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Abstract

Peroxisomes are multifunctional organelles with an important role in the generation and decomposition of re-
active oxygen species (ROS). In this review, the ROS-producing enzymes, as well as the antioxidative defense
system in mammalian peroxisomes, are described. In addition, various conditions leading to disturbances in
peroxisomal ROS metabolism, such as abnormal peroxisomal biogenesis, hypocatalasemia, and proliferation of
peroxisomes are discussed. We also review the role of mammalian peroxisomes in some physiological and
pathological processes involving ROS that lead to mitochondrial abnormalities, defects in cell proliferation, and
alterations in the central nervous system, alcoholic cardiomyopathy, and aging. Antioxid. Redox Signal. 13, 525-537.

Introduction

PEROXISOMES ARE ESSENTIAL CELLULAR ORGANELLES that
perform important metabolic functions in such diverse
organisms as mammals, plants, and unicellular eukaryotes,
including yeast and Tetrahymena. Mammalian peroxisomes
harbor more than 100 enzymes and other proteins. The main
function of these particles is the oxidative degradation of
long- and very long-chain fatty acids, including branched-
chain (e.g., phytanic acid) and polyunsaturated fatty acids,
dicarboxylic acids, and a side chain of bile acid precursors (di-
and trihydroxycoprostanoyl-CoA). In addition, mammalian
peroxisomes carry out a wide range of other reactions such as
the oxidation of purines, L-a-hydroxy acids, polyamines, and
some amino acids as well as the synthesis of plasmalogenes,
waxes, and ketone bodies (Table 1, reviewed in Refs. 85 and
107). These organelles play a key role in the production and
utilization of reactive oxygen species (ROS). The importance
of peroxisomes for cellular metabolism is emphasized by
the existence of a group of inherited diseases (Zellweger
syndrome, neonatal adrenoleukodystrophy, infantile Re-
fsum’s disease, and rhizomelic chondrodysplasia punctata)
caused by severe impairment of one or more peroxisomal
functions (reviewed in Refs. 101 and 108).

The unique feature of peroxisomes is their central role in the
metabolism of compounds poorly soluble in water or lipids
(Table 1). Most of them are amphipathic molecules (e.g.,
various fatty acids, steroids including bile acid precursors,
and several hydrophobic hydroxy- and amino acids). Other
metabolites that are poorly soluble in water and insoluble in
lipids include purines (xanthine, hypoxanthine, and uric acid)
and oxalates. Interestingly, if the transport and metabolism of
these compounds is inefficient, they accumulate in the human
body, which leads to the development of pathological con-

ditions such as atherosclerosis, gout, kidney stones, and
gallstones, and the accumulation of very long-chain fatty ac-
ids in some inherited diseases (24, 42, 65, 101, 108). Most of
these abnormalities are accompanied by disturbances in ROS
metabolism.

Although the main peroxisomal metabolic pathways have
already been characterized, the functional roles of the systems
responsible for the generation and degradation of ROS in
peroxisomes are poorly understood. Peroxisomal oxygen
metabolism may represent a chain of interconnected events
that are highly coordinated and prevent the destructive effects
of ROS on cellular functions. In the current review, we de-
scribe the basic mechanisms involved in ROS metabolism in
mammalian peroxisomes and discuss new developments in
the study of the pathobiology of these organelles.

Morphology of Mammalian Peroxisomes

Peroxisomes belong to a group of organelles called ‘mi-
crobodies.” The group also includes glyoxysomes from plant
seeds (45), glycosomes from Tetrahymena species (79), and
Woronin bodies from filamentous fungi (70). All these or-
ganelles share similar morphology and biogenesis although
they differ in protein composition and function. Mammalian
peroxisomes from liver and kidney are spherical or oval
particles with a diameter of 0.5-1.0 um surrounded by a single
membrane and filled with an electron-dense granular matrix
(Fig. 1).Peroxisomes usually contain characteristic core-like
structures called nucleoids that represent natural crystals of
the enzyme urate oxidase. Rather smaller are microperoxi-
somes (0.1-0.45 ym in diameter) which can be found in tissues
other than liver and kidney (34). These particles are difficult to
discriminate from the structures formed by smooth endoplas-
mic reticulum when using conventional electron microscopy.
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TaABLE 1. MAIN METABOLIC PATHWAYS IN MAMMALIAN PEROXISOMES

Pathway

Substrate

Product

f-Oxidation of long- and very-long Long- and very long-chain fatty

chain fatty acids.

p-Oxidation of dicarboxylic fatty
acids.

f-Oxidation of methyl branched
fatty acids.

a-Oxidation of branched-chain
fatty acids.

Last steps in the formation of bile
acids (f-oxidation and
conjugation with amino acids).

Ketogenesis

Ether-phospholipid (plasmalogen)
biosynthesis.

Glyoxylate metabolism.

Amino acids oxidation.

Polyamine oxidation.

Oxidative part of pentose
phosphate pathway.

acids (saturated and unsaturated).

Dicarboxylic long- and medium-chain
fatty acids.

Long and medium-chain
methyl-branched fatty acids
(pristanic acid).

3R-Methyl-branched fatty acids
(phytanic acid).

Di- and trihydroxycholestanoic
acids (DHCA and THCA).

Acetyl-CoA.

Dihydroxyacetone phosphate and acyl-CoA'’s.

Glycolate.
L- and/or D-isomers of some amino acids.
N-acetyl derivatives of spermine
and spermidine.
Glucose-6-phosphate.

Medium-chain fatty acids plus
acetyl-CoA.

Dicarboxylic short-chain acids
including succinate plus acetyl-CoA.

Short- and medium-chain branched
fatty acids plus acetyl-CoA and
propionyl-CoA.

2R-Methyl-branched fatty acids
(pristanic acid).

Chenodeoxycholic, cholic,
taurocholic, and glycocholic acids.

Acetoacetate.
Alkyl-glycerol-3-phosphate.

Glycine.

2-oxoacids.

