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Abstract

Myeloperoxidase (MPO) is a heme-containing peroxidase abundantly expressed in neutrophils and to a lesser
extent in monocytes. Enzymatically active MPO, together with hydrogen peroxide and chloride, produces the
powerful oxidant hypochlorous acid and is a key contributor to the oxygen-dependent microbicidal activity of
phagocytes. In addition, excessive generation of MPO-derived oxidants has been linked to tissue damage in
many diseases, especially those characterized by acute or chronic inflammation. It has become increasingly clear
that MPO exerts effects that are beyond its oxidative properties. These properties of MPO are, in many cases,
independent of its catalytic activity and affect various processes involved in cell signaling and cell–cell inter-
actions and are, as such, capable of modulating inflammatory responses. Given these diverse effects, an in-
creased interest has emerged in the role of MPO and its downstream products in a wide range of inflammatory
diseases. In this article, our knowledge pertaining to the biologic role of MPO and its downstream effects and
mechanisms of action in health and disease is reviewed and discussed. Antioxid. Redox Signal. 11, 2899–2937.

I. Introduction

Almost 70 years ago, Agner (2) described the purifica-
tion of an intensely green iron-containing protein with

peroxidase activity from purulent fluid of patients with tu-
berculous empyema (2). Because of its green color, the protein
was initially named verdoperoxidase, but because subse-
quent studies showed that the expression of this peroxidase
was restricted to cells of the myeloid lineage, this was soon
changed to myeloperoxidase (MPO; EC 1.11.1.7) (3, 208, 316,
317). After the initial description of MPO by Agner, it took
almost 30 years before the functional role of MPO was eluci-
dated. In seminal studies by Klebanoff (175, 176), MPO, to-
gether with its substrate hydrogen peroxide (H2O2) and a
halide, proved to be a powerful antimicrobial system, and
as such, MPO is a key component of the oxygen-dependent
microbicidal activity of phagocytes, and in particular, neu-
trophils.

MPO is a member of the superfamily of mammalian heme
peroxidase enzymes, which also includes eosinophil peroxi-
dase (EPO) and lactoperoxidase (LPO) (99, 264). The human
genes for these three mammalian heme peroxidases are en-
coded adjacent to each other on the long arm of chromosome
17, are similar in gene organization, and share considerable
sequence homology, suggesting that these genes may have
evolved from a common ancestral gene via duplication (343).
MPO and EPO are highly cationic (Pi of>10), and they readily
bind to various negatively charged structures, such as bacte-
rial surfaces (234, 319), components of the extracellular matrix
(79, 184), and cellular membranes, including those of endo-
thelial cells (32, 35, 380) and neutrophils themselves (135).

For a long time, MPO has been considered to be a bacteri-
cidal enzyme whose main function is to generate reactive
oxygen species (ROS) that contribute to the destruction and
killing of engulfed pathogens. However, recent evidence has
extended this view by demonstrating that MPO is also inti-
mately involved in cellular homeostasis and is an important
factor in the initiation and progression of various inflamma-
tory diseases. In this context, MPO and its downstream
products and effects have gained prompted considerable in-
terest in various inflammatory diseases, most prominently
(cardio)vascular diseases. In this article, recent developments
pertaining to our knowledge of the biologic roles of MPO in
health and disease, including its role as an autoantigen in
small-vessel vasculitides, its mechanism of action, and its

potential as a biomarker, are reviewed. The importance of the
MPO–H2O2 system in bacterial and fungal killing is beyond
the scope of this review and is not discussed in depth. The
reader is referred to some excellent recent reviews in which
these issues are extensively discussed (79, 177).

II. Properties of MPO

A. Cellular origin of MPO

During myelopoiesis in the bone marrow, MPO is actively
synthesized in promyelocytes and promonocytes, whereas in
fully differentiated myeloid cells, MPO synthesis normally
ceases (Fig. 1). The main cellular source of MPO is the neu-
trophil, and, in humans, MPO levels in these cells range from
2–5% of total cellular protein, which is equivalent to 2–4mg
per 106 cells (177). Neutrophils are highly motile phagocytic
cells and constitute the primary effector cell type of the innate
immune system (75, 160). These cells are traditionally viewed
as short-lived, fully differentiated cells whose main function is
quickly to find, ingest, and destroy a wide range of invading
pathogens, including bacteria, fungi, and protozoa (75, 246).
Indeed, in a typical immune response to invading pathogens,
neutrophils are the first cells to arrive at sites of infection, but
they also leave or die early. This acute neutrophilic response
is often accompanied by host-tissue damage (134, 358).
However, this view on neutrophils as passive, nonspecific
phagocytes has changed considerably in recent years, and
neutrophils are now recognized as important cellular players
that are essential for the launching and shaping of effective
immune responses and tissue repair (246). These immune-
modulating effects are in part mediated by neutrophil-
derived cytokines and chemokines that affect and attract
other immune cells, such as monocyte=macrophages and
dendritic cells (39, 67, 347, 348). In addition, the same medi-
ators that are necessary for neutrophil-mediated killing of
pathogens can also modulate cell signaling (245). For exam-
ple, ROS can inactivate tyrosine phosphatases through re-
versible oxidation of active-site cysteine sulfhydryls (339).

To perform their function, neutrophils engulf and ingest
pathogens, after which a phagolysosomal compartment is
formed by fusion of the phagosome with intracellular gran-
ules that contain various bactericidal components (92). Neu-
trophils contain at least three different types of granules: the
primary (also known as azurophilic granules), secondary
(also known as specific granules), and tertiary granules (also
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known as gelatinase granules) (42, 43). The secondary and
tertiary granules are discharged first, contain overlapping sets
of proteins, but are peroxidase negative (92). The primary
granules are peroxidase positive because of their high content
of MPO, but in addition, they contain various proteolytic
enzymes, including defensins, lysosomal hydrolases, and
neutral serine proteinases, such as elastase, proteinase 3 (Pr3),
and cathepsin G. Within these granules, a matrix exists con-
sisting of negatively charged sulfated proteoglycans, to which
these cationic proteins bind. Together with the acidic pH that
is maintained within the granules, this creates an intragra-
nular environment in which these proteolytic enzymes are
presumably kept in an inactivated state. On neutrophil acti-
vation, the primary granules release their contents into the
phagosome. At the same time, the various components of the
NADPH oxidase complex are recruited to the internal pha-
golysosomal membrane surface as well as to the plasma
membrane (29, 30). The activation of the NADPH complex
produces superoxide radicals (O2

·), which, through either
spontaneous or superoxide dismutase (SOD)-catalyzed dis-
mutation of O2

· also lead to the generation of H2O2 (30). As
such, the substrate required for the generation of MPO-
derived oxidants is formed.

Besides neutrophils, monocytes also contain MPO-positive
granules. These MPO-containing granules are formed in
promonocytes in the bone marrow, are readily detectable in
mature circulating monocytes, but are far fewer in number
compared with neutrophils (257) (Fig. 1). Furthermore, when

monocytes differentiate into macrophages, expression of
MPO is generally lost, although some evidence suggests that
MPO expression may be reinitiated in these cells under certain
conditions (328). Finally, MPO expression has been detected
in Kupffer cells in the liver (51), microglia, granule-containing
neurons, and pyramidal neurons of the hippocampus (107,
242).

B. MPO gene

1. Gene structure. The gene encoding for human MPO
has been cloned by several research groups (61, 150, 238, 357,
379). It is located on the long arm of chromosome 17 mapped
to segment q23.1, is about 11 kb in size, and consists of 11
introns and 12 exons (141, 191, 350). The MPO gene has also
been cloned from various other species, including pigs (221),
mice (353), chickens (188), and fish (60). Furthermore, se-
quence comparison demonstrated considerable homology
among the different species, suggesting that the gene has been
highly conserved during evolution.

2. Transcriptional activation. Transcription of the MPO
gene is highly specific to tissue and maturation stage. Nor-
mally, MPO mRNA expression is limited to the myeloid lin-
eage, where it is detected only during the myeloblast and
promyelocyte stages of myeloid cell maturation (42, 111). This
indicates that MPO gene transcription must be highly regu-
lated, and research has shown that this is, to a large extent,

FIG. 1. Expression of myeloperoxidase mRNA during myelopoiesis. Abundant MPO mRNA expression is detected in
undifferentiated myeloblasts. During differentiation into neutrophils or monocytes, MPO mRNA levels decrease and are
absent in mature neutrophils and monocytes. In mature neutrophils, MPO protein is abundant (2–4 g=106 cells), whereas
levels in monocytes are much lower. With differentiation into macrophages, MPO protein is lost, although some evidence
indicates that, under certain circumstances, MPO synthesis is reinitiated in these cells [based on (73)].
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dependent on the interaction of several transcription factors
and cis elements in or near the promoter region (25, 386). A
basal promoter has been identified and characterized in the 50

flanking region of the MPO gene, located between �128 and
þ11 bp (26, 28). This promoter appears to be responsible for
the initiation of the majority of full-length MPO transcripts,
although more recently, two additional promoter regions
were identified located proximally within 1 Kb from the major
MPO promoter (204). In addition, elements that regulate gene
transcription have been described for the MPO gene. Studies
investigating the chromatin structure of the MPO gene in the
promyelocytic cell line HL60 already suggested the existence
of upstream enhancer regions in the MPO gene by demon-
strating the presence of a DNase 1 hypersensitive site *4 kb
upstream from the transcription-initiation site (210). Induc-
tion of terminal differentiation of these cells by treatment with
dimethyl sulfoxide or 1,25-dihydroxyvitamin D3 reduced the
DNase I hypersensitivity, suggesting the presence of regula-
tory elements that control MPO gene transcription within
this region (210, 122). Indeed, in later studies, Austin et al.
(27) identified and characterized a 365-bp MPO en-
hancer segment *4 kb upstream of the MPO gene transcrip-
tion site and found that this enhancer increases the activity of
the minimal human MPO promoter in leukemic cells and
that it is, in part, responsible for the decrease in promoter
activity in HL60 cells on induction of maturation. Further
characterization of this enhancer segment showed that it
contains binding sites for AML1, c=EBP, and c-Myb, all of
which contribute to its functional and tissue-specific activ-
ity (381).

