter (pink circle). Small solutes such as those involved in the conjugation or 
transferase reactions (glycine, taurine, carnitine) likely enter peroxisomes via the PXMP2 pore.   
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were the major bile acids, and C 24 -bile acids were much 
lower than in MFP2 knockout samples ( 147 ). Because 
ACOX2 was also affected in the double knockout mice, no 
defi nitive conclusions can be drawn. 

 Pristanic acid.   As described in the section on  � -oxi-
dation (see “Enzymology of peroxisomal  � -oxidation”), 
pristanic acid can be generated from phytanic acid within 
peroxisomes ( Fig. 2 ). Given the localization and topology 
of ACSVL1 ( 37 ), this pristanic acid can be activated inside 
the organelle. On the other hand, pristanic acid derived 
from dietary sources or if partly formed outside peroxi-
somes, can be activated at different sites, followed by up-
take of the CoA-ester into peroxisomes (or by esterifi cation 
into glycerolipids at the ER). Recombinant ACSL1 can act 
on pristanic acid and might be responsible for the mito-
chondrial and ER activity ( 33 ). The latter can also be due 
to ACSVL1. Whether pristanic acid can be activated at the 
outside of the peroxisomal membrane, an enduring as-
sumption, is less clear. ACSL1 might not be present in rat 
liver peroxisomes ( 70 ), and ACSL4, peripherally associ-
ated with peroxisomes ( 70 ), has a more restricted spec-
trum for PUFAs, but pristanic acid has not been tested as 
substrate. How pristanoyl-CoA, formed in the cytosol, is 
taken up is not clear, but a transporter could be involved 
(see “ABCD-transporters and  � -oxidation”;  Fig. 6 ). 

 ACOX2, MFP2, and SCPx are required for the 
 � -degradation of pristanoyl-CoA. As shown in supplemen-
tary Fig. I, both 2 R  and 2 S -pristanoyl-CoA can be formed 
in human tissues. The 2 S -isomer can be directly desatu-
rated; the 2 R -isomer is fi rst converted to 2 S  by AMACR. 
The product of the fi rst cycle, 4 R ,8 R ,12-trimethyltride-
canoyl-CoA, undergoes a second cycle, but it has not been 
established whether the same set of enzymes is involved. 
Before the third cycle can start, AMACR is again needed to 
racemise 2 R ,6 R ,10-trimethylundecanoyl-CoA (supplemen-
tary  Fig. I ). The product of this cycle, 4 R ,8-dimethyl-
nonanoyl-CoA, is transported to mitochondria, likely as a 
carnitine ester (based on fi broblast studies). Peroxisomes 
do indeed contain an acyl-carnitine transferase (CROT), 
which displays activity on medium-chain acyl-CoAs, includ-
ing branched ones like 4,8-dimethylnonanoyl-CoA ( 148 ). 
The carnitine esters enter michondria via the classical 
carnitine/acylcarnitine carrier and are retroconverted to 
CoA-esters via carnitine palmitoyl-transferase 2. After one 
cycle, mitochondrial AMACR comes into play to racemize 
2 R ,6-dimethylheptanoyl-CoA, and  � -oxidation halts at the 
level of isobutyryl-CoA (supplementary Fig. I). Alterna-
tively, 4 R ,8-dimethylnonanoyl-CoA could leave the peroxi-
somal compartment as a free acid after hydrolysis by 
ACOT8 ( 149 ). As discussed above for acetyl/propionyl-
CoA, CoA is left behind in the peroxisomal matrix with 
either pathway. 

 As mentioned in the section on  � -oxidation,  � -oxidation 
is a salvage pathway for phytanic acid breakdown. The 
formed dicarboxy-compound is degraded from the  � -end, 
likely in a similar fashion as pristanic acid (supplementary 
 Fig. II) . Depending on the stereospecifi city of the involved 
 � -hydroxylase, the  � -1 methyl group will be  R  or  S . Hence, 

the end of one cycle, the formed primary bile acid CoA-
ester can be hydrolyzed or conjugated ( Fig. 6 ). The hydro-
lysis has not been studied in detail, but recombinant 
ACOT8, expressed in liver and other tissues, can act on 
choloyl-CoA ( 143 ). The exact subcellular localization of 
the bile acid conjugating enzyme(s) has been a matter of 
debate for some time: depending on the experimental ap-
proach and the species investigated, mainly cytosolic or 
partially peroxisomal and ER bound. In humans, both tau-
rine and glycine conjugation are carried out be one en-
zyme, bile acid-CoA:amino acid N-acyltransferase (BAAT), 
which ends in SQL, a less common PTS1-variant. Based on 
immunocytochemistry of human liver and expression of 
fusion proteins in hepatocytes, human BAAT is targeted to 
peroxisomes ( 144 ). Upon homogenization of liver, it is 
partly released from the organelles, explaining its pres-
ence in the cytosolic fraction. Apparently, its PTS1 has a 
weak affi nity for PEX5; upon expression in other cell types 
(fi broblasts, CHO) or upon coexpression in hepatocytes 
together with another protein with a strong PTS1, BAAT 
was predominantly cytosolic. Because BAAT is a liver-specifi c 
enzyme, the fi ndings in hepatocytes are physiologically rel-
evant and explain some discrepancies in the literature. On 
the other hand, if no conjugating activity is present in the 
cytoplasm, peroxisomes are imperative for the reconjuga-
tion of secondary bile acids (deoxycholic acid, lithocholic 
acid) that were deconjugated by the intestinal fl ora and 
reabsorbed in the ileum, reentering the liver via portal 
blood. Because secondary (and primary) bile acids are acti-
vated at the ER by ACSVL6 ( 140, 142, 145 ), the BAAT local-
ization indicates that peroxisomes are capable of taking up 
the secondary cholanoyl-CoA-esters. 