Spermidine, putrescine, and
3-acetamidopropanal.

Ribose-5-phosphate.

Therefore, a method has been developed to detect micro-
peroxisomes by tissue staining with 3,3’-diaminobenzidine
(DAB) that is converted to an electron-dense insoluble mate-
rial in the peroxidase reaction of catalase, a peroxisomal
marker (Fig. 1E).

Biogenesis of Peroxisomes

Peroxisomes lack DNA, and therefore all peroxisomal
proteins are coded for in the nucleus and synthesized on free

polyribosomes in the cytoplasm. Unlike mitochondria and

FIG. 1. Morphology of
mammalian  peroxisomes.
(A) Cluster of mouse liver
peroxisomes (Ps). The parti-
cles are surrounded by a sin-

gle membrane, contain a
homogeneous matrix and
electron-dense ‘worm’-like

nucleoids. Bar, 1000nm. (B)
Peroxisomes purified from
normal mouse liver. Note the
differences in electron density
of the particles due to leakage
of soluble matrix proteins
during isolation. Structures
that contain membrane and
nucleoid but lack matrix
(peroxisomal ‘ghosts”) are
marked by asterisks. Bar,
2000nm. (C) Peroxisomes
isolated from rat liver. A nu-
cleoid released during isola-
tion with a clear visible
crystalline structure is marked
by an arrowhead. Bar, 500 nm.
(D) Immunogold staining of
rat liver peroxisomes for the
marker enzyme 3-oxoacyl-
CoA thiolase. Note that the
gold particles are highly con-

centrated in the organelle, indicating that the enzyme is a truly peroxisomal constituent. Bar, 500 nm. (E) DAB staining of
peroxisomes (Ps) in the fat pad tissue of mouse mammary glands. Lipid droplets are marked (L). Bar, 500 nm.
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chloroplasts, peroxisomes can import folded, fully assembled
proteins (73). To facilitate their transport into peroxisomes,
most peroxisomal proteins possess a targeting sequence, the
so-called peroxisomal targeting signal (PTS). Two distinct sig-
nals for matrix proteins have been described. PTS1 represents
a tripeptide with a consensus sequence: (S/A/C)-(K/H/Q/R)-
(L/M), which is located at the extreme C-terminus of a
protein.

PTS2, with a consensus sequence: (R/K)-(L/1/V)-Xs-(H/Q)-
(L/A/F), is located near the N-terminus of a protein. Some
proteins that have no PTS can be imported into peroxisomes
after oligomerization with other proteins that contain a PTS.
This pathway is designated a “piggyback” mechanism. PTS’s
are recognized in the cytoplasm by their corresponding re-
ceptor proteins Pex5 (PTS1) and Pex7 (PTS2), which transfer
their cargo to the peroxisomal membrane (Fig. 2). How the
cargo proteins are transferred across the membrane is still
unknown. The mechanism of this transportation is a subject of
hot discussions (reviewed in Ref. 33).

Main Metabolic Pathways in Mammalian Peroxisomes

Peroxisomes play an important role in mammalian cellular
metabolism and physiology. The repertoire of enzyme activ-
ities in these particles varies greatly depending on the species
or tissues, which reflects the contribution of these organelles
to the metabolism of host cells. Peroxisomes are also remark-
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able in that their number, size, and enzyme profiles respond
to various stimuli (see, for example, Fig. 3). Because of their
multiple metabolic functions, peroxisomes are linked to a
number of inherited or acquired human diseases. The meta-
bolic functions performed by peroxisomes include a wide
range of degradative and synthetic reactions summarized in
Table 1 (reviewed in Ref. 107). Frequently, the peroxisomal
metabolite breakdown processes include a hydrogen perox-
ide (H,O,) generating oxidation step.

A common feature of peroxisomes from different species is
that they carry out fatty acid f-oxidation. In most fungi as well
as in plants, this seems to be solely a peroxisomal process. In
mammals, however, fatty acid f-oxidation also takes place
in mitochondria. All the known peroxisomal f-oxidation
pathways have multifunctional proteins displaying both 2E-
enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydroge-
nase activities. Interestingly, mammals have two of these
proteins (peroxisomal multifunctional enzymes types 1 and 2)
showing different evolutionary origins and catalyzing the
conversion of 2E-enoyl-CoA esters to 3-oxoacyl-CoA esters
either through 3S- or 3R-hydroxyacyl-CoA intermediates,

Peroxisomal Cytoplasm
lumen
.'_)g

Pex5-dependent
pathway

Pex7-dependent

I pathway
“ II |! A=
‘:’3 “Piggyback”
W - mechanism

3.0 4.0

Molecular mass (kDa)

4. l« 20

l« 10

Peroxisomal membrane

FIG. 2. Transfer of matrix proteins into peroxisomes. Dark
gray circles: matrix proteins that are folded and fully assem-
bled as oligomers. Light gray circles: Pex5 receptor recogniz-
ing proteins containing PTS1. Black squares: Pex7 receptor
recognizing proteins containing PTS2. Light gray pentagons:
oligomeric protein molecule that is delivered into the per-
oxisome by the so-called ‘piggyback” mechanism. Note that
the receptors are shuttled between the cytoplasm and per-
oxisomes. Pex7 delivers cargo proteins into peroxisomes only
after complex formation with Pex5.

FIG. 3. Two-dimensional electrophoresis of peroxisomal
matrix proteins that demonstrates the relative abundance
of the proteins in the particles. Peroxisomes were iso-
lated from clofibrate-treated mouse liver. Apparent pI and
molecular mass values are indicated. The main protein
components were detected using mass spectrometry: (1)
Multifunctional enzyme 1 catalyzing the second (hydratase)
and third (dehydrogenase) steps in peroxisomal f-oxidation
of fatty acids; (2) Palmitoyl-CoA oxidase, full-length peptide;
(3) Palmitoyl-CoA oxidase, N-terminal fragment. The en-
zyme undergoes a limited proteolytic cleavage after import
into peroxisomes; (4) Palmitoyl-CoA oxidase, C-terminal
fragment; (5) 3-Oxoacyl-CoA thiolase; (6) Catalase; (7) Urate
oxidase; (8) Epoxide hydrolase. Note the abundance of pro-
teins involved in production (palmitoyl-CoA oxidase, urate
oxidase) and decomposition (catalase) of H,O,.
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respectively (36, 47). Some polyunsaturated fatty acids are not
accepted as substrates by the fi-oxidation enzymes. Therefore,
peroxisomes have acquired a set of auxiliary enzymes to
transform the acyl-CoA esters of these fatty acids to inter-
mediates suitable for breakdown by f-oxidation (47, 85).