3. Genetic polymorphisms. In addition to enhancer
regions upstream of the promoter region that regulate tran-
scription activity, a number of single-nucleotide polymor-
phisms (SNPs) have been identified within or near the
promoter region of the MPO gene (Fig. 2). The most exten-
sively studied polymorphism lies within a specific Alu-
receptor response element in the upstream promoter region,
which contains several response elements recognized by
ligand-dependent transcription factors, including peroxisome

proliferator–activated receptor (PPAR) g=a, liver X receptor
(LXR), estrogen receptor (ER), and SP1 (185, 275, 297). This
Alu element has been found to be specific for primates and is
lacking in the mouse MPO gene (297). Recently, this Alu ele-
ment with its multiple transcription factor–binding sites has
been linked to the aberrant expression of MPO in cells that,
under normal circumstances, would not express MPO, in-
cluding macrophages, astrocytes, and hepatocytes (213, 297).
The Alu element consists of four hexamer response elements,
of which the first one contains a functional �463G=A SNP.
The �463G allele creates an SP1-binding site and increases
promoter activity in reporter gene-transfection assays. In pri-
mary myeloid leukemic cells and monocytes=macrophages,
the�463GG genotype has been linked to higher MPO mRNA
and protein levels (295). In contrast, the �463A site enhances
ER binding and has been associated with lower MPO ex-
pression levels (185). An increasing number of studies have
determined �463G=A genotypes in cohorts of normal indi-
viduals, demonstrating genotype frequencies in white per-
sons in general of around 60% for �463GG, 35% for �463GA,
and 5% for �463AA. Given the importance of MPO in
inflammatory diseases and the possible influence of the
�463G=A SNP on MPO expression levels, the �463G=A ge-
notype frequencies have been determined in a wide range of
diseases. Several of these genetic-association studies report a
link between �463G=A polymorphisms and disease risk or
severity in a range of diseases, including atherosclerosis (20,
212, 258), Alzheimer’s disease (AD) (203, 281), MPO anti-
neutrophil cytoplasmic autoantibody–mediated vasculitis
(300), multiple sclerosis (242, 382), hepatitis C virus–induced
fibrosis (298), periodontal disease (228), and various forms of
cancer (see section on carcinogenesis). However, for some of
these associations, contradictory results exist, as is discussed
later. Also, caution should be taken when interpreting these
results because many of these studies are based on rather
small sample sizes, vary in control cases, and are, in some
cases, underpowered.

The �463G=A polymorphism does not appear to have an
effect on circulating MPO levels or MPO activity, as demon-
strated in three independent cohorts of normal individuals

FIG. 2. Schematic repre-
sentation of two single-
nucleotide polymorphisms
(SNPs), �463 and �129 G/A,
in the promoter region of the
MPO gene. (A) shows (puta-
tive) binding sites when both
polymorphisms have their
wild-type genotype (G allele).
(B) Effect when both sites are
polymorphic (A allele). (C)
Agarose gels of the PCR di-
gestion products of the two
SNPs. The primary PCR
products for the two SNPs,
�463G=A (350 bp) and
�129G=A (289 bp) were sub-
jected to restriction-enzyme
analysis. The G-to-A substi-
tution results in the loss of

specific restriction sites for the restriction enzymes AciI and ApaI for the �463 and �129 G=A polymorphisms, respec-
tively (305).
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(69, 136, 305). In one of these studies, a molecular screen of the
MPO gene identified five additional polymorphisms, one in
the 50 flanking region, three in the intronic flanking regions,
and one in the coding region of the gene (136). Further anal-
ysis showed that for the �129G=A polymorphism located in
the promoter region of the MPO gene, the �129A allele
abolishes an SP1 binding site and is significantly associated
with decreased circulating MPO levels (136) (Fig. 2). This
observation was confirmed by Rutgers et al. (305), who
demonstrated reduced MPO activity and protein levels in
neutrophils derived from �129GA individuals. Finally, sev-
eral additional polymorphisms in the MPO gene were iden-
tified by Chevrier et al. (68), many of which were located in the
coding regions (68). In a follow-up study, two of these SNPs,
�638C=A located in the 50 flanking region and V53F located in
exon 2, were found to modulate MPO expression. Carriers of
the�638A or 53F allele displayed higher MPO activity in their
neutrophils, although the molecular basis of these effects is
unknown (69).

In summary, several SNPs in the MPO gene have been
described that could affect MPO protein levels and activity.
However, it is generally believed that these molecular varia-
tions of the gene have only modest effects on biologic varia-
tions in MPO serum concentrations in the healthy population.
Other factors that influence serum MPO levels that are likely
to be more important include age, gender, smoking in men,
and the use of oral contraceptives by women (136, 305). For
example, MPO activity in neutrophils is higher in women
compared with that in men, whereas in both men and women,
serum MPO levels increase with age (136, 154, 305).

C. MPO protein biosynthesis, processing,
and structure

The biosynthesis of mature MPO involves a series of com-
plex translational and posttranslational processes [for a de-
tailed review, see (118)]. The initial translation product of the
MPO gene is a single 80-kDa protein, which in the en-
doplasmatic reticulum is converted into the 90-kDa apo-

proMPO through cleavage of the 41 amino acid signal peptide
and N-linked glycosylation, resulting in the incorporation of
mannose-rich side chains (248, 249, 378). The oligosaccharides
added to apoproMPO are important for its transient associa-
tion with the molecular chaperones calreticulin and calnexin,
both of which are calcium-binding proteins and most likely
involved in proper protein folding (252, 253). ApoproMPO is
enzymatically inactive because it lacks heme. Incorporation of
a heme converts apoproMPO into the enzymatically active
proMPO, which now enters the Golgi. After proMPO exits the
Golgi, various proteolytic modifications occur to generate the
full mature protein (5, 180, 267). First, the 125–amino acid
propeptide is cleaved off to generate a 74-kDa short-lived
intermediate. Next, the 74-kDa intermediate is cleaved into
two subunits comprising a 59-kDa heavy (a)-subunit and a
13.5-kDa light (b)-subunit, which are linked by covalent
bonds associated with the heme group. Finally, two of these
so-called heavy and light protomers combine by a single
disulfide bond between the two heavy subunits to produce
the mature form of MPO (10, 95, 121). The processed mature
MPO protein is thus a glycosylated 146-kDa homodimer, and
this is the form found in the primary granules of neutrophils
and lysosomes of monocytes.

Within the family of animal peroxidases, MPO is the only
member known to form a dimer, although the functional
consequences of dimer formation are not known (118). In this
respect, it is noteworthy that production of recombinant MPO
in Chinese hamster ovary cells generates a monomeric heme-
containing single-chain precursor of 84 kDa, which exhibits
peroxidase activity and is secreted into the medium (236).
Recombinant MPO therefore resembles monomeric and par-
tially unprocessed proMPO, but its enzymatic and functional
properties appear to be similar to those of the mature two-
chain protein (236). The x-ray crystallographic structure of
canine [Protein Data Bank (PDB) code: 1MYP, Fig. 3] and
human MPO (PDB: 1CXP) have been reported, as well as
structural data on the interaction of human MPO with bro-
mide (Br�, PDB: 1D2V) and thiocyanate (SCN�, PDB: 1DNU)
(40, 93, 95, 383).

FIG. 3. Three-dimensional
structure of the MPO homo-
dimer. Highlighted are a-
helices (green) and b-sheets
(yellow). Each monomer
contains one heme group
[modified from (383)]. (For
interpretation of the refer-
ences to color in this figure
legend, the reader is referred
to the web version of this ar-
ticle at www.liebertonline.
com=ars).
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D. Enzymatic properties of MPO

1. Catalytic mechanisms and redox intermediates of MPO.
The complete MPO system consists of MPO, H2O2, and an
oxidizable factor. When these components react, at least three
redox intermediates of MPO can be formed. The generation of
these intermediates and their interaction with products of the
respiratory burst of phagocytes are briefly summarized here
(Fig. 4; for more detailed information see refs. 99, 79).

In its native form, the heme center in MPO is in its ferric
form [MPO-Fe(III)], but in the presence of H2O2, a short-lived
redox intermediate termed compound I is formed, which
contains an oxy-ferryl (MPO-FeIV¼O) heme center and a
porphyrin p-cation radical. As a result of this oxidation reac-
tion, two electrons are generated that reduce H2O2 to H2O.
Compound I is the primary catalytic complex of MPO and is a
strong oxidant that readily oxidizes halides (Cl�, Br�, I�) or
pseudohalides (SCN�) (79). This reaction, known as the
halogenation cycle, involves a direct two-electron reduction
reaction that leads to the formation of hypohalous acids and
the conversion of MPO-compound I back into its native ferric
state (99).

Besides halides, MPO compound I can also oxidize various
organic and inorganic substrates (79). This reaction, known as
the peroxidase cycle, involves two sequential one-electron
reduction reactions and includes the formation of the redox
intermediate MPO compound II (99). MPO compound II
contains an oxy-ferryl heme center but has lost the porphyrin
p-cation radical and does not react with halides. One-electron
reduction of MPO compound II results in the native, active
form of MPO and is the rate-limiting step in the peroxidase
cycle. However, physiological reductants such as O2

· and
ascorbic acid can accelerate this reaction. Besides MPO com-
pounds I and II, an additional intermediate-termed com-
pound III can be formed, either by reaction of the native
enzyme with superoxide or through one-electron reduction
reactions of compounds I and II with subsequent reaction
with O2. Compound III is, however, not stable and decays to
native MPO and O

·

2 within minutes.
Thus, catalytically active MPO can follow either a halo-

genation or a peroxidase cycle, which is determined by
competition between peroxidase substrates and halides or

pseudohalides for reaction with MPO compound I (79). The
halogenation cycle results in the corresponding hypohalous
acids. In the peroxidase cycle, various endogenous organic
substrates are converted into radicals, including tyrosine,
ascorbate, and steroid hormones (79).

