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Functional Aspects of Peroxisomal P -oxidation: an Overview 

Abstract 

This overview describes the different substrates that are P-oxidized in mammais; 
in which cell compartments and by which acyl-CoA synthetases these substrates 
are activated; how the activated substrates penetrate the peroxisome; and by 
which peroxisomal acyl-CoA oxidases the activated substrates are oxidized. 
Which substrates are oxidized by mitochondria and which ones by peroxisomes 
is explained. Finally, the article discusses the metabolic fate of the peroxisomal 
p-oxidation products and the regulation of peroxisomal p-oxidation. 

I. Introduction 

In lower eukaryotes such as yeasts and fungi, peroxisomes are the only sub
cellular compartment that can degrade fatty acids via p-oxidation [48]. Also 
plant peroxisomes are capable of P-oxidizing fatty acids [10, 26] , but whether 
plant mitochondria possess a functional p-oxidation system remains controver
sial [17]. In animal cells fatty acids and fatty acid derivatives are P-oxidized in 
peroxisomes as weIl as mitochondria [51 , 52]. This overview will be limited to 
a description of the functional aspects of peroxisomal (and mitochondrial) P
oxidation in mammais. 

1. Substrates for p-oxidation indude a wide variety of different molecules 

Substrates for p-oxidation in mamma1s include short ( < C6 ), medium (C6-C 12), 

long (C 14-C20) and very long (> C20) chain fatty acids, dicarboxy1ic fatty acids, 
isoprenoid-derived methyl-branched fatty acids, eicosanoids, the side chain of 
cholesterol during bile acid synthesis, the side chains of the fat-soluble vitamins 
and the side chains of certain xenobiotics (for references, see later). By far the 
most abundant p-oxidation substrate in the organism are the long chain fatty 
acids. It should be realized that, because of this abundance, long chain fatty 
acids are the only P-oxidizable substrate that constitutes an important source of 
metabolic fuel. 
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2. The p-oxidation substrates are aetivated to their CoA esters by several aeyl
CoA synthetases loeated in different eell eompartments 

Before a fatty acid can be P-oxidized, it needs first to be activated to its CoA 
ester. Several acyl-CoA synthetases located in different cell compartments are 
involved in the activation of the p-oxidation substrates (Tabie 1). Short and 
medium chain fatty acids, which are oxidized mainly in the mitochondria (see 
later), can penetrate the mitochondria in unaltered form and are activated in the 
mitochondrial matrix [96]. Long chain fatty acids are activated by long chain 
acyl-CoA synthetases present in the endoplasmic reticulum, the mitochondrial 
outer membrane and the peroxisomal membrane [47,60,88]. The enzymes have 
the same molecular, kinetic and immunochemical properties, indicating a high 
degree of homology [65]. The catalytic site of the peroxisomal enzyme faces the 
cytosol [50, 54, 60, 90] implying th at the acyl-CoA ester and not the fatty acid 
is transported into the peroxisome. The long chain acyl-CoA synthetases display 
also some activity towards medium chain fatty acids. Very long chain fatty acids 
are activated by very long chain acyl-CoA synthetases found in the endoplasmic 
reticulum and the peroxisomal membrane [54, 89]. Mitochondria lack the 
enzyme [55, 89]. As a consequence, isolated mitochondria, although capable of 
oxidizing very long chain acyl-CoAs, do not oxidize very long chain fatty acids, 
when incubated in the presence of the appropriate cofactors. Therefore, the 
absence of very long chain acyl-CoA synthetase from mitochondria appears to 
be the reason why in the intact cell very long chain fatty acids are oxidized 
predominantly in the peroxisome (see later). Singh and co wor kers have 
provided evidence that the catalytic site of the peroxisomal very long chain acyl
CoA synthetase faces the matrix and th at very long chain fatty acids are trans
ported into the peroxisome in unesterified form [54,90]. In contrast, Wanders 
and collaborators concluded that the catalytic site of the enzyme, like that of the 
long chain acyl-CoA synthetase, faces the cytosol [50]. Their conclusions are 
based on the enzyme's susceptibility to exogenous proteases, added to intact 
purified peroxisomes. 3-Methyl-branched fatty acids such as phytanic (3,7,11,15-
tetramethylhexadecanoic) acid and 2-methyl-branched fatty acids such as 
pristanic (2,6,10, 14-tetramethylpentadecanoic) acid are activated in the 
endoplasmic reticulum, peroxisomes and mitochondria, possibly by the long 
chain acyl-CoA synthetases located to these cell compartments [114, 124]. 
Preliminary evidence that the peroxisomal membrane contains a separate 
phytanoyl-CoA synthetase [77] requires further confirmation. Dicarboxylyl
CoA synthetase activity is found in the endoplasmic reticulum but not in 
peroxisomes or mitochondria [108]. Likewise, prostaglandins [84] and 
leukotriene E4 [35] appear to be activated solely in the endoplasmic reticulum. 
Leukotriene B4 is activated in the endoplasmic reticulum and perhaps also in the 
peroxisome [35]. The fact that dicarboxylic acids and eicosanoids are activated 
in the endoplasmic reticulum and not in peroxisomes (with the possible excep
tion of leukotriene B4) or mitochondria suggests that the long chain acyl-CoA 
synthetases are not responsible for the CoA ester formation but th at separate 
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Table I. Activation of p-oxidation substrates I 

Substrate 

Short and medium chain fatty acids 
Long chain fatty acids 

Very long chain fatty acids 

Long chain dicarboxylic fatty acids 
2-Methyl-branched fatty acids 
(e.g. pristanic acid) 

3-Methyl-branched fatty acids 
(e.g. phytanic acid) 

Prostaglandins 
Leukotriene E4 
Leukotriene B4 

Di- and trihydroxycoprostanic acids 

Chenodeoxycholic and cholic acids 

Subcellular compartment 

Mitochondria (matrix) 
Mitochondria (outer membrane) 
Peroxisomes (membrane) 
Endoplasmic reticulum (membrane) 
Peroxisomes (membrane) 
Endoplasmic reticulum (membrane) 
Endoplasmic reticulum 
Mitochondria 
Peroxisomes (membrane) 
Endoplasmic reticulum 
Mitochondria 
Peroxisomes (membrane) 
Endoplasmic reticulum 
Endoplasmic reticulum 
Endoplasmic reticulum 
Endoplasmic reticulum 
Peroxisomes? 
Endoplasmie reticulum (membrane) 

Endoplasmie reticulum (membrane) 

Enzyme2 

Long chain acyl-CoA synthetase 
Long chain acyl-CoA synthetase 
Long chain acyl-CoA synthetase 
Very long chain acyl-CoA synthetase 
Very long chain acyl-CoA synthetase 
Dicarboxylyl-CoA synthetase 

Phytanoyl-CoA synthetase? 