 Detailed analysis of the bile acid composition in patients 
and mice with MFP2 defi ciency revealed, as expected, the 
presence of C 27 -bile acids (24 E -cholestenoic acids and 
their 24-hydroxy metabolites). Cholanic acids, although 
reduced, were still present, suggesting an alternative, per-
haps upregulated, pathway. In addition to the 25-hydroxy-
lation pathway, two other scenarios can be described, both 
involving MFP1 ( Fig. 5 ):  1 ) 24 E -cholestenoyl-CoA can be 
hydrated by MFP1 to 24 S -hydroxy,25 S -cholestanoyl-CoA, 
which is converted by AMACR to the 24 S -hydroxy,25 R -
isomer, which is a substrate for the dehydrogenase of 
MFP1; or  2 ) 24 S -hydroxycholesterol (cerebrosterol), a cho-
lesterol metabolite excreted from the brain and converted 
into primary bile acids in humans ( 146 ), might enter the 
 � -oxidation as 24 S -hydroxy-cholestanoyl-CoA (likely 25 R ), 
an isomer that can be dehydrogenated by MFP1, not by 
MFP2. The bile acid content and composition of bile of 
adult MFP1-defi cient mice is, however, comparable to that 
of wild-type mice ( 147 ), indicative that cerebrosterol-
dependent bile acid formation is minor, in agreement 
with the low 27-hydroxylase activity on cerebrosterol in 
humans ( 137 ). In mice lacking both MFP1 and MFP2, 
the picture was different; hydroxylated cholestanoic acids 16  

 16  Position of the hydroxyl-group was not analyzed but presumably a 
mixture of different acids.
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CROT is absent, whereas ACOT4 is highly expressed. If 
these enzymes are low or not expressed,  � -oxidation will 
be more complete in such tissue (e.g., heart) ( 129 ). 

 However, one should keep in mind that the generated 
long- or medium-chain acyl-CoA esters can be used for 
anabolic pathways within peroxisomes. The fi rst one 
is elongation, mentioned earlier (see ” Substrates for 
 � -oxidation”). The NADPH-dependent peroxisomal 2-enoyl-
CoA reductase (PECR) controlling this pathway has a high 
expression in liver and kidney and has a proper substrate 
spectrum (C 6:1 - to C 16:1 -CoA, optimum with 2-decenoyl-
CoA) ( 136 ). Palmitoyl-CoA can be employed by peroxi-
somal glyceronephosphate O-acyltransferase to acylate 
dihydroxyacetone-phosphate to 1-acyl-dihydroxyacetone-
phosphate which can be transformed by alkylglycerone 
phosphate synthase (AGPS) into 1-alkyl-dihydroxyacetone-
phosphate, the obligate precursor of etherlipids/plasmal-
ogens. The long-chain alcohols used by AGPS are derived 
from long-chain acyl-CoAs (or aldehydes). Upon liver frac-
tionation, the NADPH-dependent acyl-CoA reductase 
activity has a bimodal distribution, peroxisomal and mi-
crosomal. Based on homology to a plant enzyme, two hu-
man acyl-CoA reductases, FAR1 and FAR2, were cloned 
( 154 ). The fi rst one prefers acyl-CoAs with (un)saturated 
FAs of 16–18 carbons; the second is selective for palmitoyl- 
and stearoyl-CoA. Though not presenting a defi ned PTS1, 
both murine reductases were partially localized to peroxi-
somes ( 154 ). Also, the human counterparts, which are 
mainly expressed in sebaceous glands and other tissues ac-
tive in etherlipid synthesis, do not end in a typical PTS1. 

 Finally, Reilly et al. ( 155 ) reported recently that VLC 
acyl-CoAs can be conjugated to taurine-esters in hepatic 
peroxisomes of mice. The responsible matrix enzyme, 
named acyl-CoA:amino acid N-acyltransferase (ACNAT1), 
has been cloned and is homologous to the bile acid conju-
gating enzyme BAAT. Whereas the mouse genome likely 
codes for a second related peroxisomal protein, ACNAT2, 
it is not clear whether one of these enzymes is expressed in 
humans. Likely, the murine  Acnat1  gene evolved into a 
 BAAT  pseudogene in humans. 