2. MPO-derived oxidants. Depending on the local mi-
lieu, the MPO-H2O2 system is capable of generating a wide
range of oxidant species, including HOCl, chloramines, hy-
droxyl radicals (HO·), singlet oxygen (1O2), and ozone (O3)
(79, 177) (Fig. 5). The conditions under which these oxidants
are generated and their reactions with various endogenous
and exogenous substrates have recently been reviewed in
depth and are only briefly described here (79, 177).

HOCl is the product of the H2O2-catalyzed oxidation of
chloride. At physiologic pH, HOCl exists as a mixture of the
acid (HOCl) and the hypochlorite ion (OCl�), whereas under
conditions of low pH and high concentrations of chloride, it
can react to form chlorine (Cl2). All these products are short-
lived but highly reactive compounds that can potentially ox-
idize any oxidizable group in any substrate, including thiols,
thiol-esters, heme groups, and unsaturated fatty acids (79).
Such oxidative modifications may alter protein activity and,
as a consequence, may affect microbial and cellular functions
and activity.

Cystein residues in proteins and in reduced glutathione
are highly susceptible for HOCl-mediated oxidation. For en-
zymes containing cysteine in their active site, this may result
in inactivation. Alternatively, such modifications may,
through the creation of disulfide bonds, cause significant
changes in tertiary protein structure, affecting protein func-
tion and interactions with other proteins (79). These effects
may have important implications for cellular functions, be-
cause many important enzymes, transcription factors, and
regulatory proteins contain cystein in their activated site. In
addition, oxidation of reduced glutathione to oxidized glu-
tathione would be expected to have a major impact on the
cellular redox status, with significant effects on cellular sig-
naling processes (79).

HOCl also can react with nitrogen-containing com-
pounds, such as amines and amides, present in a wide variety

FIG. 4. Reactions of redox intermediates of
MPO. H2O2 reacts with the native ferric form of
MPO to generate compound I (reaction 1).
Compound I can react with halides (X�), re-
ducing the enzyme back to its ferric state (reac-
tion 2, the halogenation cycle). In the peroxidase
cycle, compound I is transformed in a first one-
electron reduction to compound II, which
contains an oxoiron (IV) center (reaction 3).
Compound II is then reduced back to ferric
peroxidase in a second one-electron reduction
(reaction 4). An additional intermediate, com-
pound III (oxyperoxidase), is formed either from
ferric MPO with superoxide anion (reaction 6),
from ferrous MPO with O2 (reaction 9), or from
compound II with H2O2 (reaction 5). Reducing
radicals generated in the peroxidase cycle can
generate ferrous [Fe(II)]MPO through a one-
electron reduction of ferric [Fe(III)]MPO (reac-
tion 8). AH2 indicates an organic peroxidase
substrate (based on refs. 79 and 215).
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of biologic substrates, including phospholipids, glycosami-
noglycans, DNA, and RNA (79). This results in the formation
of long-lived mono- or di-chloramines, of which some have
been shown to retain oxidizing activity (338, 337). As such, the
formation of chloramines has been viewed as a mechanism
for prolonged peroxidase activity that importantly contrib-
utes to cellular injury. As an example, the sulfonic acid
taurine, which is abundantly present in the cytoplasm of
neutrophils, reacts rapidly with HOCl, resulting in the for-
mation of taurine chloramine (195). Initially, this reaction was
viewed as a mechanism to protect the neutrophil from the
more-toxic effects of HOCl. However, taurine chloramine still
has oxidating activity, is long lived, and thus may contribute
to cellular damage (315). In this respect, recent data indicate
that taurine chloramine is more selective than HOCl at tar-
geting critical cysteines and inactivation of creatinine kinase
and glyceraldehyde-3-phosphate dehydrogenase (274).

Tyrosine or tyrosine residues in proteins are targets for
HOCl, resulting in the formation of 3-chlorotyrosine or 3,5-
dichlorotyrosine (82). Detection of these chlorinated tyrosines
has been used frequently as a tissue marker of (previous)
MPO activity, but it is unclear whether formation of these
compounds has any detrimental effects (177).

It has been postulated that HO·, 1O2, and O3 can be pro-
duced by activated neutrophils as well. Although certainly
some indirect experimental evidence indicates that these ROS
can be generated by activated leukocytes, the yields, condi-
tions, and biologic significance of such reactions are contro-
versial [for a detailed discussion, see (79)]. With respect to the
production of HO·, some studies have provided indirect evi-
dence for its generation in activated phagocytes, but whether
peroxidase enzymes can form HO· directly is questionable
(71, 117). The main arguments for this contention include the
low free iron concentrations in biologic fluids and the high
levels of peroxidases in phagocytes that would be expected to
consume the majority of H2O2 produced (71, 177, 368). Thus,
the conditions required for HO· production are unfavorable in
activated phagocytes.

Another suggested source of HO· is its indirect generation
through the reaction of O2

·� with HOCl (56). However, be-
cause HOCl is extremely reactive with various biologic tar-
gets, it is again unlikely that this reaction will result in
significant amounts of HO· (79).

The generation of 1O2 by activated phagocytes also is
controversial (79, 177). Initial studies aimed to detect 1O2

production used probe compounds that were later ques-
tioned for their specificity (79). However, by using specific
spin traps, several studies have now convincingly shown
that activated phagocytes generate 1O2, and that this is, at
least in part, mediated by products of peroxidases (15, 158,
172). The formation of 1O2 by the MPO-H2O2-Cl system has
been demonstrated to peak at neutral pH, most likely through
the reaction of HOCl with H2O2 (15, 158, 172). However,
whether such reactions result in significant yields of 1O2 re-
mains questionable (367). Because 1O2 is highly reactive and
has a relatively long lifetime (milliseconds), its generation
could have some quite detrimental consequences (78). Many
amino acids in proteins can be targeted by 1O2, including
tryptophan, histidine, and tyrosine, which results in the
formation of hydroperoxides and which can react further
to form cross-links (78). In addition, 1O2 can target DNA
through the oxidation of guanine, and as such, could be
genotoxic (54).

Generation of O3 also has been suggested to occur during
the respiratory burst in neutrophils, but this has been debated
(177). Studies using dyes (e.g., indigo carmine) or specific spin
traps suggest that O3 is produced by activated neutrophils,
requiring 1O2 generated by the MPO-H2O2-Cl for its forma-
tion (31, 166). However, the levels of 1O2 needed for such
reactions are considerable and are unlikely to occur under
normal circumstances (367).

Nitric oxide (NO) and especially its major oxidized product
nitrite (NO2

�) have been identified as additional substrates
for MPO under physiologic conditions (1, 84, 102). In tissues
and biologic fluids, high levels of NO2

� are normally present
(1 to 5mM), which increase even further during inflammation
(>200mM), and therefore, it may serve as an important re-
ductant for MPO compound I (91, 101, 344). Oxidation of
NO2

� by MPO and H2O2 results in nitrogen dioxide radical
(NO2

·) formation. NO2
· is highly unstable but is very potent

in promoting protein nitration and lipid peroxidation (23,
85, 125, 147, 171, 313, 344). Furthermore, the NO2

·-mediated
oxidation of tyrosine, yielding nitrotyrosine (NO2Tyr), is often
used as a biologic fingerprint of oxidative stress (189, 286, 345)
and has been shown to contribute to cellular dysfunction
during inflammatory processes (85, 344).

FIG. 5. Schematic representation of the
MPO–H2O2 system and its products. See
text for explanation.
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III. MPO in Health

A. Microbicidal effects of MPO

In general, MPO is considered to contribute substantially to
the microbicidal activity of neutrophils and monocytes
through the generation of reactive oxidants, in particular
HOCl, and radical species (117). The importance of MPO in
killing of phagocytosed pathogens is supported by several
observations (177).

First, it was convincingly demonstrated in vitro that the
combination of MPO, its substrate H2O2, and a halide renders
an effective and powerful antimicrobial system (175, 178). The
dominant view is that under physiologic conditions, chloride
is the preferred halide, as it is present at high concentrations in
biologic fluids (>100 mM in plasma) (96). However, iodide,
bromide, and the pseudohalide thiocyanate could serve this
function as well (103, 174, 175, 336). More recent observations
suggest that NO2

� could substitute for the halide requirement
in the system (84, 102). NO2

� is a product of NO metabolism,
and in neutrophils and especially in monocytes, the expres-
sion of nitric oxide synthase can be readily induced by in-
flammatory mediators, leading to substantial NO production.

Second, the contribution of the MPO-H2O2-halide system
to the microbicidal activity of phagocytes is illustrated by
experiments in which one of the components of the system is
inhibited or lacking. For example, enzymes that scavenge
H2O2, such as catalase, impair phagocyte killing of at least
some pathogens, demonstrating the requirement for H2O2 for
optimal bactericidal activity (7, 8, 218). Furthermore, patients
with chronic granulomatous disease (CGD), a primary im-
munodeficiency syndrome characterized by a dysfunctional
NADPH oxidase system, have severe, sometimes lethal, in-
fections (323). Neutrophils from these patients are unable to
mount a respiratory burst and are therefore impaired in their
microbicidal activity. Interestingly, this defect can be restored
in vitro by adding H2O2 extracellularly (105, 153).