Trihydroxycoprostanoyl-CoA 
synthetase 
Choloyl-CoA synthetase 

I For explanation and references, see text. 2 No entry in this column means that the enzyme remains to be identified. 



enzymes are involved. The bi Ie acid intermediates di- and trihydroxycoprostanic 
acids (see later) are converted to their CoA esters by trihydroxycoprostanoyl
CoA synthetase, an enzyme that is located in the endoplasmic reticulum 
[81,85]. The enzyme, which is present only in liver, is different from choloyl
CoA synthetase [85]. The latter enzyme is most probably involved in the con
jugation of bile acids reabsorbed from the gut. The exact subcellular location of 
the enzymes responsible for xenobiotic acyl-CoA ester formation has not been 
studied in detail. Depending on the chemica I structure of the molecules, several 
acyl-CoA synthetases may be involved. 

3. The pene tra ti on of acyl-CoA esters into the peroxisome is not dependent on 
carnitine 

Acyl-CoA esters cannot cross the mitochondrial inner membrane. They are first 
converted to acylcarnitines, areaction catalyzed by carnitine 
palmitoyltransferase I, the catalytic site of which is localized at the inner side of 
the outer membrane [71]. After diffusion through the inner membrane via an 
acylcarnitine: carnitine exchange carrier, the acylcarnitines are re-converted to 
acyl-CoAs by carnitine palmitoyltransferase 11 present at the matrical aspect of 
the inner membrane [64]. The peroxisomal membrane does not contain car
nitine palmitoyltransferase and acyl-CoA esters formed at the outer aspect of the 
peroxisomal membrane (e.g. long chain acyl-CoAs) or in the endoplasmic 
reticulum (e.g. the CoA esters of dicarboxylic acids, eicosanoids, bile acid inter
mediates) penetrate the peroxisome without need for carnitine [8, 59, 84, 104]. 

Isolated peroxisomes and peroxisomes in detergent-permeabilized rat 
hepatocytes are permeable to a whole spectrum of small hydrophilic molecules 
including substrates and cofactors for peroxisomal enzymes [115, 117, 120]. As 
aresult, peroxisomal enzymes are not latent when measured in broken cell 
systems. An exception is catalase. The latency of cat al ase is not due to a restric
ted permeability of the peroxisomal membrane to exogenously added hydrogen 
peroxide but to the high concentration and activity of catalase in the peroxisome 
so that the diffusion of hydrogen peroxide within the peroxisome becomes limit
ing [5]. The non-specific permeability of isolated peroxisomes is caused by the 
presence in the peroxisomal membrane of proteinaceous pores [49,57, 117]. 
The diameter of the pore has been estimated at l.7 nm, which is large enough 
to all ow for the free diffusion of substrates, products and cofactors [57]. It 
remains to be investigated whether the permeability of the pore is regulated in 
the intact cell and whether amphiphiles such as acyl-CoA esters, which tend to 
accumulate in the lipid phase of membranes, also diffuse through the pores. 
Dihydroxyacetone-phosphate acyltransferase, a peroxisomal integral membrane 
enzyme, the catalytic site of which is exposed to the matrix [12], appears to be 
latent in detergent-permeabilized skin fibroblasts [127], suggesting th at at least 
one of its substrates, perhaps acyl-CoA, does not freely diffuse through the mem
brane. Hashimoto and coworkers have speculated th at a 70 kDa peroxisomal 
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integral membrane protein, which is a member of the P-glycoprotein-related 
ATP-binding protein superfamily, is involved in membrane transport, possibly 
that of acyl-CoAs [37]. Their speculation is based on the transport function of 
other members of the A TP-binding protein family. 

4. Several acyl-CoA oxidases are involved in the peroxisomal oxidation of the dif
ferent CoA esters 

Peroxisomal p-oxidation proceeds via four consecutive reactions catalyzed by 
three matrix enzymes. The first reaction consists of the desaturation of the acyl
CoA to a 2-enoyl-CoA. It is catalyzed by an F AD-containing acyl-CoA oxidase 
that reduces molecular oxygen to hydrogen peroxide, which is subsequently 
decomposed by catalase. The second (hydration to an L-3-hydroxyacyl-CoA) 
and third (NAD + -linked dehydrogenation to a 3-ketoacyl-CoA) reactions are 
catalyzed by a multifunctional protein th at also displays A3

, ,12 isomerase 
activity required for the oxidation of unsaturated fatty acids. The last reaction 
is catalyzed by 3-ketoacyl-CoA thiolase and releases acetyl-CoA and an acyl
CoA shortened by two carbon atoms, that can re-enter the spiral for a next 
round of b-oxidation. 