Transfer of Metabolites
Across the Peroxisomal Membrane

Carbon flow through peroxisomal pathways requires a
continuous transfer of metabolites across the peroxisomal
membrane. The mechanism of this transfer represents a long-
standing problem in the physiology of peroxisomes. The key
question that was unanswered for more than 40 years is
whether metabolites are transferred across the membrane by
specific transporters like in the inner mitochondrial mem-
brane or whether they cross the membrane through nonse-
lective channels similar to the mechanism of permeation of the
outer mitochondprial or nuclear membranes (6, 85, 106, 107). It
now seems that both concepts are valid for peroxisomes (10,
11, 92) since the membrane of these organelles contains non-
selective channels side by side with transporters highly se-
lective for certain compounds (Fig. 4). The channels allow the
transmembrane passage of small solutes with a molecular
mass below 400 Da while the transporters are responsible for
the transfer of ‘bulky’ solutes (molecular mass over 400 Da)
such as ATP (81) and long-chain acyl-CoA derivatives (106).
Therefore, the peroxisomal lumen and the surrounding cyto-
plasm share a common pool of small solutes including nearly
all the intermediates of peroxisomal metabolic pathways. In
contrast, these two compartments possess their own pools of
‘bulky’ solutes (ATP and cofactors such as NAD/H and
NADP/H) and acyl-CoA derivatives. These predictions are
important for understanding the physiology of mammalian
peroxisomes. For instance, one can suggest that molecules of
reduced glutathione (GSH, molecular mass 307.3 Da) freely
penetrate the peroxisomal membrane. GSH effectively re-
duces peroxides and free radicals nonenzymatically with the
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formation of oxidized glutathione (GSSG). The hexapeptide
molecule of GSSG (molecular mass 612.2 Da) is a ‘bulky’ sol-
ute that is unable to use channels to pass through the perox-
isomal membrane. Consequently, an active transport of GSSG
out of peroxisomes by means of specific transporters can be
predicted.

Peroxisomal Enzymes Producing ROS

Mammalian peroxisomes are densely populated by en-
zymes that form ROS (Table 2). Most of them are FAD (or
FMN)-dependent oxidases generating H,O, as a reaction by-
product. In addition, some observations indicate the presence
in peroxisomes of the O,-producing enzyme xanthine oxi-
doreductase (4) and the inducible form of nitric oxide syn-
thase (72).

Acyl-CoA oxidases

Ratliver peroxisomes contain three acyl-CoA oxidases with
overlapping substrate specificities: palmitoyl-CoA oxidase
(ACOX1), trihydroxycoprostanoyl-CoA oxidase (ACOX2)
and pristanoyl-CoA oxidase (ACOX3). In addition to their
specific substrates (Table 2), all of them oxidize long and very-
long straight-chain acyl-CoA’s with varying efficiency (104).
Only ACOX1 is inducible by clofibrate and other peroxisome
proliferators (see section below and Fig. 3). As in rodents, the
human genome contains three genes for peroxisomal acyl-
CoA oxidases (17). However, expression of one of them, the
homolog of rat ACOX3, is somehow suppressed. The protein
product of this gene was only detected in human pros-
tate tissue and in some prostate cancer cell lines (117). In all
other human tissues, peroxisomal ACOX2 is responsible not
only for oxidation of bile acid intermediates but also for deg-
radation of 2-methyl-branched fatty acids. Considering the
abundance of acyl-CoA oxidases, especially ACOX1, in per-
oxisomes (Fig. 3) and the availability of their substrates, these
enzymes may be the main source of H,O; in the particles.

Import into peroxisomes

Export out of peroxisomes

C toplasm

Long- and very
long-chain fatty
acids (CoA
derivates?),
Bile acid
intermediates

(CoA derivates?) }
Phytanoyl-CoA

ATP

Carnitine,

amino acids,
polyamines,
carboxylic acids,
glucose-6-
phosphate, etc.

Cofactors (CoA,
NAD/P)

F’eroxisomall lumen

Peroxisomal lumen [

ABC transporters

@

ATP transporter

?

Membrane channels

Di

ﬂl

Transporter({?)

R

Free medium-
chain fatty acids,
carnitine esters,
cleavage products
of the cofactors,
keto- and
aminoacids

Cﬂoglasm

Membrane channels

ﬂl[

Transporter(?)

Bile acids —[—|—>

Precursors of
plasmalogens

GSSG

Transporter(?)

-

Transporter(?)