Third, although not specific for MPO, inhibitors of peroxi-
dases, such as azide and cyanide, significantly decrease the
capacity of normal neutrophils to kill microbes (176, 179).
Interestingly, these same inhibitors have little effect on the
microbicidal activity of MPO-deficient neutrophils, suggest-
ing that, in normal neutrophils, these inhibitors target MPO
(177).

However, if the MPO-H2O2-halide system were to be crit-
ical in the microbicidal activity of phagocytes, one would
expect MPO deficiency in humans to have severe conse-
quences, but this does not appear to be the case. The first
report of a case of MPO deficiency in neutrophils dates back to
1969 and described a diabetic patient with systemic candidi-
asis and whose neutrophils lacked MPO activity (201, 202).
In vitro, neutrophils of this patient were impaired in their
candidacidal activity and had a reduced capacity effectively
to kill staphylococci (201). Although these observations sup-
port the contention that MPO contributes to the microbicidal
activity of phagocytes, it should be noted that diabetes pa-
tients in general are more susceptible to infections (192). When
automated and sensitive, peroxidase activity–based systems
to differentiate leukocytes became routine practice in clinical
laboratories, it also became apparent that partial or full MPO
deficiency is not a rare event in the normal population. Studies
in the United States and Europe have reported prevalences of
hereditary MPO deficiencies ranging from 1:1,000 to 1:4,000

(44, 74, 173, 190, 269). Interestingly, MPO deficiency in Japan
appears to be less common (157, 261). One large study re-
ported only 26 complete MPO-deficient individuals of
1,223,427 individuals tested (estimated prevalence, 1:57,135)
(261). Subtotal or total MPO deficiency is the consequence of
gene mutations, and a number of such mutations have been
described, including seven missense mutations (118). For four
of these mutations, the functional consequences have been
studied in more detail and were found to affect MPO bio-
synthesis. For example, a single-nucleotide mutation in the
heavy subunit at codon 569 results in the replacement of an
arginine with a tryptophan (R569W) and is the most common
cause of MPO deficiency in Europe and the United States
(251). Transfection studies of this mutated gene in hemato-
poietic cell lines showed that the mutation leads to a dys-
functional protein, because MPO biosynthesis stops at the
apoproMPO stage without heme incorporation and proteo-
lytic processing. Other mutations described include two mu-
tations in the light subunit: a cysteine replacement of a
tyrosine at codon 173 (Y173C) and a threonine replacement of
methionine at codon 251 (M251T) (81, 302). More recently,
two novel missense mutations, a glycine to serine at codon 501
(G501S) and an arginine to cystein at codon 499 (R499C), were
identified in two Japanese adults with complete MPO defi-
ciency (266, 273). These two mutations are close to the critical
histidine 502 on the proximal side of the heme pocket in MPO.
Transfection studies showed that both mutants incorporated
heme but lacked proper proteolytic processing and targeting
to granules (266, 273).

The direct clinical consequences of MPO deficiency have
not been studied extensively, but Kutter et al. (187) compared
a group of 100 totally or subtotally MPO-deficient individuals
with a reference population of 118 individuals with normal
MPO levels. In this study, a significantly higher incidence of
severe infections and chronic inflammatory diseases was re-
ported. However, in the majority of cases, partial or complete
MPO-deficient individuals do not appear to be extremely
more susceptible to infections, despite impaired microbicidal
activity of MPO-deficient neutrophils in vitro. This contrasts
with the severe infections observed in chronic granulomatous
disease (CGD) patients that lack a functional NADPH oxidase
(323). One explanation for this mild phenotype of MPO defi-
ciency could be that MPO-independent microbicidal mecha-
nisms increase their activity to compensate for the lack of
MPO. The observation that the bactericidal activity of MPO-
deficient neutrophils is greater than that of neutrophils treated
with a peroxidase inhibitor supports this contention (176).

B. Lessons learned from MPO-deficient mice

Further to define the in vivo role of MPO in host defense,
mice deficient in MPO have been generated by disruption of
the MPO locus through homologous recombination by two
independent research groups (11, 46). Both MPO-knockout
strains are reported to be fertile and develop normally, but, as
expected, their bone marrow cells lack MPO mRNA, whereas
mature neutrophils and monocytes lack peroxidase activity
and MPO protein. In addition, generation of HOCl by phorbol
myristate acetate (PMA)-activated neutrophils is lacking,
whereas O2

· production is slightly increased. This latter ob-
servation is consistent with data obtained from human MPO-
deficient neutrophils (254, 304). The MPO-deficient mice have
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been extensively studied for their susceptibility to bacterial
and fungal infections, showing increased susceptibility to
some pathogens but not to others. Similar to neutrophil-
depleted mice, MPO-knockout mice exhibited a high suscep-
tibility to Candida albicans infections (11, 13, 47). Furthermore,
these mice are considerably more susceptible to the devel-
opment of pulmonary infections with intranasal administra-
tion of Candida tropicalis, Trichosporon asahii, and Pseudomonas
aeruginosa, and, to a lesser degree, of Aspergillus fumigatus,
Klebsiella pneumoniae, and Cryptococcus neoformans (12–14). In
contrast, susceptibility to Candida glabrata, S. aureus, and
S. pneumoniae is comparable to that of MPO-sufficient mice
(14). The observation that MPO-deficient mice do not display
an increased susceptibility to S. aureus infections is in line
with the observation that humans deficient in MPO lack
symptoms. Also, compared with normal neutrophils, MPO-
deficient neutrophils are less effective in early killing of S.
aureus in vitro, but a similar rate of killing is reached at later
time points, suggesting that MPO contributes to but is not
essential for killing of S. aureus (202).

Finally, MPO-knockout mice are more susceptible to sep-
sis induced by cecal ligation and puncture that cause in-
traabdominal infection (103). In contrast, reduced lung
injury and mortality was recently reported in MPO-deficient
mice intraperitoneally challenged with Escherichia coli (50). In
this study, MPO-deficient mice were found to display an in-
creased basal expression of inducible nitric oxide synthase
(iNOS) in lungs and neutrophils, together with a two- to six-
fold increase in NO production compared with wild-type
mice. Thus, the augmented iNOS expression and NO pro-
duction observed in MPO-deficient mice may compensate for
the lack of HOCl-mediated bacterial killing (50).

When interpreting data obtained from mouse studies, in-
cluding those involving MPO-deficient mice, it is important to
note that the number of circulating neutrophils in mice is far
less than that in humans (10–15% in mice vs. 60–70% in hu-
mans). In addition, the level of MPO in murine neutrophils
has been estimated to be around 10–20% of that in human
neutrophils (259, 291). Both these observations should be
taken into account when translating results obtained in mice
to the human situation (250). Nevertheless, MPO-deficient
mice have been instrumental in dissecting the role of MPO
and MPO-derived oxidants in various disease models, and
this is discussed in more detail in the next sections.

IV. MPO in Disease

A. Properties of MPO in modulating immune
responses and inflammation

Excessive generation of oxidants by MPO and other per-
oxidases has been linked to tissue damage in many diseases,
especially those characterized by acute or chronic inflamma-
tion. This is evidenced by the fact that, in many cases, enzy-
matically active MPO in conjunction with 3-chlorotyrosine, a
tissue marker for HOCl-mediated damage, or HOCl-modified
proteins can be detected in diseased tissues. However, besides
these direct toxic effects, it also is known that HOCl is able to
modulate the function and activity of various immune cells
(371). For example, in vitro studies showed that HOCl can
activate nuclear factor-kB (NF-kB) and tyrosine phosphory-
lation in T and B cells, leading to increased calcium signaling
and tumor necrosis factor a (TNF-a) production (311, 314).

Furthermore, various other lymphocyte functions have been
shown to be susceptible to MPO-derived oxidants, leading to
reduced mitogen-induced proliferation and cytotoxic activity
(86, 87). Thus, generation of MPO-derived oxidants may
modulate immune responses and inflammatory reactions.

Interestingly, in recent years, it has become increasingly
clear that MPO may also exert effects that are beyond its ox-
idative properties and that are, in many cases, independent of
its enzymatic activity. For example, in a number of studies by
Lefkowitz et al. (196–198), evidence has been provided that
MPO can modulate immune responses through the activa-
tion of macrophages. In these studies, exposure of macro-
phages to MPO in vitro resulted in the release of TNF-a and
low levels of interferon-g (IFN-g) in conjunction with
enhanced macrophage-dependent cytotoxicity. Also, mice
intravenously injected with MPO displayed increased circu-
lating levels of TNF-a and IFN-g (198). The significance of
these MPO-mediated activities on macrophages is illustrated
by the observations that macrophages exposed to MPO show
both enhanced bacterial and fungal phagocytosis and killing
(200, 205). Furthermore, such interactions between MPO and
macrophages may play a role in the perpetuation of chronic
inflammatory diseases. In an experimental rat model of ar-
thritis, induced by intraarticular injection of streptococcus
cell-wall fragments, local injection of enzymatically active or
partially inactivated MPO was found to increase clinical
symptoms, such as joint swelling and erythema (104, 196).
These disease-aggravating effects of MPO were most likely
mediated by interaction of MPO with mannose receptors on
macrophages, because simultaneous administration of man-
nan abated these effects (104, 196).