The broad spectrum of p-oxidation substrates raises the question as to 
whether each step of peroxisomal p-oxidation is catalyzed by a single enzyme. 
It has recently become clear that this is not the case, at least as far as the first 
step is concerned. Rat liver peroxisomes contain three acyl-CoA oxidases 
(Tabie 11) [86, 118, 119]. A first enzyme, palmitoyl-CoA oxidase, oxidizes the 
CoA esters of long chain fatty acids, long chain dicarboxylic fatty acids and 
prostaglandins. It also shows activity towards the CoA esters of very long chain 
fatty acids (e.g. lignoceric acid), medium chain fatty acids and medium chain 
dicarboxylic fatty acids (e.g. glutaric acid). Maximal activitities and substrate 
affinities are markedly lower with the medium chain acyl-CoAs than with the 
long chain acyl-CoAs [118, 123]. A second enzyme, pristanoyl-CoA oxidase, 
oxidizes the CoA esters of 2-methyl-branched fatty acids such as the synthetic 2-
methylpalmitic acid and the naturally occurring pristanic (2,6,10,14-
tetramethylpentadecanoic) acid. It is not active towards the branched short 
chain isobutyryl-CoA and isovaleryl-CoA, catabolites of valine and leucine, 
respectively. However, it also oxidizes the CoA esters of long and very long 
chain fatty acids and long chain dicarboxylic acids but not those of prostaglan
dins, medium chain fatty acids shorter than octanoic acid, and medium chain 
dicarboxylic fatty acids such as glutaric acid [118,123]. The CoA esters of the 
bi Ie acid intermediates di- and trihydroxycoprostanic acids are oxidized by a 
third acyl-CoA oxidase, trihydroxycoprostanoyl-CoA oxidase, which also shows 
some activity towards the CoA esters of 2-methyl-branched fatty acids [118]. 
Thus, the CoA esters of prostaglandins, medium chain fatty acids shorter than 
octanoic acid and medium chain dicarboxylic fatty acids (glutaric acid) are 
oxidized exclusively by palmitoyl-CoA oxidase; those of the bile acid inter-
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Table 11 . Contribution of the different acyl-CoA oxidases to peroxisomal p-oxidation in rat liver l 

Substrate Palmitoyl-CoA 
oxidas 

Glutaryl-CoA + 
Hexanoyl-CoA + 
Octanoyl-CoA + + 
Pal mi toy I-Co A + + 
Lignoceroyl-CoA + 
Hexadecanedioyl-CoA + + 
2-Methylpalmitoyl-CoA 
Pristanoyl-CoA 
Prostaglandin E2-CoA + 
Di- and trihydroxycoprostanoyl-CoA 
Isobutyryl-CoA 
Isovaleryl-CoA 

I For explanation and references, see text. 

Pristanoyl-CoA 
oxidase 

+ 
+ 
+ 
+ 

++ 
++ 

Trihydroxyco
prostanoyl-CoA 

oxidase 

(+) 
(+ ) 

+ 

mediates exc1usively by trihydroxycoprostanoyl-CoA oxidase. The CoA esters of 
the long chain 2-methyl-branched fatty acids are oxidized for approx. 90% by 
pristanoyl-CoA oxidase and for approx. 10% by trihydroxycoprostanoyl-CoA 
oxidase. The contribution of pristanoyl-CoA oxidase to the overall hepatic 
peroxisomal oxidation of long chain mono-and dicarboxylyl-CoAs and to the 
oxidation of very long chain acyl-CoAs may amount to 30% and 65%, respec
tively, the remaining part being catalyzed by palmitoyl-CoA oxidase [118]. 

Palmitoyl-CoA oxidase and pristanoyl-CoA oxidase are present not only in 
rat liver' but also in rat extrahepatic tissues; trihydroxycoprostanoyl-CoA 
oxidase is found only in liver [86, 119] . Relative to palmitoyl-CoA oxidase, 
pristanoyl-CoA oxidase is markedly Ie ss active in extrahepatic tissues than in 
liver, so that in these tissues the contribution of pristanoyl-CoA oxidase to the 
overall peroxisomal oxidation of long and very long chain acyl-CoAs and long 
chain dicarboxylyl-CoAs becomes almost negligible. 

Surprisingly, human liver peroxisomes contain only two acyl-CoA oxidases: 
palmitoyl-CoA oxidase and branched chain acyl-CoA oxidase (Tabie m) [113]. 
The substrate spectrum of the human palmitoyl-CoA oxidase is similar to that 
of its rat counterpart, except that the human enzyme does not seem to oxidize 
glutaryl-CoA. The branched chain acyl-CoA oxidase oxidizes the CoA esters of 
2-methyl-branched fatty acids (e.g. pristanic and 2-methylpalmitic acids) but 
also those of the bile acid intermediates di- and trihydroxycoprostanic acids, 
which also possess a 2-methyl substitution in their side chain. Hence the name 
branched chain acyl-CoA oxidase. The enzyme does not oxidize isobutyryl-CoA 
or isovaleryl-CoA. It shows some activity towards the CoA esters of long and 
very long chain fatty acids and long chain dicarboxylic acids but much less than 
rat pristanoyl-CoA oxidase, so that its contribution to the oxidation of straight 
chain mono- and dicarboxylic acids is minor [113]. Human palmitoyl-CoA 
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Table 111. Contribution of the different acyl-CoA oxidases to peroxisomal p-oxidation in human 
liver l 

Substrate 

Glutaryl-CoA 
Hexanoyl-CoA 
Octanoyl-CoA 
Palmitoyl-CoA 
Lignoceroyl-CoA 
Hexadecanedioyl-CoA 
2-Methylpalmitoyl-CoA 
Pristanoyl-CoA 
Prostaglandin E2-CoA 
Di- and trihydroxycoprostanoyl-CoA 
Isobutyryl-CoA 
Isovaleryl-CoA 

1 For explanation and references, see text. 

Palmitoyl-CoA 
oxidase 

+ 
++ 
++ 
++ 
++ 

+ 

Branched chain acyl-CoA 
oxidase 

(+ ) 
(+ ) 
( +) 
(+ ) 
( + ) 
++ 
++ 
(+) 
+ 

oxidase and branched chain acyl-CoA oxidase are also found in extrahepatic 
tissues. Because of the presence of the latter enzyme in extrahepatic tissues, these 
tissues may have the potentialof converting bi Ie acid intermediates into the 
primary bile acids, chenodeoxycholic and cholic acids (see later). 