 PUFAs.   Polyenoic acids with 20–22 carbon atoms and 
3–6 double bonds (PUFA) are formed from essential FAs by 
elongation and reduction involving different desaturases 
(  Fig. 7  ). Due to absence of  � 4-desaturase in mammals, 
another route is required to form C 22:6n-3  from its C 22:5n-3  
precursor. This pathway consists of an elongation, a  � 6-
desaturation, and a single  � -oxidation cycle ( 156 ) ( Fig. 7 ). 
This partial shortening, also utilized in the formation of re-
lated PUFA (C 22:5n-6 , C 22:4n-9 ), is referred to as retroconver-
sion. Reduced DHA levels have been reported in Zellweger 
patients, especially in brain and retina, but also in liver, kid-
ney, and plasma ( 157 ). In  Pex5   � / �   mice, brain lipids also 
contain less DHA, but plasma levels are normal ( 158 ). 

 For the retroconversion, based on studies in human 
skin fi broblasts, the enzymes involved are predominantly 
ACOX1 and MFP2, and both SCPx and ACAA1 ( 159 ). This 
is partly confi rmed by mouse models. In  Acox1   � / �   mice, an 
accumulation of abnormal VLC-PUFA was observed in the 

the fi rst cycle of the  � -degradation of dicarboxyphytanic 
acid might be racemase dependent. 

 VLCFAs.   VLCFAs, either endogenously synthesized by 
elongation or from dietary sources, are solely degraded by 
peroxisomes. In general, the activation of VLCFA is as-
cribed to ER and peroxisomes. This is based on the initial 
studies on lignoceric acid (C 24:0 ) degradation performed 
in rat liver or human skin fi broblasts, but this does not rep-
resent the full picture. The rat liver lignoceroyl-CoA syn-
thetase ( 150 ) belongs to the SLC27A family, and, in fact, 
all six members of this family, which also includes FATPs, 
display synthetase activity toward C 24:0  but differ in tissue 
expression, substrate spectrum, and subcellular localiza-
tion ( 34 ). Furthermore, the brain-specifi c ACSBG1 (bub-
blegum, lipidosin) can activate VLCFAs ( 151 ), but ACSBG2, 
expressed in the brainstem and testis, is not active on C 24:0  
( 152 ). Hence, one cannot predict from in vitro or in situ 
data the role of these synthetases in an organism. Even 
the various currently available synthetase knockout mice 
do not offer proper answers with regard to peroxisomal 
VLCFA  � -oxidation. ACSVL1 is present in peroxisomes, 
oriented toward the matrix, and at the ER-membrane. 
Although VLCFA oxidation was reduced in liver of ACSVL1-
defi cient mice, plasma and tissue VLCFA levels were normal 
and no obvious phenotype was noticed ( 141 ). In brain, 
skin, and intestines of mice lacking ACSVL5 (FATP4), 
lignoceroyl-CoA synthetase activity was 8–10-fold lower 
( 153 ). Tissues in which ACSVL5 is not expressed (liver, 
lung) were not affected. The reduced activation in  Acsvl5   � / �   
murine skin fi broblasts affected the esterifi cation of C 24:0  
into structural lipids but also peroxisomal C 24:0  oxidation 
(both reduced by <50%) ( 71 ). In murine fi broblasts, 
ACSVL5 was shown to be associated with different intracel-
lular membranes, including peroxisomes. Peroxisomes 
are, however, devoid of ACSVL6, a liver-specifi c ER-associ-
ated enzyme involved in elongation and lipid synthesis. 

 After activation, the CoA-ester is taken up (see “ABCD-
transporters and  � -oxidation”) and desaturated. In hu-
mans, as evidenced by work with defi cient fi broblasts and 
the clinical abnormalities in patients, ACOX2, MFP2, and 
both ACAA1 and SCPx are involved in the degradation of 
VLCFA. Few data regarding the number of cycles have 
been reported, and likely during the shortening, other 
 � -oxidation enzymes with higher affi nity for shorter chain 
substrates (e.g., ACOX1, MFP1) might take over. Based on 
various facts, one assumes that degradation halts at the 
level of hexanoyl/octanoyl-CoA. These include the high 
 K m   of ACOX2 (and ACOX1) for short-chain acyl-CoAs, 
chain length of accumulating acyl-CoA intermediates in 
isolated peroxisomes given palmitate, estimated cycles for 
palmitate in rat hepatocytes, and the chain length specifi c-
ity of CROT. The latter converts the generated medium-
chain acyl-CoAs to carnitine-esters that can leave the 
peroxisomes and be degraded further in mitochondria. 
Another export route for medium-chain acyl-CoAs involves 
the action of thioesterases ACOT8 or ACOT4. The relative 
expression of CROT and ACOTs will infl uence the bal-
ance between these two exit routes. In adipose tissues, 
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sahexaenoyl-CoA ( 163 ) and to 2 trans ,7,10,13,16,19-docosa-
hexaenoyl-CoA by PECI. After one  � -oxidation cycle, the 
shortened product contains a 5- cis  bond and will follow the 
same path as arachidonoyl-CoA ( Fig. 7 ). In the absence of 
peroxisomes, shortening of (dietary) PUFA is impaired and 
uncontrolled elongation can take place. VLC-PUFA (up to 
C 38:6 ) were described previously in Zellweger brain and are 
incorporated into the  sn -1 position of phosphatidylcholine 
( 164 ). 