FIG. 4. Transfer of metab-
olites across the peroxisomal
membrane. Note the pres-
ence of nonselective channels
side by side with transporters
specific for ‘bulky’ solutes or
lipid soluble compounds. In
contrast to channels, trans-
porters are able to transfer
metabolites against their con-
centration gradient.
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TABLE 2. ENZYMES IN MAMMALIAN PEROXISOMES THAT GENERATE ROS

Enzyme Substrate ROS
Palmitoyl-CoA oxidase Long- and very long-chain fatty acids, dicarboxylic fatty acids, glutaryl-CoA H,O,
Pristanoyl-CoA oxidase 2-Methyl-branched fatty acids H,0,
Trihydroxycoprostanoyl-CoA oxidase Bile acids intermediates H,O,
Urate oxidase Uric acid H,0O,
L-o-hydroxyacid oxidases Glycolate, lactate, medium- and long-chain 2-hydroxyacids H,O,
Polyamine oxidase N-acetyl spermine/spermidine H,0,
Pipecolic acid oxidase L-Pipecolic acid H,O,
Sarcosine oxidase Sarcosine, L-proline H,0O,
D-amino acid oxidase D-isomers of neutral and basic amino acids H,0,
D-aspartate oxidase D-isomers of acidic amino acids H,0,
Xanthine oxidase Hypoxanthine, xanthine O,

NO synthase L-arginine NO

Urate oxidase

This enzyme, which does not require an organic co-factor
for catalysis, is a principal component of peroxisomal nucle-
oids in some mammals. These natural crystals of urate oxidase
were detected only in liver and kidney peroxisomes (Fig. 1). In
all other tissues the enzyme is not expressed. The biological
significance of the formation of nucleoids is not clear. Pri-
mates, including humans, have no nucleoids due to the ab-
sence of the urate oxidase protein. The human urate oxidase
gene contains two nonsense mutations and thus does not
encode a functional protein (114). Uric acid is a powerful an-
tioxidant that scavenges singlet oxygen, peroxynitrite and free
radicals (2, 49). Therefore, the prediction has been made that
the loss of urate oxidase function is beneficial since it allows
maintenance of an elevated, relative to other mammals, con-
tent of uric acid in body fluids and tissues of primates (2).
However, a knockout of the urate oxidase gene in mice that
led to a drastic increase in the body content of uric acid did not
reveal any beneficial effect (112). Moreover, these animals
displayed symptoms characteristic for gout, a human disease
caused by the accumulation of urate crystals in kidney and
joints. On the other hand, the administration of uric acid has
been shown to inhibit CNS inflammation, blood—CNS barrier
permeability changes, and tissue damage in a mouse model of
multiple sclerosis (49). Recently, a moderately elevated con-
centration of uric acid has been detected in the body fluids of
mice deficient in the peroxisomal membrane channel protein
Pxmp2 (92). This animal model may be useful for in vivo
analysis of the antioxidant defense potential of uric acid.

2-Hydroxyacid oxidase

Two isoforms of this enzyme have been detected in rodents:
(i) Glycolate oxidase (isoform A) oxidizes glycolic, lactic, and
glyoxylic acids; (ii) 2-Hydroxyacid oxidase (isoform B) is
specific towards short (2-hydroxybutyrate) and medium-
chain 2-hydroxyacids (64). Three human peroxisomal 2-
hydroxyacid oxidases have been characterized: HAOXI,
HAOX2, and HAOX3 (67). HAOXI is in fact glycolate oxi-
dase. HAOXS3 is reactive towards the medium chain acid
2-hydroxyoctanoate, while HAOX2 shows activity with
2-hydroxyoctanoate and with the long-chain fatty acid 2-
hydroxypalmitate as substrates. In mammals, the long-chain
2-hydroxy acids are most abundant in brain where they rep-
resent ~ 6% of the total amount of fatty acids (37).

N'-Acetyl polyamine oxidase

Polyamines—putrescine, spermine (SPM), and spermidine
(SPD)—are essential for the growth, maintenance, and func-
tion of mammalian cells (76). The intracellular concentra-
tion of these compounds is under tight regulation that
depends on the enzymes involved in the synthesis and the
degradation of polyamines. The main degradation pathway
starts in the cytosol by the action of acetyl-CoA:SPD/SPM N-
acetyltransferase. The enzyme converts biologically active
SPM and SPD to their inactive N-acetylated forms, Nl—acetyl—
SPM and N'-acetyl-SDP, respectively (76). As a next step, the
acetylated polyamines are oxidized by peroxisomal N'-acetyl
polyamine oxidase, resulting in the formation of SPD from
N'-acetyl-SPM, putrescine from N'-acetyl-SDP as well as
3-acetamidopropanal and H,O, as by-products (111). There-
fore, by producing SPD and putrescine, the oxidase partially
reverses an inactivating effect of the acetyltransferase on poly-
amines. Apart from peroxisomes, the cytosol also contains
polyamine oxidase that reacts with SPM, but not with acety-
lated polyamines (76). The biological significance of the coex-
istence of two polyamine oxidases in the same cells is not clear.

Pipecolic acid and sarcosine oxidases

One of the routes for L-lysine degradation is the L-
pipecolate pathway. L-pipecolic acid is oxidized by peroxi-
somal L-pipecolate oxidase with the production of Al-piper-
ideine-6-carboxylate (30). The other pathway for lysine
catabolism includes the formation of glutaryl-CoA that can be
oxidized in peroxisomes, most probably in a side reaction
catalyzed by palmitoyl-CoA oxidase (104). The structural
similarity between L-pipecolic acid, sarcosine, and L-proline
indicates that all these amino acids can be oxidized by the
same enzyme. Indeed, both—peroxisomal sarcosine oxidase
and L-pipecolic acid oxidase—accept these substrates (30, 91).
Whether sarcosine and L-pipecolic acid oxidases co-localize in
the same organelle or whether different mammalian species
contain only one type of oxidase specific for both substrates,
sarcosine and L-pipecolic acid, remains to be established.

D-amino acid and D-aspartate oxidases

D-amino acid oxidase was one of the first enzymes detected
in mammalian peroxisomes (27). However, its functional role
remains a mystery since only traces of D-amino acids, most
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probably of bacterial origin, were detected in mammals. The
enzyme oxidizes D-isomers of neutral and basic amino acids.
D-aspartate oxidase is specific towards D-isomers of acidic
amino acids. In addition to kidney and liver, the enzyme
is also present in the brain where D-aspartate specifically
accumulates (115, 116). Evidence of a possible role for
D-aspartate in native synaptic transmission as an agonist of
glutamate receptors has been reported (43).