A separate glutaryl-CoA oxidase has been described in rat liver [110] and in 
human fibroblasts [6]. As long as the enzyme has not been identified and 
further characterized, the data must be viewed with caution. Rat palmitoyl-CoA 
oxidase displays weak glutaryl-CoA oxidase activity (see above) and rat liver 
glutaryl-CoA oxidase copurifies with palmitoyl-CoA oxidase [79, 118]. Human 
palmitoyl-CoA oxidase does not oxidize glutaryl-CoA [113] . However, glutaryl
CoA oxidase activity is very low in human tissues and at present it has not been 
exc1uded that the low oxidase activity is due to the mitochondrial glutaryl-CoA 
dehydrogenase, which like other mitochondrial acyl-CoA dehydrogenases 
[ 112], may perhaps function as an oxidase when assayed in the absence of 
suitable electron acceptors. 

It is generally believed that the subsequent p-oxidation steps, catalyzed by the 
multifunctional protein and by the thiol ase, are shared by all peroxisomal p
oxidation substrates and that no separate enzymes exist for the degradation of 
straight chain fatty acids, 2-methyl-branched fatty acids and the bile acid inter
mediates. Definite proof of this contention awaits the chemical synthesis of the 
appropriate p-oxidation intermediates, so th at the enzyme activities can be 
measured with the different substrates. 
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5. Peroxisomal p-oxidation conserves less energy than mitochondria I p-oxidation 
and does not go to completion 

The peroxisomal p-oxidation spiral is not directly coupled to an electron trans
fer chain that conserves energy by means of oxidative phosphorylation [52,59]. 
As aresuit, peroxisomal p-oxidation is not inhibited by inhibitors of the 
respiratory chain or oxidative phosphorylation, when assayed in broken cell 
systems. The energy that is released in the first oxidation step catalyzed by acyl
CoA oxidase (H2 0 2 formation) is lost as heat. The energy that is released in the 
second oxidation step (NAD + -linked dehydrogenation) is conserved in the form 
of the high energy level electrons of NADH. Since isolated peroxisomes and 
peroxisomes in detergent-permeabilized cells are permeable to small water
solubie molecules such as NAD+ [115,117,120], the NADH formed during P
oxidation can most probably freely diffuse into the cytosol from where its elec
trons can be shuttled into the mitochondria. Thus, as far as energy conservation 
is concerned, peroxisomal p-oxidation is only approximately half as efficient as 
mitochondrial p-oxidation. Because of the heat generation during the first reac
tion of peroxisomal p-oxidation, it has been proposed that peroxisomal fatty 
acid oxidation is important to thermogenesis [46]. lts contribution to body heat 
generation appears to be minor, ho wever. 

A special feature of peroxisomal fatty acid oxidation is th at it does not go to 
completion. Unlike mitochondria, which degrade fatty acids completely to their 
constituent acetyl units, peroxisomes catalyze only a limited number of p-oxida
tion cycles. The number of cycles catalyzed by isolated peroxisomes in vitra is 
inversely related to the fatty acyl-CoA substrate concentration so that at 
elevated substrate concentrations only one cycle per acyl-CoA molecule occurs 
[4, 51, 104]. This suggests that substrate competition may be involved. How 
many cycles are catalyzed in the intact cell is not clear and mayalso depend on 
the chain leng th of the substrate. What halts peroxisomal p-oxidation in the 
intact cell is not clear either. Several mechanisms can be envisaged: substrate 
competition, product inhibition by accumulating intermediates, competition for 
the shortened acyl-CoAs by carnitine octanoyltransferase [21,66] and by acyl
CoA hydrolase [1,7,75], enzymes that are present in the peroxisomal matrix. 
In addition, as explained in the preceding section, the acyl-CoA oxidases are less 
active with and show a lower affinity for medium chain acyl-CoAs. The re sult of 
all this is that peroxisomal p-oxidation acts as a chain-shortening system releas
ing a limited number of acetyl-CoA equivalents and a shortened acyl-CoA th at 
must be metabolized further in other cell compartments. 

6. Mitochondria and peroxisomes oxidize different substrates 

From a physiologically point of view, the most relevant questions concerning 
peroxisomal p-oxidation are perhaps the following: Which substrates are 
oxidized by peroxisomes and which ones by mitochondria and-for substrates 
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Table IV. Substrate oxidation by mitochondria and peroxisomes. The table 
indicates by which organel Ie each substrate is oxidized preferentiallyl 

Mitochondria 

Short chain fatty acids 
Medium chain fatty acids 
Long chain fatty acids 

Peroxisomes 

Very long chain fatty acids 
Long chain dicarboxylic fatty acids 
2-Methyl-branched fatty acids (e.g. pristanic acid) 
Eicosanoids (prostaglandins, leukotrienes) 
Di- and trihydroxycoprostanic acids 
Carboxyl side chains of xenobiotics 

I For explanation and references, see text. 

that can be degraded byeach organelle-what is the contribution of peroxi
somes and mitochondria to the overall oxidation of such a substrate? The con
tribution of each organelle to the oxidation of a specific substrate depends not 
only on the capability of each organelle to oxidize that substrate but also on 
kinetic parameters such as V max and affinity and on the relative abundance of 
each organelle in the cell or tissue. 

As already explained for the acyl-CoA oxidases, short chain fatty acids are 
poor substrates for the peroxisomal enzymes and, as a consequence, they are 
oxidized in the mitochondria (Tabie IV) . In the intact cell or organism, 
mitochondria also oxidize the major portion of the medium and long chain fatty 
acids [23,59,95, 104]. It has been estimated that in intact rat hepatocytes 
incubated with palmitate or oleate, mitochondria genera te more than 90% of 
the acetyl units produced by p-oxidation [59]. The dominant position of 
mitochondria in the oxidation of long chain fatty acids, which because of their 
abundance are a major source of metabolic energy, seems to be a logical emana
ti on of the fact that mitochondrial p-oxidation conserves more energy than does 
peroxisomal p-oxidation. The dominant role of mitochondria in long chain fatty 
acid oxidation can be explained for an important part by the higher affinity of 
the mitochondrial system for long chain fatty acids [104]. 