 Hence, regarding PUFA, peroxisomes have a dual func-
tion: synthesis and degradation. How the organelle regu-
lates these opposite processes is not clear. In vitro DECR2, 
or more correctly the content of its cofactor NADPH, con-
trols degradation. 

 Medium- and long-chain  � , � -dicarboxylic acids.   In condi-
tions of FA overload (diabetes, fatty liver disease) or intoxi-
cation by agents that block mitochondrial  � -oxidation 
(hypoglycin, valproate),  � -oxidized long-chain FAs are 
formed, mainly in liver and kidney. This process is initiated 
by CYP4 enzymes acting on the terminal methylgroup. In 
addition to long-chain FAs, various other carboxylates can 
be  � -hydroxylated, and depending on the chain length, 
substituents, and double bonds, different CYP4, belonging 
to the F and A subfamilies, are involved ( 165, 166 ). The 
 � -hydroxy-FAs are further oxidized to dicarboxylic acids, 
which are excreted with or without prior shortening via 

hepatic lipids (C 24-30  with fi ve and six double bonds), al-
though DHA levels were normal ( 160 ). Similarly, in mice 
lacking MPF2, lipid accumulation is observed in testis, cer-
ebellum, and retina, and abnormal very long PUFA were 
seen in the FA profi les of testis ( 161 ). This suggests that 
peroxisomes (via ACOX1 and MFP2) constitute a check-
point on the elongation during C 22:6  and C 22:5  synthesis; in 
their absence, an uncontrolled runaway process ensues. 

 Similar to degradation of saturated and monounsatu-
rated long-chain FAs, arachidonic acid (C 20:4 ) and DHA 
can be degraded by both peroxisomes and mitochondria. 
The relative contributions of the organelles are cell and 
species specifi c. In human and murine skin fi broblasts, it 
is a peroxisomal process whereby MFP2 plays a more im-
portant role than MFP1 ( 162 ). Due to the position of the 
double bonds in these PUFA, extra enzymes are required 
to proceed beyond the initial desaturation step. These in-
clude a peroxisomal 2,4-dienoyl-CoA reductase (DECR2), 
 � 3, � 2-enoyl-CoA isomerase (PECI), and  � 3,5, � 2,4-dienoyl-
CoA isomerase (ECH1) ( Fig. 7 ). Additionally, an enoyl-
CoA isomerase activity is associated with MFP1. This set of 
enzymes is suffi cient to degrade MUFAs or PUFAs with a 
 cis -bond at even or odd position or a  trans  bond at odd-
numbered carbons ( Fig. 7 ). 

 Considering DHA degradation, the CoA-ester is oxidized 
by ACOX1 to 2 trans ,4,7,10,13,16,19-docosaheptaenoyl-CoA, 
which is transformed by DECR2 to 3 cis ,7,10,13,16,19-doco-

  Fig.   7.  Formation and degradation of PUFA. Starting from the essential FAs oleic acid (not shown), linoleic acid (left), and linolenic acid 
(right), the various (n-9)-, (n-6)- and (n-3)-PUFA are formed in sequential steps (at the level of CoA-ester). The formation of 22:4(n-9) (not 
shown), 22:5(n-6), and 22:6(n-3) involves an elongation, a  � 6-desaturase, followed by one  � -oxidation cycle in the peroxisomes. In the 
middle, the degradation of FAs with a 5- cis  double bond (left) or a 4- cis  double bond (right), either MUFAs or PUFAs such as arachidonoyl-
CoA or DHA-CoA, is depicted. Enzymes/reactions in blue are associated with peroxisomes.    by guest, on June 14, 2012
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 � -oxidation. Depending on chain length and substituents, 
degradation can occur in mitochondria and/or peroxi-
somes. Long- and medium-chain dicarboxylic acids are acti-
vated in the ER and mainly degraded by peroxisomes. The 
responsible synthetase is not known. Recently,  � -oxidation 
of VLCFA was reported in human microsomes, with 
 � -hydroxylation being catalyzed by CYP4F2 and CYP4F3B 
( 167 ). Whether this pathway is operational in vivo is not 
known. The longest dicarboxylic saturated FAs reported in 
ZS patients are hexa- and pentadecanedioic acid in urine 
( 168 ) and octadecanedioyl-carnitine in plasma ( 169 ). 

 Based on studies with single enzyme-defi cient fi bro-
blasts, combined with clinical data ( 170 ), the enzymes de-
grading hexadecanedioic acid are ACOX1, both MFP1 
and MFP2, and SCPx (and maybe ACAA1). In mouse he-
patocytes, MFP1 contributes more than MFP2 ( 171 ). Based 
on the presence of ACOT8 and its activity on medium-
chain dicarboxylyl-CoA (glutaryl- to dodecanedioyl-CoA) 
( 172 ), long-chain dicarboxylyl-CoAs are thought to un-
dergo 2–4 cycles. The shortest product formed by isolated 
rat liver peroxisomes was adipate ( 173 ). The fact that 
mouse peroxisomes contain another thioesterase, ACOT4, 
which is highly specifi c for succinyl-CoA, suggests that deg-
radation can go even further. In humans, ACOT4 does 
not, however, display such specifi city and hydrolyzes a vari-
ety of other CoA-esters 17 . The shortened dicarboxylic acids 
are exported and excreted in the urine, with both even 
and odd numbers of atoms. 