Xanthine oxidase

The enzyme is a complex molybdoflavoprotein that is
transformed from an oxidoreductase (NAD-dependent) to an
oxidase form under various conditions such as proteolysis or
ischemia (4, 46). This is a rate-limiting enzyme in purine ca-
tabolism accepting hypoxanthine and xanthine as substrates.
The by-products of the oxidase reaction are O,. and H;O,. In
addition, the enzyme catalyzes the reduction of nitrates and
nitrites to nitric oxide (NO), acting as a source of both NO and
peroxynitrite (46). Rodent liver peroxisomes contain mainly
the oxidase form of the enzyme while the oxidoreductase
form is present in the cytoplasm of various cell types in liver,
kidney and intestine (4, 38).

Nitric oxide synthase

NO is a free radical serving as an important messenger
molecule involved in the regulation of a number of cellular
functions as well as cell viability (1). The production of NO
from arginine is catalyzed by nitric oxide synthase (NOS) and
requires oxygen, NADPH, tetrahydrobiopterin, and FAD.
There are at least three known forms of mammalian NOS in-
cluding constitutive NOS (cNOS) and inducible NOS (iNOS).
Peroxisomal and the cytosolic pools of iNOS were detected in
cytokine-stimulated hepatocytes (102). The peroxisomal pool
mainly consists of an enzymatically inactive monomeric form
of iNOS while the cytosolic pool is composed of both active
dimers and monomers (72). Whether the peroxisomal iNOS is
somehow activated and produces NO inside the particles is not
clear. Interestingly, the nitroalkene derivatives of long- and
very long-chain unsaturated fatty acids, which supposedly can
be generated in peroxisomes, are able to serve as endogenous
PPAR ligands (16). Therefore, one of the roles of intraperoxi-
somal NO may be signaling related to the functional state of
peroxisomal f-oxidation. NO has a high affinity for O,. that is
generated in peroxisomes by xanthine oxidase. The reaction
between the two radicals reduces NO bioavailability and at the
same time leads to the production of peroxynitrite, an ex-
tremely active ROS that may inactivate peroxisomal enzymes.

Peroxisomal Antioxidant Defense Systems

Considering the abundance of ROS-producing enzymes in
peroxisomes, it is not surprising that these particles are well
equipped with antioxidant defense systems composed mainly
of enzymes involved in the decomposition of H,O, and O,.
(Table 3).

Catalase

This is the most abundant antioxidant defense enzyme in
mammalian peroxisomes (Fig. 3). In rodent liver peroxi-
somes, rough estimates indicate that each molecule of H,O,-
producing oxidase possesses at least one molecule of catalase

ANTONENKOV ET AL.

TABLE 3. ANTIOXIDATIVE DEFENSE ENZYMES
IN MAMMALIAN PEROXISOMES

Enzyme Substrate

Catalase H,0,

Peroxiredoxine V (PMP20) H,0,

Cu/Zn-superoxide dismutase O,

Mn-superoxide dismutase O,

Epoxide hydrolase Epoxides

Soluble glutathione S-transferase Hydroperoxides
(member of kappa family)

Membrane bound (‘microsomal’) Lipid hydroperoxides

glutathione S-transferase

as a functional counterpart. The very high content of catalase
in peroxisomes explains the latency of this enzyme in the
particles (see Ref. 6 for details) and led to the experimentally
based prediction that peroxisomes serve as an intracellular
sink for H,O, (74, 110). Catalase decomposes H,O, in dis-
mutase: 2H,0, - H,O + O,, and peroxidase: H,O, + RH; —
2H,0 + R reactions, where RH, may be phenols, formic acid,
formaldehyde, and short-chain alcohols such as methanol and
ethanol. Apparently, the role of catalase in the oxidation of
ethanol is especially important in organs with low alcohol
dehydrogenase activity, including heart and brain (118). Each
subunit of a tetrameric catalase molecule contains a tightly
bound NADPH that is believed to prevent inactivation of the
enzyme under conditions of intensive H,O, production (61).
Oxidized bound NADP can be converted back to the reduced
form by soluble NADPH or NADH (39). Catalase shows a
very high K, for H,O, (>1 M), which may be a reason for the
relative inefficiency of the dismutase activity of this enzyme at
low H,O, concentrations (74). This in turn explains the pres-
ence in peroxisomes of other enzymes capable of decompos-
ing H,O; (see below).

Superoxide dismutase

The enzyme catalyzes a dismutation of superoxide anions:
20, +2H" - H,0, + O, with the production of H,O, that in
turn is a substrate for peroxisomal catalase. Therefore, super-
oxide dismutase (SOD) and catalase comprise a short meta-
bolic route protecting cells from damage by ROS (reviewed in
Ref. 69). Two forms of SOD—Cu,ZnSOD and MnSOD—have
been identified in mammalian cells. MnSOD is a mitochon-
drial enzyme. The dual localization of Cu,ZnSOD in cyto-
plasm and peroxisomes of rat liver, human fibroblasts, and
hepatoma cells was verified using different experimental ap-
proaches including mass spectrometric analysis of peroxi-
somal proteins (28, 57). Interestingly, Cu,ZnSOD is targeted in
peroxisomes using its physiological interaction partner called
copper chaperon of SOD as a shuttle by means of a piggyback
import mechanism (52). Data on the presence of MnSOD in
mammalian peroxisomes (99) are less convincing. Detection of
the enzyme in the peroxisomal fraction may be due to mito-
chondrial contamination.

Peroxiredoxin V

The protein peroxiredoxin V (PrxV), also named as PMP20,
AOEB166, PRDX5, or ACR1, belongs to a large family of
peroxidases reacting with H,O, or alkyl hydroxyperoxides
(62, 97, 113). PrxV is also active as a peroxynitrite reductase
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(31). The enzyme contains two redox-active cysteine residues
that can be oxidized to a sulfenic acid by a peroxide substrate
and then recycled back to a thiol. PrxV contains both the N-
terminal mitochondrial targeting presequence and the C-ter-
minal PTS1 (SQL). The enzyme was detected in peroxisomes,
mitochondria, cytosol, and to a lesser extent in nuclei. Some
data indicate that PrxV is tightly associated with the peroxi-
somal membrane (113). The nature of the reducing agent for
peroxisomal PrxV is not clear. Thioredoxins are widely con-
sidered as physiological electron donors for peroxiredoxins.
However, thioredoxins and their functional counterpart,
thioredoxin reductase, have not been detected in mammalian
peroxisomes. In in vitro experiments, dithiothreitol was active
as a reducing agent for sulfhydryl groups in PrxV (113). This
suggests a possible role of reduced glutathione in the re-
activation of oxidized PrxV in peroxisomes.