MPO has also been shown to affect cell–cell interactions
and cell adhesion of leukocytes. Johansson and colleagues
(148) demonstrated that differentiated HL60 cells as well as
peripheral human leukocytes adhered to MPO, an effect that
was independent of its peroxidase activity and was not
blocked by mannan (148). However, adhesion to MPO was
inhibited by monoclonal antibodies to CD11b and CD18,
suggesting a crucial role for integrins in mediating this effect.
These results suggested that the adhesive properties of MPO
may play a role in leukocyte migration and infiltration in in-
flammatory reactions. More recently, Lau and colleagues
(193) extended these observations by demonstrating that
MPO acts as an autocrine modulator of leukocyte function
independent of its enzymatic activity (193). In this study,
interaction of MPO with CD11b=CD18 integrins on neutro-
phils was characterized by increased tyrosine phosphor-
ylation, p38 mitogen-activated protein kinase (p38 MAPK)
activation, and enhanced nuclear translocation of NF-kB
(193). Furthermore, MPO-exposed neutrophils had increased
expression of surface CD11b, had augmented superoxide
production, and were more prone to degranulation. In addi-
tion, a recent study suggests that the interaction of MPO with
the CD11b=CD18 integrins also affects neutrophil life span. In
this study, MPO delayed neutrophil apoptosis in vitro and
prolonged the duration of carrageenan-induced lung injury,
suggesting that MPO functions as a survival signal for neu-
trophils and, as such, may influence the duration of an in-
flammatory response (88).

Besides that in leukocytes, exposure to MPO has been
found to modulate cellular functions in various other cell
types. In human umbilical vein endothelial cells (HUVECs),
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MPO is readily internalized, induces secretion of interleukin
(IL)-6 and -8, and stimulates production of ROS (21, 199, 380).
Furthermore, recent evidence suggests that endothelial in-
ternalization of MPO is facilitated by cytokeratin I, which also
acts as a scaffolding protein for the vasoregulatory kallikrein-
kinin system (21). Interestingly, MPO binding to cytokeratin I
decreased the production of bradykinin and may affect vas-
cular tone (21). Exposure of alveolar and bronchial epithelial
cell lines to MPO also leads to internalization of the enzyme.
In both cell types, MPO increased heme-oxygenase-1 (HO-1)
expression and induced DNA damage (114). However, in
primed cells, incubation with MPO inhibited IL-8 production
in bronchial but not in alveolar epithelial cells (114).

Collectively, the data described here suggest that MPO,
through its effects on signaling cascades in various cell types,
especially endothelial and inflammatory cells, is an important
modulator of inflammatory processes (summarized in Fig. 6).
Interestingly, observations in a number of experimental
models of inflammation using MPO-deficient mice appear to
support this contention. In general, in experimental models
characterized by acute neutrophil-dependent inflammation
such as ischemia=reperfusion (I=R) injury, the absence of
MPO ameliorates clinical and pathologic symptoms, includ-
ing decreased neutrophil accumulation (19, 226). This effect is
consistent with a role of MPO in neutrophil adhesion, acti-
vation, and survival, as described earlier. Conversely, in ex-
perimental models of inflammation that are dependent on the
induction of an active T-cell–dependent immune response
through, for example, active immunization, MPO deficiency
generally aggravates disease symptoms (46, 265). A possible
explanation for this effect could be that endogenous MPO
downregulates antigen-specific adaptive immune responses
in secondary lymphoid organs in vivo. In some of these
studies, increased T-cell proliferation has been observed in
antigen-challenged MPO-deficient mice (46, 265). Further-
more, studies in vitro demonstrated that taurine chloramine, a

MPO-derived oxidant, can functionally inhibit both antigen-
presenting cells and T-cells (219, 220).

The direct toxic effects of MPO-derived oxidants, together
with its noncatalytic immune-modulating properties de-
scribed earlier, have been implicated in the induction of ma-
lignancies, tissue injury, as well as in the progression of the
inflammatory response in multiple diseases, and these are
discussed next.

B. MPO and cardiovascular diseases

1. Clinical studies. Many clinical studies have implicated
MPO in a broad range of aspects of cardiovascular disease
(CVD) in human patients. First, several studies showed the
link between MPO levels and the extent of coronary artery
disease (CAD). In a case–control study, Zhang et al. (385)
studied the association between circulating MPO levels and
CAD. After correction for traditional risk factors for cardio-
vascular disease, both leukocyte- and blood-MPO levels were
associated with the presence of CAD, indicating that MPO
may be involved in the pathophysiology of atherosclerosis. In
line with these findings, it was more recently shown that a
clear correlation existed between MPO levels and the extent of
plaque burden assessed with coronary angiography (255).
MPO levels were increased in patients with CAD, and even
more elevated levels of MPO were associated with the pro-
gression from stable CAD to disease with acute myocardial
infarction (MI). In a recent nested case–control study among
participants of the EPIC-Norfolk study (which contains 25,000
participants), 3,500 or more apparently healthy individuals,
matched for age and gender, were analyzed for MPO (230).
During an 8-year follow-up, part of this group developed fatal
or nonfatal CAD, and part remained healthy. Baseline MPO
levels were an excellent predictor of future risk of CAD,
showing that this inflammatory marker precedes the presen-
tation of clinical symptoms of CAD.

FIG. 6. Effects of MPO on inflammatory and endothelial cells. MPO can adhere to b2-integrins (CD11b=CD18) on neu-
trophils and monocytes (A). In neutrophils, MPO binding leads to activation of signal-transduction pathways (p38 MAPK
and NF-kB), tyrosine phosphorylation, production of superoxide, degranulation, prolonged survival, and increased integrin
expression (A, B), which can enhance neutrophil–endothelium interactions (B). MPO is taken up by macrophages, which
leads to production of cytokines (TNF-a and IFN-g) and to increased pathogen killing (C). Endothelial cells internalize MPO,
resulting in production of cytokines (IL-6 and IL-8) and ROS (D). In addition, MPO internalization by endothelial cells leads
to inhibition of bradykinin (BK) (D), which, together with NO that is released as an indirect response to MPO (E), can
modulate the vascular tone. In T cells, MPO-derived HOCl can induce NF-kB activation, tyrosine phosphorylation, and
subsequent TNF-a production (E).
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In addition, several articles described the relation between
MPO level and adverse clinical outcome in patients with acute
ischemic events. In a study examining a group of patients with
chest pain, MPO levels were shown greatly to predict the risk
of MI, both early after presentation in the clinic and in the next
6-month follow-up (48). In patients with established acute
coronary syndromes, MPO serum levels also seemed a good
predictor of subsequent death or MI in the 6-month follow-up
period (33). More recently, a study was performed investi-
gating the relation between plasma levels of MPO, carbonyl-
ation products as a marker for oxidation, and 5-year mortality
in patients after acute MI (235). Both protein carbonylation
and MPO levels were elevated in MI patients compared with
controls. In a subgroup of patients, chlorotyrosine levels, as a
marker of HOCl production, also were measured. However,
despite elevated MPO levels, no increased levels of chlor-
otyrosine were found, suggesting that in these patients, pro-
tein carbonylation was independent of MPO activity. Finally,
elevated MPO levels were associated with long-term mortal-
ity, and this may thus be a good predictive marker.

In line with these observations, some recent findings in
an animal model also implicated MPO in ischemic heart dis-
ease (207). It was shown that hypercholesterolemia in rabbits
induces cardiac MPO and neutrophil accumulation. On in-
duction of I=R injury, MPO inhibition actually decreased
postischemic apoptosis of cardiomyocytes, and treatment of
the rabbits with rosiglitazone (a PPAR agonist) reduced MPO
activation and cardiac infarct size.

MPO also has been linked to chronic heart failure (HF). In a
group of 102 patients with chronic HF versus 105 healthy
controls, plasma MPO levels were strongly associated with
the prevalence of HF, even after adjustment for age and
B-type natriuretic peptide, and MPO levels increased in par-
allel with worsening degrees of HF (331). The prognostic value
of MPO for HF was further supported by a more recent study
(332) and in a large study looking for markers that could
improve the specificity of B-type natriuretic peptide as a
marker for systolic HF (256).

Gene variations of MPO in relation to cardiovascular dis-
ease also were studied. A group of 100 individuals with in-
herited MPO deficiency were analyzed and, compared with
controls, were protected against cardiovascular damage (187).
However, they also had a higher occurrence of infections and
chronic inflammatory processes. In line with this, the �463
G=A promoter polymorphism described earlier and that af-
fects expression levels of MPO also has been linked to CVD.
Individuals carrying the�463G allele, which leads to elevated
MPO expression, had an increased risk for CAD (20, 258) and
showed enhanced severity of atherosclerosis (211). Although
certainly not complete, these data indicate that MPO can be
associated with different aspects of cardiovascular disease in
humans.

2. MPO in endothelial dysfunction. Proper endothelial
function is essential for regulating vascular tone, reducing
platelet aggregation, inhibiting endothelial inflammatory re-
sponses, and controlling intimal smooth muscle cell prolifer-
ation. Both systemic endothelial dysfunction and local
coronary endothelial dysfunction were shown to be associ-
ated with increased risk for cardiovascular disease (333).
A critical mediator of endothelial function is endothelium-
derived NO. MPO has been demonstrated to affect endothe-

lial function greatly by inhibiting NO. MPO, as well as other
peroxidases, can act as a sink for NO at sites of inflammation
(1). Because of its localization in the vasculature, sub-
endothelial accumulated MPO can locally act as an NO oxi-
dase, inhibiting NO function and causing endothelial
dysfunction. In a model of endotoxemia, MPO accumulated
subendothelially in response to lipopolysaccharide (LPS)
treatment and inhibited vasorelaxation in response to acetyl-
choline, a known inducer of endothelial NO (84). In contrast,
MPO-deficient mice showed normal vasorelaxation after
LPS administration. Altered vascular responses were shown
to be caused by the reaction of MPO-derived radicals with
NO. Substantiating this direct role for MPO in regulating
endothelial function was a study by Vita et al. (354). The au-
thors demonstrated that serum MPO levels are excellent
predictors of endothelial dysfunction in humans. Moreover, it
was recently shown that acetylcholine-stimulated forearm
blood flow in patients with symptomatic coronary artery
disease was inversely correlated with plasma levels of
MPO (34). Thus, MPO seems to act as a modulator of NO
action, and thereby it directly contributes to endothelial
dysfunction.