 DHA and other PUFA can also undergo  � -oxidation. In 
this case, the transformation serves to generate bioactive 
compounds causing vasodilatation and activation of 
PPAR �  and - �  ( 175 ). These dicarboxy-PUFAs are exclu-
sively degraded by peroxisomes whereby MFP1 plays an 
important, but not essential, role ( 176 ). 

 Eicosanoids and docosanoids.   Eicosanoids are a group of 
biologically active compounds derived from (n-6) or (n-3) 
C 20 -FAs, with arachidonic acid as the major precursor. De-
pending on the enzymatic route followed, one distin-
guishes prostaglandins, prostacyclins, and thromboxanes 
(generated via cyclooxygenases; also called prostanoids), 
leukotrienes, lipoxins, and oxylipins (via lipoxygenases), 
and epoxy- and  � / � -1-hydroxy-derivatives (via cyt P450 ep-
oxygenases) (see also previous section) ( 177 ). Common to 
these compounds is their local synthesis, local action (para- 
or autocrine), short half-life, and minor plasma concentra-
tions (<1 nM). After attenuation, often by a hydroxylation 
or a reduction of a double bond ( 177 ), the inactivated ei-
cosanoids undergo further degradation, including  � - and/
or  � -oxidation, and are fi nally excreted. Based on analysis 
of the urinary metabolites in healthy individuals, these 
compounds undergo one to two  � -oxidation cycles. The 
following prostanoids have been shown to depend on per-
oxisomes for their shortening: PGF2 �  ( 178 ), 8-iso-PGF2 �  

( 179 ), and TB2 ( 180, 181 ). Also for epoxy-eicosatrienoic 
acids (EET) and monohydroxy-eicosatrienoic acids 
(12-HETE,15-HETE) ( 182 ), leukotrienes (LTB4) ( 183, 184 ), 
and cysteinyl-leukotrienes (LTE4) ( 183, 185 ), there is sub-
stantial evidence for their peroxisomal degradation. The 
latter are degraded starting from the  � -end (as dicarboxy 
compounds; see “Medium- and long-chain  � , � -dicarboxylic 
acids”). With regard to the involved enzymes, prostaglandins 
are desaturated by ACOX1 ( 105 ); likewise, ACOX1 is needed 
to degrade 11,12-epoxy-eicosatrienoic acid (11,12-EET) 
( 186 ). Based on the urinary metabolites in patients, MFP2 
is involved in LTB4 and LTE4 shortening, whereas ACAA1 
can be excluded ( 187 ). 

 Likely, docosanoids that constitute another class of bio-
active lipids involved in antiinfl ammatory and immuno-
regulatory processes but derived from C 22 -PUFAs ( 188 ) 
are subject to a similar degradation in peroxisomes. 

 Auxiliary enzymes and new candidates 
 In addition to the auxiliary enzymes already mentioned, 

a few others remain to be discussed. Screening for PTS1-
proteins in humans (V. Mahieu and P.P. Van Veldhoven, 
unpublished observations; AJ608287) and proteomics on 
rat liver peroxisomes ( 2 ) revealed a multi-domain protein, 
ACAD11. The C-terminal half of this 87 kDa protein dis-
plays similarity to acyl-CoA dehydrogenases (hence its 
name) and ends in a functional PTS1. Although the func-
tion of the other domain, carrying an aminoglycoside 
phosphotransferase signature, cannot be linked to known 
peroxisomal functions, similar proteins are found in lower 
vertebrates, plants, and yeast, all containing a PTS1. Ap-
parently, ACAD11 (and ACAD10, which has a similar do-
main structure) is encoded by one of the three ancestral 
acyl-CoA dehydrogenase genes ( 189 ); therefore, ACAD11, 
which is expressed in brain, liver, and kidney, might cata-
lyze a rather essential reaction in  � -oxidation ( Fig. 4 ). 

 SCP2, similar to its role in  � -oxidation (see “Auxiliary 
enzymes and proteins related to  � -oxidation”), is thought 
to assist in substrate delivery. Acyl-CoA esters bind readily 
to SCP2, the highest affi nities being measured with VLC 
acyl- and 2-enoyl-CoA ( 190 ). Hence, given their physical 
interaction with SCP2, ACOX1 and MFP1 are the prime 
candidates to be regulated by SCP2. This idea is, however, 
contradicted by the fact that VLCFA levels are normal in a 
mouse lacking SCP2/SCPX ( 39 ). 