Soluble epoxide hydrolase

This prominent protein component of mammalian peroxi-
somes (Fig. 3) catalyzes the hydrolysis of epoxides, highly
reactive oxygen containing electrophilic compounds espe-
cially damaging to nucleic acids and unsaturated lipids. In
addition to peroxisomes the enzyme is also localized in the
cytoplasm. It is genetically different from microsomal epoxide
hydrolase that is an abundant component of the endoplasmic
reticulum (13). The potential substrates for peroxisomal ep-
oxide hydrolase are epoxides derived from lipids including
prostaglandins, cholesterol, arachidonic and other polyun-
saturated fatty acids (80).

Glutathione S-transferase kappa

This is the first enzyme identified as a peroxisomal con-
stituent by means of a proteomics approach (59). Glutathione
S-transferases (GSTs) promote the conjugation of a wide va-
riety of electrophilic compounds, including xenobiotics and
products of lipid peroxidation, to glutathione. The enzymes
also catalyze the glutathione peroxidase reaction using lipid
hydroperoxides (but not H,O,) as substrates (77).

Interestingly, some data indicate that GST kappa is, in fact,
a disulfide-bond A oxidoreductase (DsbA) that functions as
protein disulfide isomerase (71). In particular, the DsbA may
be responsible for adiponectin multimerization during hor-
mone secretion from adipocytes and other cell types including
hepatocytes (71). However, there is a little chance that DsbA
(GST kappa) is somehow involved in the formation of proper
disulfide bonds in peroxisomal proteins since the highly re-
ductive environment in the particles apparently maintains
most SH groups in the reduced form. The precise function of
GST kappa in peroxisomes remains to be established.

Membrane-bound glutathione S-transferase

The protein membrane-bound glutathione S-transferase
(mGST) is a prominent component of peroxisomal membranes
in rodent livers. (53, Antonenkov, unpublished results). It
shows multiple subcellular localizations and is detected in the
endoplasmic reticulum, the outer membrane of mitochondria,
and peroxisomes. The enzyme, which has no sequence ho-
mology to soluble GSTs, forms homotrimers with one thiol
group per subunit. This thiol group is important for mGST
function since its modification (alkylation, disulfide bond or
sulfenic acid formation) leads to activation of the enzyme.
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mGST has broad substrate specificity towards lipid hydroper-
oxides and several other products of oxidative metabolism (3).

Fatty aldehyde dehydrogenase

The presence of membrane-associated long-chain aldehyde
dehydrogenase activity inducible by the peroxisome pro-
liferator clofibrate was established more than 20 years ago (9).
Later on it was suggested that the enzyme is involved in the
a-oxidation of branched-chain fatty acids converting pristanal
to pristanic acid (reviewed in Refs. 101 and 108). In addition,
the dehydrogenase protects cells from the cytotoxic effects of
medium-chain aldehydes derived from peroxidation of un-
saturated fatty acids. Several splicing variants of fatty alde-
hyde dehydrogenase (FALDH) have been described in
mammalian cells. One variant, FALDH-V, was exclusively
detected in the peroxisomal membranes (14).

Pxmp2, Mpv17 and MP-L proteins

These integral membrane proteins share significant se-
quence similarity and were initially detected in peroxisomes
(21,50, 119). Recently, at least two of them—Mpv17 and MP-L
proteins—have been implicated in ROS metabolism (66, 100,
105, 119). Pxmp2, the most abundant protein component of
the rat liver peroxisomal membrane, was recently described
as a channel-forming protein partially responsible for mem-
brane permeability to solutes (92). On the basis of sequence
similarity, the same function was predicted for the other
members of the family. However, more recent observations
indicated that Mpv17 and MP-L are localized in the inner
mitochondrial membrane (66, 100). The discrepancies in the
results concerning the subcellular localization of the Mpv17
and MP-L proteins may be at least partially explained by the
tendency to use cell lines where the protein of interest is
heavily overexpressed. This frequently leads to mislocaliza-
tion of the expressed protein. Deletion of the Mpv17 gene in
mice is accompanied by disturbances in ROS production
(119), the appearance of mitochondrial abnormalities includ-
ing mitochondrial DNA depletion and suppression of oxida-
tive phosphorylation (100), and leads to the development of
glomerulosclerosis and deafness (105, 119). Apparently, the
MP-L protein is involved in protection against mitochondrial
oxidative stress and apoptosis by activation of the Omi/
HtrA2 protease, which is suggested to cleave misfolded and
damaged proteins (66).

Peroxisomal lipid-binding proteins

Several lines of evidence indicate that lipid-binding pro-
teins such as the fatty acid binding protein (FABP) and the
sterol-carrier protein 2 (SCP2), which are partially localized in
mammalian peroxisomes (12, 96), are participants in the an-
tioxidant defense system protecting unsaturated fatty acids
from peroxidation (25, 109). The third peroxisomal protein
with the potential to bind fatty acids is the so-called UK114. It
belongs to the YjgF/Yer057p/UK114 family of proteins that is
highly conserved from bacteria to mammals (7). However, the
real function of the UK114 protein is still elusive.