3. Lipoprotein modification mediated by MPO. The main
cause of CVD is atherosclerosis, and oxidized lipoproteins
(mainly oxidized low-density lipoproteins; oxLDLs) are con-
sidered crucial mediators of foam cell formation and athero-
genesis. Several mechanisms have been implicated in the
generation of oxLDL, and modification of lipoproteins by
MPO is one of them. One of the early observations of MPO in
CVD was the demonstration of the enzyme in human ath-
erosclerotic lesions. Daugherty et al. (76) showed the presence
of active MPO in extracts from human atherosclerotic arteries.
Moreover, they demonstrated a clear colocalization of MPO
with the macrophage marker CD68. Positivity was demon-
strated mainly at the shoulder region of the lesions and in
regions surrounding the lipid core of advanced atheroscle-
rotic plaques. These were the first indications that MPO might
contribute to the oxidative modification of lipoproteins.
Subsequently, it was shown that 3-chlorotyrosine, a specific
marker of MPO-mediated oxidation, was elevated in LDL
isolated from human atherosclerotic lesions compared with
LDL from the circulation (124). These data showed that MPO
was actively modifying LDL in the atherosclerotic lesions. In
follow-up of these studies, it was next shown that modifica-
tion of LDL with MPO generates a high-uptake form of LDL
that can induce foam cell formation (279). In vitro treatment of
LDL with reactive nitrogen species generated by the MPO-
H2O2-NO2-system led to the nitration of apolipoprotein-B and
the initiation of lipid peroxidation, hereby yielding an LDL
particle (NO2-LDL) that promotes intracellular cholesterol
ester accumulation and foam cell formation by macrophages.
NO2-LDL did not bind to the macrophage LDL-receptor
(LDLR) or scavenger-receptor class A, but was taken up by
macrophages through CD36 (278). Additional studies dem-
onstrated increased numbers of MPO-positive macrophages
in human lesions, characteristic of acute coronary syndromes,
such as eroded or ruptured plaques, whereas macrophages in
stable early fatty streaks were negative for MPO (328). HOCl-
modified proteins accumulated at these ruptured or eroded
sites in the lesions, and several stimuli present in athero-
sclerotic lesions, such as CD40, lysophosphatidylcholine, or
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cholesterol crystals were shown to induce MPO release from
monocytes in vitro.

More recently, an additional protein modification gener-
ated by MPO was linked to atherosclerosis formation (355). It
was shown that protein carbamylation can be catalyzed by
MPO. Carbamyl-modified proteins were detected in human
atherosclerotic lesions and colocalized with MPO. Moreover,
carbamylation of LDL rendered this particle unable to bind to
LDLR but generated an atherogenic particle that could bind
with high affinity to the macrophage-scavenger receptor class
A and could hereby induce foam cell formation. In the same
article, it was shown that levels of homocitrulline-modified
proteins, a product of carbamylation of protein lysine resi-
dues, predicted risk of CAD, MI, stroke, and death. Thus,
MPO-catalyzed carbamylation of proteins may be an addi-
tional mechanism contributing to a proatherogenic role of
MPO.

In addition to the modification of LDL, rendering it proa-
therogenic with the potential to induce foam cell formation,
MPO also was shown to affect HDL function. HDL is the
lipoprotein that is considered to be antiatherogenic and
antiinflammatory, by mediating cholesterol efflux from mac-
rophages and hereby relieving the lipid burden in macro-
phages. The main apolipoprotein component found on HDL is
apolipoprotein-AI. HDL from atherosclerotic plaques showed
strongly elevated levels of nitrotyrosine and chlorotyrosine
modifications, as compared with circulating HDL, and, in
addition, circulating HDL from patients with CAD showed
more of these modifications than did circulating HDL isolated
from healthy controls (271, 387). More specifically, modi-
fication of Tyr-192 of apolipoprotein AI by chlorination was
shown to inhibit HDL function and to impair ABCA1-
dependent cholesterol efflux (320). Thus, MPO modification
of lipoproteins is a double-edged sword, not only mediating
the formation of proatherogenic oxLDL particles but also in-
hibiting the function of antiatherogenic HDL particles.

4. Lessons learned from MPO mouse models. All these
data made it very relevant to study the direct effect of MPO in
mouse models of atherosclerosis. However, the outcome of
these studies has not been completely conclusive. The earliest

study generated MPO-deficient mice and analyzed the effect
on atherosclerosis development (47). Unexpectedly, MPO
deficiency worsened atherosclerosis development. Both by
performing bone marrow transplantation to atherosclerosis-
susceptible LDLR-deficient mice and by crossing the MPO-
knockout mice with LDLR-deficient mice, they found that
the lesions were significantly larger and contained more
monocytes=macrophages when MPO was lacking. A clear
explanation for this finding is difficult to give, but the authors
speculate about several potential mechanisms in their dis-
cussion. First, mouse-human differences may explain part. As
indicated earlier, human atherosclerotic lesions contain sub-
stantial amounts of MPO and its products. However, the
authors were hardly able to detect chlorotyrosine levels in the
mouse lesions. Moreover, they had difficulty in detecting
MPO in the mouse lesions, because antibody staining of le-
sions from MPO-deficient mice still showed positivity. More
recently, it was firmly established that neutrophils and MPO
are integral parts of murine atherosclerotic lesions (349, 384).
With newly generated antibodies, MPO is readily detectable
in murine atherosclerotic lesions of both LDLR-deficient mice
on a high-fat diet and apolipoprotein E (APOE)-deficient mice
(349). In contrast to human lesions, MPO in these mice colo-
calizes not with macrophages but with neutrophils infiltrat-
ing the plaques (349) (Fig. 7). Furthermore, these studies
also showed increased levels of circulating MPO in LDLR-
deficient mice with high-fat feeding (Fig. 8). Interestingly,
increased plasma levels of MPO in conjunction with increased
levels of oxidized LDL were recently described in hypercho-
lesterolemic children as well (276).

An alternative explanation for the adverse effect of MPO
deficiency may lie in the fact that MPO may be regulating
additional not-yet-identified processes in atherosclerosis. A
study by Milla et al. (231) showed that MPO deficiency ac-
tually enhances lung injury–related inflammation induced
by allogeneic bone marrow transplantation. They found
that MPO-deficient mice show enhanced T-cell–dependent
inflammation in their lungs, characterized by elevated
levels of proinflammatory cytokines, such as TNF-a and
monocyte chemoattractant protein 1 (MCP-1), and increased
accumulation of T cells and monocytes in the lungs. This

FIG. 7. Accumulation of MPO-positive neutrophils in atherosclerotic lesions of LDLR–/– mice. (A–C) Colocalization of
MPO (A) and neutrophils (B) in murine spleen sections. (C) Overlay of A and B. (D–G) Colocalization of MPO (D) and
neutrophils (E) in an atherosclerotic lesion from an LDLR�=� mouse fed a high-fat diet for 10 weeks. (F) Nuclear staining
(DAPI). (G) Overlay of D–F. Reprinted with permission from (349). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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proinflammatory state was probably caused by a suppression
of apoptosis of inflammatory cells in the lungs that was ob-
served in the MPO-deficient mice. MPO deficiency also
worsened disease in an experimental autoimmune encepha-
lomyelitis (EAE) model, linked to accelerated lymphocyte
proliferation (46), but these results are discussed more ex-
tensively in the section on neurodegenerative diseases. Thus,
the findings of enhanced atherosclerosis in the absence of
MPO may very well be linked to altered T-cell responses or
modified apoptosis regulation. However, studies investigat-
ing these processes in detail are lacking.

In contrast to the original MPO-knockout study, other
mouse experiments confirmed a proatherogenic role of MPO.
Transgenic mice expressing human MPO under the control of
a Visna promoter were used in atherosclerosis studies similar
to those described earlier (227). These animals showed
strongly increased peroxidase activity in their macrophages,
and bone marrow transplantation studies showed that over-
expression of human MPO leads to increased atherosclerosis
(227). Interestingly, in a parallel experiment, they also con-
firmed the previous finding that MPO deficiency enhanced
atherosclerosis development. In addition, the group of Rey-
nolds (185) generated transgenic mice expressing human
MPO genes with two promoter variants, �463G=A, which
have been associated with increased CAD and severity of
atherosclerosis (59, 185). Both these transgenic lines devel-
oped increased atherosclerosis when crossed on an LDLR-
deficient background, whereas the �463G male variants even
showed increased hyperlipidemia and obesity. These data
indicate significant differences between mouse and human
MPO.

Thus, MPO is clearly an important player in cardiovascular
diseases. It is associated with a broad spectrum of clinical
manifestations of CVD. It may contribute by different forms of
lipoprotein modification affecting atherogenesis and may af-
fect many other cellular processes involved in CVD and ath-
erosclerosis. The main clinical and experimental findings
supporting a pathogenic role for MPO in several cardiovas-
cular diseases are summarized in Table 1. With mouse mod-
els, a challenge still lies ahead in better understanding of
which atherogenesis-related cellular processes are regulated
by MPO and to what extent human–mouse differences are
contributing to unexpected outcomes of animal experiments.