 As mentioned in the section on membrane properties 
(section 2), peroxisomes contain two members of the Nu-
dix family. Nudix enzymes are found in all organisms and 
hydrolyze a wide range of organic pyrophosphates ( 18 ). 
Human NUDT12 converts NADH to NMNH and AMP and 
NADPH to NMNH and 2’,5 ′ -ADP. It also hydrolyses 
NAD(P) +  but has a preference for the reduced cofactors 
( K m   NADH = 11 µM;  K m   NAD +  = 190 µM). Given this speci-
fi city, one speculates that NUDT12 regulates the concen-
tration of peroxisomal nicotinamide nucleotide cofactors 
or is needed to allow exit of the cofactor. How NUDT12 is 
regulated is unknown. The other hydrolase, mouse 
NUDT7, cleaves CoA and oxidized CoA into 3 ′ ,5 ′ -ADP and 
the corresponding 4’-phosphopantetheine. More detailed 

 17  Human ACOT4 combines the activities of three separate peroxi-
somal murine esterase encoded by  Acot3 ,  Acot4 , and  Acot5  (174).
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investigations showed that NUDT7 acts also acyl-CoAs, 
both medium- and long-chain acyl-CoAs, even choloyl-CoA 
and pristanoyl-CoA ( 191, 192 ). The physiological role of 
NUDT7 is unclear. The existence of acyl-phosphopanteth-
eine esters has never been reported and whether they serve 
a special role is unknown. Theoretically, NUDT7 could 
play a role in the export of acyl-CoAs formed by  � -oxidation, 
but its presence causes two problems: its action has to be 
controlled to avoid hydrolysis before shortening and it will 
compete with carnitine transferases and thioesterases. 

 Different from  � -oxidation, hydrogen peroxide is pro-
duced during  � -oxidation ( Fig. 4 ). Hence, catalase is 
added to this list of auxiliary enzymes. 

 To what extent peroxisomal  � -oxidation is dependent on 
transporters is uncertain (see ” PEROXISOMAL MEM-
BRANE PROPERTIES”). The main enzymes are dependent 
on FAD, NAD + , and CoA; NADPH is required for the break-
down of unsaturated FAs; and carnitine, taurine, or glycine 
is required for the product conversions. As a general rule, 
 � -oxidation substrates are activated outside peroxisomes, 
implying the uptake of the CoA-ester; consequently, intra-
peroxisomal ATP would not be essential ( Fig. 6 ). In accord, 
bile acids and VLCFA are normal in a mouse lacking PMP34 
(E. Van Ael, M. Baes, and P.P. Van Veldhoven, unpublished 
observations), considered to be an ATP transporter. Murine 
SLC22A21, a member of the carnitine solute carrier family, 
is claimed to be peroxisomal ( 193 ); in humans, based on in 
silico data, this member might not be present. Because most 
conversions of the  � -oxidation products release CoA in the 
matrix ( Fig. 6 ), this seems to serve a purpose such as recy-
cling by the thiolases. 

 ABCD-transporters and  � -oxidation 
 Imbedded in the peroxisomal membrane are ABC-

transporters, members of a superfamily of proteins that 
bind ATP and transport various molecules across biomem-
branes ( 194, 195 ). The three currently known peroxisomal 
members, ABCD1 (ALDP), ABCD2 (ALDRP), and ABCD3 
(PMP70), belong to the same subfamily and are half trans-
porters. A fourth half transporter, ABCD4 (P70R), initially 
reported as peroxisomal was shown recently to be ER 
localized ( 196 ). Perhaps this discrepancy is due to cell or 
species differences, but ABCD4 was also not identifi ed 
during proteomic investigations ( 2, 4, 197 ). To be func-
tional, the peroxisomal halftransporters have to dimerize, 
either as homo- or heteromers. Heterodimerization is cer-
tainly possible in vitro or upon overexpression ( 198 ). The 
most physiological approaches suggest that ABCD1 and 
ABCD3 would form homodimers ( 198, 199 ). Given the to-
pology of the transporters and their ATP binding site, lo-
cated at the cytosolic site, the direction of transport is 
toward the matrix ( Fig. 6 ). The ligands are considered to 
be acyl-CoA esters, VLC-acyl-CoA for ABCD1 and (puta-
tively) pristanoyl-CoA/phytanoyl-CoA for ABCD3, although 
direct proof is missing so far. Knockout mouse models for 
all three transporters have been created and might be 
helpful to answer some intriguing questions. 

 The main biochemical abnormality in X-ALD, due to 
mutations in  ABCD1 , is the accumulation of C 24:0  and C 26:0  

in tissues and fl uids. In X-ALD fi broblasts, oxidation of 
VLCFA is reduced (to 30%) as well as their activation. Ex-
pression of wild-type ABCD1 restores VLCFA oxidation in 
X-ALD fi broblasts. Similarly, overexpression of ABCD3 or 
ABCD2 corrects partially, respectively completely, the de-
fect in X-ALD cells, indicative that the functions of the 
transporters are partially redundant. Why this redundancy 
is not operative in X-ALD is not known. One possibility 
might be spatial separation. Expression of the transporters 
is tissue specifi c in humans and mice, and a marked cell 
specifi city is seen in some tissues (brain and adrenals; 
so-called mirror expression). Based on mouse models, 
ABCD2 would play a role in the uptake of VLCFA in dorsal 
root ganglia but not in fi broblasts. Another peculiarity is 
the fact that all other lipophilic acids, known to be de-
graded by peroxisomes, appear normal in X-ALD (phy-
tanic acid, pristanic acid, dicarboxylic acids, leukotrienes, 
PUFAs). Finally, it seems that VLCFA levels are not per se 
linked to  � -oxidation; the latter can be reduced without 
causing VLCFA accumulation in mice ( 141 ). 