In contrast, very long chain fatty acids are oxidized predominantly or 
exclusively by peroxisomes [34, 55, 91, 92]. They are shortened to long chain 
fatty acids which can th en be oxidized further in the mitochondria. The reason 
why mitochondria are of little importance in the oxidation of very long chain 
fatty acids appears to be their lack of very long chain acyl-CoA synthetase, as 
already discussed in one of the preceding sections. Plasma concentrations of very 
long chain fatty acids are very low and these fatty acids are not important as a 
source of metabolic fuel. However, their tissue accumulation in disorders of 
peroxisomal p-oxidation is deleterious, particularly to brain [53, 125]. 

Long chain dicarboxylic acids are formed from long chain monocarboxylic 
acids, especially in conditions of excess fatty acid supply to the liver such as 
uncontrolled diabetes or in conditions in which mitochondrial fatty acid oxida
tion is deficient or inhibited by poisons [27,67,69, 121]. The terminal methyl 
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group of the monocarboxylic acid is first hydroxylated by lauric acid w
hydroxylase, a member of the cytochrome P 450 family present in the 
endoplasmic reticulum, and the w-hydroxy fatty acid is then dehydrogenated in 
the cytosol to the dicarboxylic acid. Following activation by dicarboxylyl-CoA 
synthetase in the endoplasmic reticulum [108], the dicarboxylyl-CoA is 
degraded via jJ-oxidation. Isolated peroxisomes and isolated mitochondria are 
capable of oxidizing long chain dicarboxylic acids as weIl as medium chain 
dicarboxylic acids with a chain length greater than 8 to 10 carbon atoms 
[45,68, 102, 109]. Most studies that were aimed at estimating the contribution 
of mitochondria and peroxisomes to dicarboxylic fatty acid oxidation in rat 
liver, indicate that the dicarboxylic acids are degraded preferentially in 
peroxisomes [9, 56, 102]. Nevertheless, one in vivo study in the rat suggests a 
major role for mitochondria [18]. In peroxisomes, long chain dicarboxylic fatty 
acids are shortened to more polar medium chain dicarboxylic fatty acids, which 
can th en be excreted in the urine. Whether part of the shortened dicarboxylyl
Co As is oxidized further in the mitochondria remains unknown. Mitochondria 
degrade dicarboxylyl-CoAs to succinyl-CoA, which enters the Krebs cycle and 
which can also be used for the synthesis of glucose in gluconeogenic tissues. 

Pristanic (2,6,1O,14-tetramethylpentadecanoic) acid is a multibranched 
isoprenoid-derived fatty acid that is degraded via jJ-oxidation. Because of the 
methyl substitutions the first, third and fifth round of jJ-oxidation releases 
propionyl-CoA instead of acetyl-CoA. Thus, complete jJ-oxidation of pristanic 
acid results in the formation of 3 equivalents of propionyl-CoA and of acetyl
CoA, and 1 equivalent of isobutyryl-CoA (Fig. 1). The latter can be metabolized 
by mitochondria. Pristanic acid originates from phytanic (3,7,11,15-
tetramethylhexadecanoic) acid, which, in turn, is a metabolite of phytol, a multi
branched fatty alcohol present in esterified form in cWorophyll [99]. Ruminants 
ingest large amounts of chiorophyll. The bacteria of the rumen liberate phytol, 
which is then absorbed and converted to phytanic acid in the animal's body. 
Most probably, humans do not synthesize phytanic acid but ingest it with the 
diet (dairy products, ruminant fat) [99]. Because of its 3-methyl substitution 
phytanic acid cannot undergo jJ-oxidation, but it is first oxidatively decar
boxylated-a process called a-oxidation-to pristanic acid [3, 105], which is 
then further degraded via jJ-oxidation (Fig. 1). Phytanic acid accumulates in 
peroxisome deficiency disorders [53, 103, 125], suggesting that peroxisomes may 
be responsible for a-oxidation. However, subcelluiar fractionation studies have 
produced widely conflicting results. Some authors located a-oxidation to the 
mitochondria [94, 105, 126], mitochondria plus cytosol [70], or the 
endoplasmic reticulum [32]. A recent publication claims that a-oxidation is 
mitochondrial in the rat and peroxisomal in the human [93]. A major problem 
is that a-oxidation, which may consist of several reactions, remains poorly 
characterized as far as cofactor requirements and identification of putative inter
mediates are concerned. Rates of a-oxidation obtained in homogenates or sub
celluiar fractions are generally one or even two orders of magnitude lower than 
the rates obtainable in intact cells [32]. As long as a-oxidation has not been 
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Fig. 1. Degradation of phytanic and pristanic acid. 

better characterized, definite proof of its subcellular localization will be difficult 
to provide. 

Pristanic acid, the product of phytanic acid a.-oxidation, also accumulates in 
tissues and body fluids of patients with peroxisome deficiency disorders 
[53, 103, 125] and it is virtually not oxidized in fibroblasts from such patients 
[116]. Also experiments on rat liver have confirmed that pristanic acid and 
other 2-methyl-branched fatty acids such as the synthetic 2-methylpalmitate are 
oxidized predominantly by peroxisomes [114]. Whether pristanic acid is 
degraded completely in peroxisomes or only shortened remains unknown. The 
fact that 2-methylhexanoyl-CoA is oxidized by the human branched chain acyl
CoA oxidase [113] suggests that pristanic acid degradation may go to comple
tion in peroxisomes. 

Other molecules with a 2-methyl-branched side chain are the fat-soluble 
vitamins E and K. They are excreted in the urine partly as metabolites with a 
carboxyl side chain shortened by an even number of carbon atoms [24], 
indicating that the side chains undergo p-oxidation after prior w-oxidation of 
one of the terminal methyl groups. Retinoic acid possesses a 3-methyl-branched 
side chain. It is excreted in the urine partly as metabolites with a side chain 
shortened by an odd number of carbon atoms [24], indicating that in this case 
p-oxidation follows a.-oxidation. The predominant role of peroxisomes in the 
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oxidation of branched chain fatty acids suggests that the organelles mayalso be 
responsible for the p-oxidation of the side chains of these fat-soluble vitamins. 