NADP-dependent dehydrogenases

NADPH is required in peroxisomes to remove double
bonds from unsaturated fatty acids in the auxiliary reactions
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of p-oxidation (reviewed in Ref. 85) and also in reactions
involved in ROS metabolism such as defending catalase
against oxidative damage, biosynthesis of NO, and appar-
ently reduction of oxidized glutathione catalyzed by gluta-
thione reductase. The resulting NADP™ is unable to penetrate
the peroxisomal membrane (11) and has to be converted to the
reduced form (NADPH) inside the particles. To accomplish
this task, mammalian peroxisomes contain two enzymatic
systems: (i) The oxidative part of the pentose phosphate path-
way consisting of glucose-6-phosphate and 6-phosphogluco-
nate dehydrogenases (5) and (ii) NADP-dependent isocitrate
dehydrogenase (41). The enzymes catalyze nearly irreversible
reactions that guarantee a steady supply of NADPH in per-
oxisomes. It seems that the dehydrogenases found in peroxi-
somes are the same proteins responsible for NADP*
reduction in the cytoplasm and in mitochondria.

Other enzymes with apparent peroxisomal localization

In addition to the enzymes mentioned above, several other
components of an antioxidant defense system appear to be
localized in mammalian peroxisomes. They include glutathi-
one peroxidase (98), peroxiredoxinl (51), hypoxia-inducible
factors, and hypoxia-inducible factor regulatory hydroxylases
(58). However, the presence of these proteins in peroxisomes
has not been verified independently by using alternative ex-
perimental approaches. It should be emphasized that verifica-
tion of the presence of a certain proteins in peroxisomes is not
an easy task since these particles are not as abundant as other
organelles, very leaky during isolation, and exploit a flexible
mechanism of biogenesis which allows transfer into the par-
ticles not only of proteins containing PTS1 or PTS2 targeting
signals but also proteins able to use so-called ‘piggyback’
translocation (see section ‘Biogenesis of peroxisomes’).

Peroxisomes and Mitochondria

Peroxisomes and mitochondria cooperate in the mainte-
nance of several metabolic pathways including the complete
oxidative degradation of fatty acids. In some cases the parti-
cles share the same functions such as f-oxidation of long-
chain fatty acids or ketogenesis (94). Recently, direct contacts
between peroxisomes and mitochondria by means of cargo-
selective transport by vesicular carriers were described in
mammalian cells (78). Like peroxisomes, the mitochondria
have a key role in both the production and scavenging of ROS.
The mitochondrial electron transport chain is a major site of
free radical generation with a rate of cellular output compa-
rable to or even higher than peroxisomal ROS production. Not
surprisingly, abnormalities in peroxisomal metabolic ma-
chinery may lead to mitochondrial malfunction, which in turn
aggravates cellular damage. Indeed, defective biogenesis
(Pex5 knockout mouse model) leading to functional incom-
petence of peroxisomes causes the proliferation and clustering
of mitochondria with severe ultrastructural alterations ac-
companied by changes in the expression and the activities of
mitochondrial respiratory chain complexes (18, 29). The ul-
trastructural abnormalities in mitochondria were similar to
those found in disorders associated with oxidative stress.
Moreover, a significant upregulation of mitochondrial Mn-
SOD was detected in the liver of Pex5-deficient mice, which
strengthens the prediction that ROSs may be key players in
peroxisome-dependent mitochondrial pathology (18). Mi-
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tochondrial damage accompanied by elevated levels of the
products of peroxidative degradation of DNA (8-hydroxy-2’-
deoxyguanosine) and proteins (carbonyls) was also detected
in livers of mice consuming the peroxisome proliferator clo-
fibrate (86).

Hypocatalasemia

The disorder is a hereditary deficiency of catalase activity in
blood erythrocytes and in peroxisomes of human tissues re-
sulting in two clinical variants. The Swiss variant is asymp-
tomatic, whereas the Japanese variant (Takahara disease) is
often manifested by recurrent infections or ulceration of gums
and related oral structures caused by peroxide-generating
bacteria such as streptococci and pneumococci. Some minor
changes in carbohydrate and lipid metabolism were also de-
tected. Importantly, in patients of both groups (Swiss and
Japanese variants) only partial reduction of catalase activity
has been reported, which may explain the low manifestation
of the disease (reviewed in Ref. 32).

Several transgenic animal models have been established to
assess the role of catalase in ROS metabolism and aging. Cells
of the nematode Caenorhabditis elegans contain two forms of
catalase, peroxisomal and cytosolic, encoded by different
genes. Deletion of the gene coding for the peroxisomal en-
zyme caused a progeric phenotype while deficiency in the
cytosolic catalase had no effect (84). In contrast, over-
expression of human catalase in murine peroxisomes did not
affect the life-span of the animals (95) and caused no alter-
ations in their sensitivity to y-irradiation (23). However, if the
same enzyme was targeted into mitochondria, the medium
and maximum life-spans were significantly increased with
evident improvement in the diagnostic indices of aging (95).
Similarly, mice lacking catalase developed normally, they
were not more vulnerable to hypoxia-induced lung injury,
and their lenses did not show any increased susceptibility to
oxidative stress generated by photochemical reactions.
However, the animals showed differential sensitivity to oxi-
dant tissue injury in brain (48). The authors of this study did
not describe potential age-related abnormalities in catalase-
deficient mice. As a whole, the phenotypic abnormalities de-
scribed so far for catalase transgenic mice are surprisingly
scarce. This may indicate that despite the absence of catalase,
the peroxisomal metabolic machinery of rodentis is well
protected against oxidative damage by H,O,.