 Diseases linked to  � -oxidation 
 In PBD, a plethora of abnormalities due to defi cient 

 � -oxidation have been documented: accumulations of 
abnormal bile acids, VLCFA, pristanic acid, dicarboxylic 
acids, and metabolites of prostanoids and leukotrienes 
and decreased PUFA ( 10 ). In fact, these apply only to the 
ZS-spectrum. In RCDP type 1, no signs for a  � -oxidation 
defect are seen. This can be explained by the broad spec-
trum of SCPx taking over the function of the nonimported 
ACAA1. Given the complexity of the  � -oxidation, enzymes 
with overlapping substrate specifi cities and opposite ste-
reospecifi cities, correct diagnosis sometimes took several 
years and likely some defects might not show up (e.g., 
ACAA1). Today, although more than 25 proteins are re-
lated to peroxisomal  � -oxidation ( Table 2 ), only six disor-
ders with a single protein defi ciency have been clearly 
diagnosed. The best characterized one is X-ALD, also the 
most common peroxisomal  � -oxidation disease. The other 
ones, in sequence of their discovery, are ACOX1, MFP2, 
AMACR, and SCPX defi ciencies. One should notice that 
the previously described MFP1 ( 200 ) and ACAA1 defi cien-
cies ( 201 ) were wrongly diagnosed ( 202, 203 ). The num-
ber of reported patients is low, the largest group being 
linked to MFP2. In  Table 1 , a compilation is given with 
common clinical and biochemical abnormalities. For more 
information on these disorders, see ( 204) . 

 X-ALD.   Adrenoleukodystrophy can present with differ-
ent manifestations depending on the presence and type of 
neurologic fi ndings ( 194 ). Based on the age of onset and 
affected organs, patients are classifi ed in six groups. The 
most affected group, also with the earliest manifestations, is 
childhood cerebral adrenoleukodystrophy. Around the fi rst 
decade, symptoms appear in boys, starting with altered be-
havior, visual and auditory problems, and motor incoordi-
nation progressing to a vegetative state. 

 The fi rst abnormalities reported in X-ALD were choles-
teryl esters with abnormal long FAs (C 24:0  to C 30:0 ) in brain, 
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adrenals, and testis. Due to a defective ABCD1 transporter, 
VLCFA in fact accumulate in all tissues, but the disease af-
fects primarily brain myelin, adrenal cortex, and testis. 
As seen in PBD and other  � -oxidation disorders, these 
VLCFA can be further elongated (to C 30:0 ) ( 205 ). Cur-
rently, 1058 mutations of  ABCD1  have been reported, 519 
of which are unique (see www.X-ald.nl). The real trigger 
for perturbation of the adrenal steroidogenesis, axonal de-
generation in spinal cord, and the progressive infl amma-
tory demyelination in brain is not known. One hypothesis 
is that VLCFA cause a change in lipid antigens [ganglio-
sides; (lyso)phospholipids] that are presented via CD1 
molcules to the immune system ( 206 ). 

 ACOX1 defi ciency.   Since the initial description of two 
siblings by Poll-The et al. ( 207 ) in 1988 as pseudo-neonatal 
ALD, about 25 patients have now been described ( 103 ). 
Accumulation of VLCFA and impaired cellular degrada-
tion of VLCFA is the main biochemical abnormality. In 
one patient, however, plasma VLCFAs were normal ( 208 ). 
With more elaborated analysis, abnormal metabolites of 
epoxyeicosatetraenoic are revealed ( 186 ). All patients 
show neurological abnormalities such as hypotonia, sei-
zures, hearing loss, retardation, and retinopathy. Some-
times facial dysmorphism is reported. Developmental 
regression starts around 2 to 3 years, with progressive brain 
white matter demyelination, psychomotor problems, and 
peripheral neuropathy. The mean age at death is 5 years. 
When investigated, peroxisomes are less in number but 
are enlarged. 

 About 20 mutations have been mapped, including a 
large deletion. One interesting patient is affected in the 
alternatively spliced exon 3, such that only isoform a is 
produced ( 103 ). Also, VLCFA accumulate in this patient. 
The missing isoform is active on VLC-acyl-CoA, while the 
produced isoform prefers medium-chain acyl-CoA (in 
vitro). In a mouse model, not only saturated VLCFA were 
documented, but also presence of VLC-PUFA (C 24-30  with 
fi ve and six double bonds) ( 160 ). 

 MFP2 defi ciency.   Although the fi rst patient was investi-
gated in 1989, in fact before the discovery of MFP2, the 
correct diagnosis was only published in 1997 ( 209 ). MFP2 
or D-bifunctional protein defi ciency is a relatively frequent 
disorder and currently the largest group of patients, sec-
ond to X-ALD ( 210 ). About 130 patients have been diag-
nosed. Most children suffer from hypotonia, infantile 
seizures, and delayed development and die within the fi rst 
2 years of life, pneumonia being the main cause of death. 
In about two-thirds of the cases, facial dysmorphia is pres-
ent. Depending on which domain of MFP2 is affected, one 
can subdivide these patients into three groups with a total 
absence of enzyme based on immunotechniques (type 1), 
defi ciency of the 2-enoyl-CoA hydratase activity (type 2), 
or a problem with the dehydrogenase reaction (type 3). 
Type 1 patients have a more severe phenotype, and their 
expected life span is shorter (<14 months). Longer living 
patients, mostly type 3 patients (eldest 8–10 year; mean 
age at death, 17.6 months) can achieve psychomotor de-

velopment. C 26:0  oxidation activity in skin fi broblasts seems 
to be predictive for life expectancy. 