C. MPO and carcinogenesis

Chronic inflammation, caused by either infections or non-
infectious agents (e.g., asbestos), is associated with an in-

creased incidence of malignancies (361). This has been linked
to the continuous oxidative stress of the affected tissues due to
accumulation of activated phagocytes, which may result in
oxidative damage of genomic DNA of proliferating cells,
causing mutations and the development of cancer (361). Some
evidence strongly indicates that oxidants produced by acti-
vated phagocytes, including superoxide, HO·, H2O2, and
MPO-derived oxidants, are genotoxic (222, 361). These ROS
can induce carcinogenesis in several ways (e.g., by modulating
genes that regulate cell proliferation or by the induction of
DNA damage, such as DNA strand breaks and mutations).
The first observation that linked genotoxicity with phagocyte
ROS production was described by Weitzman and Stossel
(362), who showed that the ability of phagocytes to induce
mutations in bacteria was markedly attenuated when cells
from a patient with CGD were used. Subsequent in vitro
studies demonstrated that phagocyte-derived ROS exert
similar effects on genotoxicity in various mammalian cells,
which in many instances could be attenuated by specific
antioxidants, including catalase and SOD (359, 360, 363).
Furthermore, in vivo studies have shown that exposure to
asbestos and smoking causes an inflammatory response in the
lungs and it also is associated with the onset and progression
of carcinogenesis (318). In human bronchoalveolar lavage
fluids (BALFs), elevated levels of MPO can be detected after
smoking or exposure to particulates such as asbestos, sug-
gesting that MPO may contribute to lung cancer development
(138). Compared with normal tissues, elevated levels of MPO
and oxidative-stress markers can be detected in malignant
tissues, again suggesting a role for MPO-derived oxidants in
carcinogenesis (288, 303). Mechanistically, MPO-catalyzed
production of HOCl has been linked directly to DNA damage,
causing oxidation of pyrimidine bases and chlorination of
cytosine in bronchial epithelial cells (322). Furthermore,
human neutrophils use MPO to halogenate uracil, as evi-
denced by the observation that exposure of uracil to either
purified MPO or activated neutrophils causes uracil chlori-
nation (132, 133). In human inflammatory tissues, both chlo-
rinated and brominated uracils can be detected, suggesting
that such reactions are pathogenetically relevant (133). It has
been proposed that incorporation of such halogenated nu-
cleosides into the host DNA may cause transition mutations in
genes, resulting in alterations of DNA repair, DNA replica-
tion, and regulation of the cell cycle.

Besides direct damaging effects on DNA, evidence exists
that MPO-derived oxidants are involved in the bioactivation
of inhaled carcinogens such as polycyclic aromatic hydro-
carbons (PAHs). For example, MPO has been demonstrated to

FIG. 8. Circulating plasma MPO levels in
LDLR–/– mice after high-fat feeding. Circulating
plasma MPO levels were measured with a cap-
ture ELISA at baseline and after 6, 10, and 16
weeks of high-fat diet. Compared with baseline
values, plasma levels of MPO were significantly el-
evated in high fat–challenged LDLR�=� mice at 6
weeks. Reprinted with permission from (349).
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enhance the transformation of the prototype PAH benzo[a]-
pyrene (B[a]P) into DNA-binding metabolites (e.g., B[a]P-diol-
epoxide) that may cause mutagenesis and carcinogenesis
(163, 340, 341). Finally, HOCl has been found to inhibit DNA
strand-break repair and nucleotide excision repair (112, 272).
Collectively, the data described earlier strongly support a link
between MPO activity and carcinogenesis and indicate that
both direct and indirect DNA-damaging effects are involved.

As described earlier, various polymorphisms that occur in
the MPO promoter region affect MPO levels. Given the link
between MPO activity and cancer development, genetically
determined MPO levels could influence cancer risk, and this
has been investigated in an increasing number of epidemio-
logic studies. In this respect, the main focus has been on the
MPO�463G=A promoter polymorphism in which the G allele
increases MPO gene expression, whereas the A allele is as-
sociated with lower MPO gene-transcription rates (186, 275,
297). To date, a number of studies have reported an associa-
tion between the variant �463A allele and a decreased risk
of lung cancer, which would be consistent with a role of
MPO in carcinogenesis (58, 194, 209, 268, 309, 310, 329).
However, controversies exist, and not all studies are in agree-
ment regarding additional effects of age, gender, and gene–
environment interactions (68, 232, 373, 377). In addition to
lung cancer, the �463A has been associated with a decreased
risk in larynx (58), bladder (137), and breast (4) cancer,
whereas an increased frequency of the �463G allele has been
reported in acute promyelocitic leukemia (295) and pancreatic
adenocarcinoma (365). In summary, the �463 G=A poly-
morphism in the MPO promoter region that has been reported
to affect MPO transcription levels appears to contribute to the
modulation of cancer risk. However, as discussed earlier,
controversy exists on whether this polymorphism indeed
leads to changes in MPO protein levels or enzyme activity,
and this clearly needs further investigation. Table 1 summa-
rizes the pathogenic potential of MPO in several forms of
cancer, as analyzed in clinical studies.

D. MPO and neurodegenerative diseases

Mounting evidence points to an important role of oxidative
injury, including MPO-derived oxidants, in the pathogenesis
of neurodegenerative disorders (summarized in Table 1). The
underlying mechanism is believed to involve oxidative
damage to various cell components, including proteins, car-
bohydrates, lipids, and nucleic acids, because of overpro-
duction of free radicals, leading to impairment of cellular
functions and ultimately cell death. MPO, MPO-derived oxi-
dants, and increased levels of lipid peroxidation have been
demonstrated to be present in affected brain tissues of pa-
tients with AD (107), Parkinson’s disease (PD) (70), and
multiple sclerosis (MS) (242). For example, in contrast to
normal brain tissue, in autopsy brain tissue of patients with
AD, MPO protein is present in microglia and neurons, is en-
zymatically active, and colocalizes with b-amyloid (107).
Furthermore, elevated levels of 3-chlorotyrosine have been
detected in brain sections of AD, indicating HOCl-mediated
tissue injury (107). All these observations suggest a patho-
genic role for catalytically active MPO in neuronal dysfunc-
tion in AD, probably through the generation of lipid
peroxides. However, results from epidemiologic studies in-
vestigating the relation between the�463G=A MPO promoter

polymorphism and AD risk are inconclusive. Initial studies
reported that the G allele, which is linked to increased MPO
expression, was overrepresented in female AD patients,
whereas an increased frequency of the A allele was observed
in male patients (203, 299). In subsequent studies in a Finnish
population, the presence of the MPO �463A allele together
with the apolipoprotein E4 allele was found to be associated
with increased AD risk in men but not in women (296). In
contrast, studies in other cohorts could not confirm a role for
the �463G=A MPO promoter polymorphism in the incidence
of AD (72, 327).

Further to study the effects of human MPO in the devel-
opment of AD, Maki et al. (213) recently crossed mice trans-
genic for APP23 with mice transgenic for either the human
MPO�463G or the�463A allele (213). APP23 transgenic mice
overexpress the human familial AD mutant APP751 trans-
gene in neurons. These mice develop amyloid plaques and
memory deficits, but, in contrast to humans, do not express
murine MPO in their brain tissue. Maki et al. reasoned that this
may be due to the absence of a primate-specific Alu element in
the murine MPO gene, as described earlier, and therefore
crossed the human MPO �463A or G transgenic mice to the
APP23 mice (213). Interestingly, introduction of the �463G
but not of the �463A allele in APP23 mice resulted in the
development of abundant amyloid plaques in hippocampus
and cerebral cortex, with strong expression of MPO in plaques
and astrocytes in the cortex. In addition, in the brains of
MPOG-APP23 double-transgenic mice, high levels of oxi-
dized phospholipids could be detected. Finally, MPOG-
APP23 mice had greater spatial-memory impairment in
water-maze experiments compared with APP23 mice (213).
Overall, these elegant studies support an important role for
MPO-catalyzed oxidative injury in neuronal injury and dys-
function in AD.

MPO-mediated oxidative damage also has been linked to
the progression of multiple sclerosis (MS), an inflammatory
degenerative disorder of the central nervous system. In le-
sional tissue of MS patients, expression of MPO protein and
mRNA has been detected in microglia and macrophages, al-
though evidence for the presence of 3-chlorotyrosine or
HOCl-modified proteins is lacking (242). Compared with
healthy individuals, MPO activity in circulating leukocytes of
MS patients has been reported to be lower. However, con-
flicting data exist on the association of the MPO �463G=A
promoter polymorphism and MS incidence. In one study, an
increased frequency of the variant �463G allele was reported
in early-onset MS in female patients (242). However, in sub-
sequent studies, no association between the MPO �463G=A
polymorphism and MS disease susceptibility and severity
was found (159). In contrast, studies in a mouse model of MS,
known as experimental autoimmune encephalomyelitis, do
suggest a role for MPO in disease development. On EAE in-
duction, 90% of MPO-deficient mice developed hindlimb
paralysis as compared with 33% in wild-type littermates,
suggesting a protective role for MPO in EAE induction (46).
The increase in EAE susceptibility in MPO-deficient mice was
associated with an enhanced proliferation of antigen-specific
T cells, suggesting a suppressive effect of MPO on adaptive
immune responses (46).

Besides AD and MS, a role for MPO has been implicated in
PD, although the evidence is less extensive. PD is character-
ized by the loss of dopaminergic neurons from the substantia
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nigra pars compacta in the brain, and increased MPO ex-
pression in glial cells in this area in PD patients has been
described (70). Furthermore, in an animal model of PD, in-
duced by treatment with the neurotoxin 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), increased levels of
3-chlorotyrosine and HOCl-modified proteins in brain tis-
sues have been reported, suggesting MPO-mediated tissue
damage (70). Supporting this contention are observations in
MPO-deficient mice treated with MPTP (70). Compared with
wild-type littermates, MPO-deficient mice were found to be
more resistant to MPTP-induced neurotoxicity, suggesting
that MPO participates in the MPTP neurotoxic process.

E. MPO and renal diseases

The capacity of the MPO-H2O2 system to harm the kidney
directly was initially demonstrated by renal perfusion studies
in rats (49, 151, 152). On renal perfusion, MPO was shown to
bind to the glomerular basement membrane. When MPO
perfusion was immediately followed by perfusion of H2O2,
this resulted in acute glomerular injury, characterized by
platelet degranulation and endothelial cell swelling and lysis,
leading to proteinuria. These perfusion studies showed that
the MPO-H2O2-chloride system, most likely through the
generation of HOCl, can cause injury to cells and structures
implicated in renal physiology. Various clinical and experi-
mental studies have been performed since, to explore the role
of MPO in a number of renal diseases (summarized in Table
1). Here, we describe the possible contribution of MPO to
kidney dysfunction in immune-complex glomerulonephritis,
ischemia=reperfusion injury, diabetic nephropathy, and lipid-
associated glomerulopathy.