Eicosanoids such as prostaglandins [29] , tromboxane [82], prostacyclin 
[ 100] and leukotrienes [83] are excreted as urinary dinor- and tetranor 
metabolites indicating that the (side) chains undergo one or two rounds of P
oxidation. Experiments on rat liver [14, 15,35, 84], and measurements of 
urinary metabolite patterns in patients with peroxisome deficiency disorders 
[16, 63] have established that prostaglandins E2 and F 2a and leukotrienes B4 
and E4 are oxidized mainly by peroxisomes. These results suggest th at the other 
eicosanoids are also P-oxidized by peroxisomes. 

The liver is the sole organ that can degrade cholesterol. In a first series of re ac
tions the steroid nucleus is altered (reduction of the double bond, hydroxyla
tions ) and one of the terminal methyl groups of the side chain is oxidized leading 
to the formation of the C27 bile acid intermediates di- and trihydroxycoprostanic 
acids [78] (Fig. 2). The enzymes involved are present in the endoplasmic 
reticulum (alterations of the nucleus) and in the mitochondria and cytosol 
(oxidation of the terminal methyl group). Di- and trihydroxycoprostanic acid are 
then activated to their CoA esters by trihydroxycoprostanoyl-CoA synthetase 
[81 , 85] , present in the endoplasmic reticulum (see one of the preceding sec
tions). Subsequently, the CoA esters of di- and trihydroxycoprostanic acid 
undergo one cycle of p-oxidation giving rise to propionyl-CoA and chenodeoxy
choloyl-CoA and choloyl-CoA, respectively. The CoA esters of the bile acids are 
then conjugated with taurine or glycine, a reaction that takes place in peroxi
somes and the endoplasmic reticulum [38, 41]. The bile acid intermediates di
and trihydroxycoprostanic acids are oxidized exclusively by peroxisomes 
[39,40,80] and they are no substrate for mitochondria. In the rat, trihydroxyco
prostanoyl-CoA synthetase and trihydroxycoprostanoyl-CoA oxidase are found 
only in liver. As mentioned above, in the human, the branched chain acyl-CoA 
oxidase which oxidizes the CoA esters of branched fatty acids and of the bile acid 
intermediates, is present in liver but also in extrahepatic tissues. Whether tri
hydroxycoprostanoyl-CoA synthetase is present in human extrahepatic tissues 
has not been investigated. If the latter enzyme is also expressed in these tissues, 
human extrahepatic tissues would have the potentialof converting the C27 bile 
acid intermediates into primary bile acids. That this may indeed be the case is 
suggested by a recent publication, describing the formation of cholic acid from 
trihydroxycoprostanic acid in human fibroblasts [107] . 

Xenobiotics with aliphatic side chains are often excreted as metabolites pos
sessing a carboxyl side chain shortened by an even number of carbon atoms. This 
demonstrates that these metabolites are formed via w-oxidation of the terminal 
methyl group of the side chain followed by p-oxidation. Up to now, the degrada
ti on of only a few xenobiotics possessing a carboxyl side chain has been studied. 
In every instance, the compounds were pa or substrates for mitochondria but 
they we re reasonably weIl degraded by peroxisomes [25, 101 , 128-130] , suggest
ing that peroxisomes may play an important role in the side chain degradation 
of xenobiotics. 
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Finally, peroxisomal p-oxidation appears to be involved in the synthesis of 
polyunsaturated fatty acids considered to be ,14-desaturation products such as 
4,7, 10, 13, 16, 19-docosahexaenoic acid. The contents ofthis fatty acid are seriously 
decreased in tissues of patients with peroxisome deficiency disorders [62]. There 
is now evidence that the ,14-unsaturated bound is not introduced by a ,14-
desaturase. Instead, 7,10,13,16, 19-docosapentaenoic acid is elongated, possibly in 
the endoplasmic reticulum or in peroxisomes, to 9,12,15,18,21-tetracosapen
taenoic acid followed by desaturation at position six to 6,9,12,15,18,21-
tetracosahexaenoic acid and retroconversion by peroxisomal p-oxidation to 
4,7,10,13,16,19-docosahexaenoic acid [122] . 

From the data summarized in this section, one may conclude that the main 
function of mitochondrial p-oxidation lies in the generation of energy via 
degradation of long chain fatty acids, whereas peroxisomes are engaged in the 
degradation of a wide variety of lipophilic carboxylates that may serve important 
biological functions but that are unimportant as far as energy provision is con
cerned. 

7. The metabolic fate of the produets of peroxisomal p-oxidation is not always 
clear 

Acetyl-CoA generated by mitochondrial p-oxidation enters the Krehs cycle for 
further oxidation to CO 2 and H 2 O. In addition, in ket ogen ic tissues such as 
liver, acetyl-CoA can condense to form ketone bodies (acetoacetate and 3-
hydroxybutyrate), especially in conditions in which rates of mitochondrial fatty 
acid oxidation are high (e.g. starvation, uncontrolled diabetes). The ketone 
bodies diffuse out of the mitochondria and the hepatocytes and serve as 
oxidizable substrate for extrahepatic tissues such as muscle, heart and brain -
[64 ]. 