Proliferation of Mammalian Peroxisomes
and Carcinogenesis

The administration of peroxisome proliferators, which in-
clude some hypolipidemic drugs (clofibrate), herbicides,
plasticizers, and leukotriene antagonists, causes the devel-
opment of hepatomegalia and drastic increases in the number
and size of hepatic peroxisomes in rodents (89). If the ad-
ministration is continued for several months, the animals
develop hepatic carcinomas. Peroxisome proliferators in gen-
eral are not genotoxic (40), and sustain a PPAR«-dependent
activation of the H,O,-generating enzymes ACOX-1 and
CYP4A and a decline in the activities of H,O,-degrading
catalase and glutathione peroxidase (87, 88). These changes
result in the accumulation of the oxidative stress marker
lipofuscin and the formation of 8-hydroxy-2’-deoxyguanosine
DNA adducts in liver cells (55, 90). Thus hepatic carcinogen-
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esis in rodents fed with peroxisome proliferators may be due
to oxidative stress and damage to liver DNA. This idea,
however, is challenged, for instance, by the observation that
Acox”” mice that are deficient in peroxisomal f-oxidation at
the H,O,-generating oxidation of acyl-CoA, still develop liver
tumors (89). The tumors are thought to arise due to sustained
activation of PPARax by unmetabolized substrates of ACOX-1.
This hypothesis is supported by a DNA microarray of the
expression profiles of these tumors that show an overall
commonality with tumors induced by peroxisome prolifer-
ators, but not with tumors generated by genotoxic carcino-
gens (75). Therefore, the current view favors the idea that
hepatic carcinogenesis promoted by peroxisome proliferators
is not only due to hepatic oxidative stress but also related to
abnormalities in cell growth and communication (22, 103).

Peroxisomes and the Nervous System

Data on several transgenic mouse models created for anal-
ysis of the function of peroxisomes revealed a prominent role of
these particles in the development and maintenance of the
central nervous system (15, 20, 54). These data corroborate with
the results of clinical and pathomorphological examination of
patients that suffer from inherited peroxisomal disorders such
as Zellweger syndrome and X-linked adrenoleukodystrophy
(reviewed in Refs. 101 and 108). The pathological manifesta-
tions include impaired neuronal migration, axonal degenera-
tion, and progressive subcortical demyelination. A role of ROS
in the development of these abnormalities was proposed on the
basis of observations of the mouse model with a selectively
inactivated import receptor Pex5 in oligodendrocytes that led
to dysfunction of peroxisomes only in this cell type (56). Oli-
godendrocytes are highly effective in scavenging H,O, and O,.
and the peroxisomes of these glial cells apparently protect
neuronal axons from deleterious effects of ROS (56).

Peroxisomes and Heart Failure

Strong evidence points to the role of alcohol-induced oxi-
dative stress in the pathogenesis of alcoholic cardiomyopathy
that is the cause of sudden cardiac death (26). The link be-
tween prolonged consumption of alcohol and alterations in
heart peroxisomes was established more than 30 years ago (35,
60). Chronic consumption by rodents of an alcohol-containing
diet results in the activation of the heart peroxisomal en-
zymes catalase and acyl-CoA oxidase (60, 82) and is accom-
panied by a drastic elevation of nonenzymatic peroxidation of
membrane lipids (82). Moreover, when mice consuming al-
cohol were treated with the catalase inhibitor 3-amino-1,2,4-
triazole, an excess of lipid peroxidation products accumulated
in the heart (8), and cardiomyocytes showed morphological
abnormalities characteristic of human alcoholic cardiomyop-
athy (60). Finally, cardiac-specific overexpression of catalase
rescues ventricular myocytes from an ethanol-induced car-
diac contractile defect (118). It would be interesting to use a
catalase-deficient mouse model to study the destructive ef-
fects of ethanol on heart tissue.

Peroxisomes and Aging

Aging is a complex, multifactorial process leading to
modification and damage of cellular components, abnormal
regulation of homeostasis, and impaired cell function. It is
believed that the key factor triggering cellular senescence may
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be disturbances in the metabolism of ROS, including their
synthesis and degradation in peroxisomes (19, 83). However,
experimental results linking peroxisomal abnormalities with
aging are controversial and do not discriminate between the
two possibilities: (i) Defects in peroxisomal metabolism lead
to aging; (ii) Cellular senescence negatively affects peroxi-
somal morphology and function. For example, age-related
alterations in the morphology of hepatic peroxisomes in ro-
dents were detected in several studies (reviewed in Ref. 83)
although it is not clear whether these changes provoke an
aging spiral or are a consequence of senescence. The latter
option seems more attractive since defects in peroxisomal
biogenesis in aging cells, especially the import of PTS1-
containing proteins into the particles, are well documented
(68). Most reports focus on the role of peroxisomal catalase in
aging. Detailed epidemiological studies on hypocatalasemic
individuals revealed an elevated frequency of age-related
diseases, including atherosclerosis, anemia, tumors, type 2
diabetes, and eye disorders—cataracts and macular degen-
eration (32, 44). Similarly, experimental manipulations of
catalase activity in cell cultures alter ROS metabolism and in
some cases lead to the appearance of senescence markers (63).
However, catalase-deficient mouse models did not provide
strong evidences for the crucial importance of catalase in ag-
ing, at least in mammals (48, 93). This may be due to com-
pensatory activation of the components of antioxidative
defense system in catalase-deficient mice. The development of
animal models with conditional knockout of catalase may be
beneficial to resolve this issue.

Conclusion

Mammalian peroxisomes harbor many ROS-producing
enzymes and are well equipped with powerful antioxidant
defense systems. This ensures an important role of these
organelles in the generation and scavenging of ROS, which
implies considerable involvement of peroxisomes in pro-
cesses leading to oxidative stress. However, questions about
the ROS-related mechanisms responsible for cellular damage
caused by peroxisome malfunction remain unanswered.
Even less is known about the participation of peroxisomal
ROS, especially HO, and NO, in the cellular signaling that
plays a pivotal role in the pathogenesis of aging and carci-
nogenesis. There is growing evidence that tissue-specific ab-
normalities in peroxisomal ROS metabolism lead to liver and
kidney failure, heart disease, and inflammatory changes in
the nervous system. The functional plasticity of mammalian
peroxisomes, which is mainly under the control of PPAR-
related mechanisms, provides an opportunity for the devel-
opment of therapeutic applications directed toward the cure
of diseases caused by peroxisomal dysfunction. The above-
mentioned problems are only some of the challenges that
future studies of mammalian peroxisomes will encounter;
studies that deserve serious attention from the scientific
community.
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