 Biochemically, VLCFA and abnormal C 27 -bile acids ac-
cumulate in plasma, as does pristanic acid (and second-
arily, phytanic acid); however, not all patients show all 
these abnormalities. Depending on the defect, the compo-
sition of bile acids differs. In addition to THCA and 24 E -
THCA, 24 S -hydoxy,25 S -THCA, likely formed via MFP1 
( Fig. 5 ), is present when the hydratase domain is affected. 
In type III, the main accumulating bile acid is 24 R -
hydroxy,25 R -THCA. In urine, taurine conjugates of hy-
droxylated THCA and 24 E -THCA are characteristic. 
VLCFA and pristanic acid degradation is impaired in 
fi broblasts. 

 2-Methylacyl-CoA racemase defi ciency.   In 1998, Sequeira 
et al. ( 211 ) described a case with malabsorption and steat-
orrhea and elevated levels of THCA and pristanic acid, 
which responded to bile acid therapy. It was classifi ed as 
“Niemann-Pick disease type C with a defective peroxisomal 
 � -oxidation.” Subsequent genetic analysis ( 86 ) showed a 
mutation in  AMACR . Presently, seven patients have been 
described in the literature ( 86, 212–216 ). It cannot be ex-
cluded that older descriptions of cases with bile acid ab-
normalities represent AMACR defi ciency. As predicted, 
the accumulating isomer is 25R-THCA. Moreover, a pecu-
liar C 29 -dicarboxy bile acid, originally identifi ed in ZS, is 
also found ( 139, 213 ). 

 The clinical picture is diverse and, despite the small 
number of cases, might be divided in two age groups. The 
younger patients had a shortage of soluble vitamins, coag-
ulopathy, and cholestatic liver disease, with or without hy-
potonia and motor delay. The malabsorption can be linked 
to the accumulation of mainly unconjugated 25 R -THCA 
and the lack of conjugated primary bile acids in the intes-
tines. At a later age, in addition to bile acid abnormalities, 
elevations in pristanic acid become evident. Due to the 
pristanic acid elevation, these patients can resemble Ref-
sum disease (pigmentary retinopathy). Adult patients can 
become quite old, with mild symptoms. One female pa-
tient was even asymptomatic till the age of 48 ( 86 ). Com-
mon signs are adult-onset sensorimotor neuropathy, 
seizures, and visual problems, but tremor and cognitive 
decline also have been reported. In addition to bile acid 
therapy, restriction of phytanic acid/pristanic acid is rec-
ommended. A child who was not treated died at 6 months 
from intracranial bleed ( 202, 213 ). 

 SCPX defi ciency.   The single report so far ( 217 ) con-
cerns a 44-year-old male presenting with torticollis, dys-
tonic head tremor, hyposmia, and nystagmus. MRI 
revealed leukencephalopathy and impaired nerve conduc-
tion, predominantly motor and slight sensory neuropathy. 
Hypergonadotrophic hypogonadism and azoospermia 
were noticed at a younger age. Pristanic acid was elevated 
in plasma and its oxidation in fi broblasts impaired. In 
urine, large amounts of bile alcohols were noticed and 
glucuronides of penta- and hexahydroxy-27-nor-5 � -
cholestane-24-one. Similar ketones were seen in the SCP2/
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PPAR �  activation was noticed ( 112 ). On the other hand, 
in many cancers, enzymes acting on branched substrates 
are upregulated. A remarkable example is the overexpres-
sion of AMACR in prostate cancer and different other 
neoplasms ( 96, 228 ). Also, MFP2 and ACOX3 are upregu-
lated in transformed tissues such as prostate and breast 
cancer ( 107 ). Although the role and exact transcriptional 
regulation of these enzymes in cancer is not known, 
AMACR is currently already employed as a marker (P504S) 
for prostate cancer ( 228 ) and expression of MFP2 as a pre-
dictor of poor patient outcome ( 229 ). Given the correla-
tion between consumption of high amounts of red meat 
and some cancers, it is thought that phytanic acid and pris-
tanic acid are the responsible dietary factors, acting via 
nuclear receptors ( 96 ). This might be an overly simplistic 
view, because these branched FAs are also present in fi sh, 
a potentially cancer protective food, benefi cial to general 
health, and the apparent trouble-free life of ruminants.  

 The author is grateful to Dr. J. Jaeken (UZ-Leuven, Leuven) 
and Dr. L. Van Maldergem (Centre de Génétique Humaine, 
Liège) for access to patient-related material and thanks his 
colleagues Dr. M. Fransen, Dr. M. Casteels, and Dr. M. Baes, and 
the referees for their valuable comments. He would like to 
dedicate this paper to one of his mentors, Dr. G. Mannaerts, on 
the occasion of his retirement. 
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