Peroxisomes lack the ketogenic and Krebs cycle enzymes [59]. During 
straight chain fatty acid oxidation they generate acetyl-CoA, acetate and 
acetoacetyl-CoA [31, 104]. The latter two metabolites are produced by acetyl
CoA hydrolase [1, 7, 75] and by the thiolase, respectively, enzymes that are pre
sent in the peroxisomal matrix. Wh en incubated in the presence of fatty acyl
CoAs and carnitine, peroxisomes also form acetylcarnitine [104]. The formation 
of acetylcarnitine is catalyzed by carnitine acetyltransferase, an enzyme that is 
not only found in the mitochondrial inner membrane hut also in the peroxisomal 
matrix [21,61]. The fate of the acetyl units generated by peroxisomal p-oxida
tion is not always clear. Acetyl-CoA may be used for the acetyl-CoA-dependent 
fatty acid elongation system that has been described in rat liver peroxisomes 
[30] or it may diffuse to the cytosol where it can be used for cholesterol and 
dolichol synthesis (after condensation to acetoacetyl-CoA) or for fatty acid 
synthesis (af ter carboxylation to malonyl-CoA). Acetyl-CoA cannot cross 
the mitochondrial inner membrane. Before entering the mitochondria, it must 
first be converted to acetylcarnitine by carnitine acetyltransferase (see 
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above). Evidently, acetylcarnitine formed in the peroxisome can enter the 
mitochondria directly. After conversion to acetyl-CoA, it can join the Krebs cycle 
or in liver the ketogenic pathway. It remains unknown, however, to which extent 
acetyl units produced by peroxisomes are metabolized further in the mitochon
dria. In the intact liver cell, acetate appears to be the major end product of 
peroxisomal {J-oxidation [56]. Although acetate can enter the mitochondria 
without prior conversion, the major portion of the peroxisomal acetate leaves the 
hepatocyte. Acetate can be used as oxidizable substrate by extrahepatic tissues. 
Acetoacetyl-CoA may enter the mevalonate pathway, which results in the forma
tion of farnesyldiphosphate and geranyl geranyldiphosphate used for protein 
prenylation and in the formation of cholesterol, dolichols and the side chain of 
ubiquinone [28]. Interestingly, several enzymes involved in cholesterol and 
dolichol synthesis (e.g. 3-hydroxy-3-methylglutaryl-CoA reductase [43, 44], 
mevalonate kinase [98] , cis-prenyltransferase [20] and the enzymes converting 
squalene into cholesterol [2]) are present also in the peroxisome. Whether 
acetoacetyl-CoA formed in the peroxisome is used preferentially over that formed 
in the cytosol for peroxisomal cholesterol or dolichol synthesis is not known. 

The oxidation of 2-methyl-branched fatty acids and of the 2-methyl-branched 
side chain of di- and trihydroxycoprostanic acid yields propionyl-CoA instead of 
acetyl-CoA. In isolated rat hepatocytes incubated with trihydroxycoprostanic 
acid or 2-methyl-branched fatty acids, approximately half of the propionyl units 
produced is oxidized to CO2 [8, 114], indicating that at least this portion enters 
the mitochondria, in which it joins the Krebs cycle after conversion to 
methylmalonyl-CoA and succinyl-CoA. Propionyl-CoA can enter the mitochon
dria as propionate or propionylcarnitine. The fate of the remaining propionyl 
units is unknown (release from the cells as propionate; conversion of succinyl
CoA to glucose?). 

Wh at exactly happens with the shortened acyl-CoAs is not always clear either. 
The shortened eicosanoids and the partially degraded fat-soluble vitamins and 
xenobiotics are excreted. Af ter conjugation with taurine or glycine the bile acids 
chenodeoxycholic and cholic acids are excreted in the bile. A major portion of 
the shortened dicarboxylic fatty acids is probably excreted in the urine. In how 
far shortened dicarboxylic fatty acids are oxidized further in the mitochondria 
remains unknown. It has already been mentioned that the possibility exists that 
multibranched fatty acids such as pristanic acid are degraded completely by 
peroxisomes. Proof of this remains to be offered, however. Shortened straight 
chain acyl-CoAs have to be either oxidized in the mitochondria (medium or long 
chain acyl-CoAs) or esterified in the peroxisome itself (long chain acyl-CoAs: 
dihydroxyacetone-phosphate acylation, the first step in ether lipid synthesis) or 
in the endoplasmic reticulum (long chain acyl-CoAs: glycerophosphate acyla
tion, the first step in 'ester' glycerolipid synthesis). Theoretically, a shortened 
straight chain acyl-CoA can leave the peroxisome in unchanged form or it can 
be converted within the peroxisome to an acylcarnitine or a fatty acid by the 
peroxisomal matrix enzymes carnitine octanoyltransferase [21 , 66] and acyl-
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CoA hydrolase [1 , 7,75] , respectively. AcyIcamitines can directly enter the 
mitochondria for further oxidation. Acyl-CoAs first need to be converted to 
acyIcamitines by the mitochondrial camitine palmitoyItransferase I before they 
can enter the mitochondria, but they can be used for glycerolipid synthesis in the 
endoplasmic reticulum without further conversion (long chain acyl-CoAs). Fatty 
acids leaving the peroxisome need re-activation to their CoA esters-at the 
expense of 2 A TP equivalents-before they can be metabolized further. 

8. Peroxisomal fatty acid oxidation is not regulated by malonyl-CoA and by 
feeding as opposed to starvation 

We have already explained that in order to cross the mitochondrial inner mem
brane long chain acyl-CoAs have to be converted to acyIcamitines, areaction 
catalyzed by camitine palmitoyltransferase I. Malonyl-CoA, the first inter
mediate committed to lipogenesis is a potent inhibitor of camitine 
palmitoyItransferase I [64]. In the fed state, hepatic lipogenesis is high and 
hepatic malonyl-CoA levels are elevated. As aresuIt, camitine 
palmitoyltransferase I activity and fatty acid entry into the mitochondria are sup
pressed so that the newly synthesized fatty acids are prevented from being 
oxidized. They are thereby directed to triacylglycerol synthesis. In the starved 
state, rates of lipogenesis and malonyl-CoA levels decline, so that the inhibition 
of mitochondrial fatty acid oxidation is released. In addition, activation of 
lipolysis in adipose tissue provides the liver with an increased fatty acid supply, 
which further enhances the rates of oxidation, allowing the liver to genera te 
energy for gluconeogenesis and to produce ketone bodies, which serve as 
glucose-sparing substrate for extrahepatic tissues [64]. The rates of hepatic 
lipogenesis and adipose tissue lipolysis in feeding and starvation are controlled 
mainly by the balance of insulin and glucagon. Malonyl-CoA inhibits camitine 
palmitoyltransferase I also in extrahepatic tissues. It is not known, however, in 
how far fluctuations in malonyl-CoA regulate mitochondrial fatty acid oxidation 
also in these tissues [11 , 22, 42, 64]. 

The peroxisomal membrane does not contain camitine palmitoyltransferase 
[59,66]. Fatty acyl-CoA en try into the peroxisome is not camitine-dependent 
and not inhibited by malonyl-CoA [59] and peroxisomal fatty acid oxidation is 
not regulated by feeding as opposed to starvation, except in an indirect way via 
alterations in fatty acid supply (see later). A direct regulation of peroxisomal p
oxidation by feeding as opposed to starvation appears to be of little importance, 
since peroxisomal fatty acid oxidation is not primarily concerned with energy 
provision. The peroxisomal matrix contains camitine octanoyltransferase 
[21,66], which probably converts shortened acyl-CoAs into acyIcamitines. After 
leaving the peroxisome, the acyIcamitines can penetrate the mitochondria for 
further oxidation. Interestingly, peroxisomal camitine octanoyltransferase is also 
inhibited by malonyl-CoA [13, 72]. In the fed state, this prevents fatty acyl-
Co As from being converted to acyIcamitines in the peroxisome. Such conversion 
would circumvent the block imposed on camitine palmitoyltransferase I. 
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It has already been mentioned th at the mechanism of penetration of acyl-CoAs 
into the peroxisome remains unknown, except for the fact that carnitine and 
malonyl-CoA are not involved. It is not clear whether fatty acyl-CoA entry into 
the peroxisome is regulated by other effectors or mechanisms. 

Perhaps the major factor regulating peroxisomal p-oxidation is substrate 
supply. Indeed, the apparent Kms of the different acyl-CoA oxidases are 
gene rally one to two orders of magnitude higher than the unbound acyl-CoA 
concentrations found in the cell [113, 118]. This suggests that peroxisomal p
oxidation increases linearly with increasing substrate concentration. Increased 
fatty acid supply due to activation of adipose tissue lipolysis is therefore most 
probably the reason why the flux through peroxisomal p-oxidation is higher in 
the starved than in the fed state [111]. 

Although peroxisomal p-oxidation is not acutely regulated by feeding as 
opposed to starvation, treatment of rodents with a high-fat diet, especially when 
the diet contains a large percentage of very long chain andjor trans fatty acids, 
results in a 2 to 3-fold increase in the activity and concentration of three hepatic 
peroxisomal p-oxidation enzymes: palmitoyl-CoA oxidase, the multifunctional 
protein and thiolase [76]. Pristanoyl-CoA oxidase and trihydroxycoprostanoyl
CoA oxidase are not inducible [86, 119]. Smaller increases in enzyme activity 
are observed in heart, kidney and intestinal mucosa. 10 to 15-fold increases in 
hepatic peroxisomal p-oxidation enzymes (except pristanoy1-CoA oxidase and 
trihydroxycoprostanoyl-CoA oxidase) and 3 to 4-fold increases in those of he art, 
kidney and intestinal mucosa can be seen when rodents are treated with so-called 
peroxisome proliferators, a class of structurally diverse xenobiotics that include 
the hypolipidemic fibrates [58]. Along with the induction of the peroxisomal p
oxidation enzymes, these compounds cause a proliferation of peroxisomes in the 
mentioned tissues. As detailed in another chapter of this book, the peroxisome 
proliferators activate the peroxisome proliferator-activated receptor, a nuclear 
transcription factor that belongs to the thyroidjretinoid hormone subclass of 
ligand-dependent transcription factors [19, 33]. The putative ligand (a 
metabolite of the peroxisome proliferator?) and the putative endogenous ligand 
(a lipid intermediate which is possibly involved in the induction of peroxisomal 
enzymes by high fat diets?) remain to be identified. The activated receptors bind 
to direct repeats of specific base sequences in the promoter region of the respon
sive genes and stimulate thereby the transcription of these genes [106]. 
Peroxisome proliferation and peroxisomal enzyme induction do not seem to 
occur in the human, despite the fact that the peroxisome proliferator-activated 
receptor is expressed in human tissues [87]. This suggests th at human tissues 
may contain a silencer that neutralizes the action of the peroxisome proliferator
activated receptor. 

Treatment of rats with high doses of thyroxine for several days results in a 2.5-
fold increase in peroxisomal p-oxidation [36]. Acute treatment of rats with 
glucagon does not affect the peroxisomal P-oxidizing activity [97]. 

Addition of A TP to isolated peroxisomes oxidizing fatty acyl-CoA esters 
stimulates oxidation [104]; addition of CoA or NADH is inhibitory [73]. The 
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stimulatory effect of A TP appears to be exerted at the level of palmitoyl-CoA 
oxidase (which is probably the rate-limiting enzyme of peroxisomal fatty acid 
oxidation), since peroxisomal fatty acyl-CoA oxidation is stimulated to the same 
extent as the enzyme [8]. The inhibitory effect of CoA is observed in intact 
peroxisomes but not in broken peroxisomes [74]. This led the authors to con
clude that CoA affects fatty acyl-CoA entry into peroxisomes. However, direct 
proof of such a mechanism remains to be given. The inhibitory effect of NADH 
is exerted at the level of the p-hydroxyacyl-CoA dehydrogenase reaction. It 
would appear doubtful, however, that in the intact cell peroxisomal p-oxidation 
is regulated by fluctuations in A TP or CoA. Likewise, it seems doubtful that the 
intraperoxisomal redox state of the pyridine nucleotides would constitute a 
regulatory mechanism. As already mentioned, isolated peroxisomes and 
peroxisomes in permeabilized hepatocytes are permeable to small water soluble 
molecules of the size of NADH. It is probable, therefore, th at the 
intraperoxisomal redox state is governed by that of the cytosol. Summarizing the 
data described in this section, it would appear that peroxisomal p-oxidation is 
regulated mainly by substrate supply. Since peroxisomal p-oxidation seems to 
function primarily as a detoxification system, degrading a variety of lipophilic 
carboxylates to shorter and more polar metabolites that can be excreted, reg ula
tion by substrate supply would seem both sufficient and adequate. 
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