Based on the perfusion studies in rats described earlier,
MPO would be expected to play a role in inflammatory renal
diseases characterized by acute neutrophilic inflammation, as
observed in acute immune complex crescentic glomerulone-
phritis (GN). A well-characterized model of crescentic GN is
autologous-phase anti–glomerular basement membrane
(anti-GBM) globulin GN, in which heterologous anti-GBM
antibody acts as a planted antigen in glomeruli. Renal injury
in this model occurs in two phases. During the initial, or
heterologous, phase of the disease, injury, characterized by
abnormal proteinuria, is mediated by infiltrating neutrophils
whose accumulation in glomeruli peaks 2 h after anti-GBM Ig
administration and causes the extracellular release of MPO
(131, 265). The autologous phase of the disease is mediated by
a T-helper 1 cell (Th1)-polarized adaptive immune response
against the immunizing antigen, which develops 1–3 weeks
later. During this phase, severe glomerular injury, charac-
terized by glomerular crescent formation, is mediated by
infiltrating CD4þ T cells and macrophages. By using MPO-
deficient mice, Odobasic et al. (265) investigated the role of
MPO in the heterologous (2 h) as well as the autologous (3 wk)
phase of anti-GBM glomerulonephritis (265). Increased MPO
activity in kidneys of wild-type mice was observed at both
time points. In the heterologous phase, MPO-deficient mice
showed increased glomerular neutrophil accumulation but
significantly decreased proteinuria, consistent with a role of
MPO-derived oxidants in tissue injury. In contrast, in the
autologous phase of the disease, no effect of MPO deficiency
was found on proteinuria and glomerular crescent formation.
However, increased glomerular accumulation of CD4þ T cells

and macrophages was observed in conjunction with increased
proliferation of splenic CD4þ T cells and increased production
of Th1 cytokines, suggesting that endogenous MPO down-
regulates antigen-specific T-cell responses. Overall, this study
demonstrates a complex role of MPO in immune-mediated
glomeronephritis with differential effects on the heterologous
(neutrophil-mediated) and autologous (Th1=macrophage-
mediated) phases of the disease.

Membranous glomerulonephritis (MGN) is a form of
immune-complex glomerulonephritis that is characterized
by subepithelial immune deposits in the glomerular base-
ment membrane, leading to glomerular damage and pro-
teinuria. A model that is commonly used to study MGN is
passive Heymann nephritis. Passive Heymann nephritis is an
immune-complex glomerulonephritis that is induced by ad-
ministration of nephrotoxic antibodies to rats. Proteinuria in
passive Heymann nephritis was shown to involve comple-
ment activation and ROS production (164, 283). Increased
expression of H2O2 was found in glomeruli of rats with pro-
teinuric passive Heymann nephritis, predominantly in po-
docytes and along the glomerular basement membrane (164),
suggesting a role for H2O2 in immune-complex glomer-
ulonephritides. Important evidence for a role of the MPO-
H2O2-HOCl system in MGN came from expression studies
in patients. Gröne et al. (108) showed presence of HOCl-
modified proteins in glomeruli of MGN patients by using
immunohistochemical detection. The HOCl-modified pro-
teins were observed in podocytes, intracapillary cells
(monocytes=macrophages), and the glomerular basement
membrane. In addition, the authors could detect MPO in
glomeruli of MGN patients. The expression of MPO coloca-
lized with expression of HOCl-modified proteins along the
glomerular basement membrane and in monocytes and
macrophages, suggesting that the HOCl-mediated modifica-
tions were MPO dependent. Possibly, the HOCl-mediated
modifications include HOCl-modified LDL. An increased
antibody titer directed against HOCl-oxidized LDL was de-
tected in patients, suggesting an increased LDL-oxidation
contributing to glomerular damage in MGN (97). In line with
this, HOCl-modified LDL was shown to affect tubular epi-
thelial cells in MGN patients by inducing differential gene
expression (280). The differential regulation of genes corre-
lated with renal function and included genes involved in ROS
metabolism, cell stress, tissue remodeling, and inflammation.
Although one study could not detect glomerular MPO ex-
pression in human MGN (306), most findings point to activity
of the MPO-H2O2-HOCl system in MGN.

Renal I=R injury is an important determinant in the path-
ogenesis of kidney-transplant rejection and sepsis. I=R injury
is characterized by the extravasation of inflammatory cells,
including neutrophils and monocytes=macrophages, of which
neutrophils are the first cells that become activated and that
migrate into the tissue (142). The use of adhesion-molecule
knock-out mice (162) or chemokines-blocking antibodies (233)
in experimental renal I=R led to a decrease in neutrophil mi-
gration and, as a consequence, reduced tissue damage. In
addition, inhibition of neutrophil activation with an inflam-
matory cytokine synthesis inhibitor diminished renal damage
after I=R in rats (18). Because of these observations, neutro-
phils are believed to be important effector cells in I=R injury,
although a crucial role for neutrophils could not always
be proven (80, 229). The increase in number of neutrophils in
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I=R-subjected organs is accompanied by increased levels of
MPO. On I=R, the infiltration of neutrophils and the release of
MPO will trigger inflammatory processes such as the activa-
tion of complement and the production of proinflammatory
cytokines (142). The increased MPO activity in I=R-injured
kidneys can also be detrimental because of the generation of
chlorinated and nitrated species (214). H2O2, the main sub-
strate for MPO, is abundantly present in the kidney after I=R.
It is not known which enzyme is mainly responsible for the
increased presence of H2O2, but NADPH oxidases, xanthine
oxidase, and monoamine oxidase are appropriate candidates
(214). Furthermore, HOCl appears to be important in I=R in-
jury because addition of taurine, an in vivo scavenger of HOCl,
had an improved effect on I=R damage in isolated solid or-
gans, including rat kidney (214). Nevertheless, renal micro-
vascular injury on lower limb reperfusion in rats did not
improve with systemic taurine application (37). It should be
noted that, as discussed earlier, taurine reacts with HOCl to
form taurine chloramines, which is less toxic than HOCl.
However, taurine chloramine still has biologic activity and
has been shown to be more selective than HOCl at targeting
thiol groups on cysteines (274). As such, taurine chloramine-
mediated oxidation of cysteines may affect the function of
many proteins, including cellular receptors and transcription
factors, and contribute to cellular damage.

The generation of nitrogen oxygen species may be involved
in I=R injury. Inactivation of inducible nitric oxide synthase
(iNOS) in experimental I=R resulted in less renal damage,
suggesting a role for NO in renal I=R (63, 64). The reduced
renal damage was accompanied by a decrease in neutrophil
infiltration and MPO activity. As a consequence of iNOS in-
hibition, less nitrotyrosine was detected in the I=R kidney,
probably because of reduced peroxynitrite formation (64).
Nitrotyrosine also can be generated by the reaction of MPO
with H2O2 or by the reaction of NO2

�with HOCl (an indirect
effect of MPO) (85). However, the biologic significance of the
latter reaction is uncertain because of its slow kinetics (79,
366). Although these data suggest a role for MPO-derived
chlorinated and nitrated species, the exact importance of these
species in renal I=R injury is not known.

Besides a possible role for MPO through the formation of
ROS, MPO is important for neutrophil extravasation in renal

I=R injury. Matthijsen et al. (226) recently showed that Mpo�=�

mice have less renal damage and function loss after experi-
mental I=R compared with wild-type mice, which was char-
acterized by a significant reduction in the number of
infiltrating neutrophils 24 h after reperfusion (226) (Fig. 9).
Interestingly, no differences were found in complement acti-
vation either after a short period of reperfusion (2 h) or after
24 h of reperfusion. These data suggest that MPO contributes
to renal I=R damage rather through reducing neutrophil ex-
travasation than by complement activation. As described
earlier, MPO is able to activate neutrophils directly and con-
trol neutrophil adhesion to endothelial cells through bind-
ing to CD11b=CD18 (148, 193), which could explain the
observed reduction in migrated neutrophils in the study of
Matthijsen et al. (226). Taken together, MPO contributes to
renal I=R injury by promoting migration of neutrophils, and
possibly by the production of harmful chlorinated and ni-
trated species.

Recent findings suggest a role for MPO in diabetic ne-
phropathy through promotion of HOCl production. Diabetic
nephropathy is a progressive disease that occurs as a result of
hyperglycemia. Diabetic nephropathy is characterized by a
reduced glomerular filtration rate and proteinuria, which will
eventually result in end-stage renal disease. ROS play a det-
rimental role in diabetic nephropathy, as evidenced by the
observations that inhibition of ROS production reduces pro-
liferative and fibrotic changes and improves renal function in
experimental diabetic nephropathy (17). Normally, oxygen
radicals can be cleared by SOD and catalase. SOD catalyzes
the conversion of O2

·� into H2O2, and catalase, the subsequent
conversion into H2O. In diabetic nephropathy, however, both
SOD and catalase have decreased activity, leading to im-
paired clearance of ROS. Several groups tried to restore the
clearance of radicals and to prevent concomitant renal dam-
age in experimental diabetic nephropathy models by the use
of tempol. Tempol is a nitroxide that is mainly referred to as a
synthetic mimetic of SOD. Nitroxides, however, are antioxi-
dants that act in various ways by reaction with oxidants and
reductants (24, 352), and these mechanisms should be con-
sidered as well when interpreting the effects of treatment with
tempol in experimental models. Interestingly, Rees et al. (292)
recently reported that nitroxides are also potent inhibitors of

FIG. 9. Decreased accumulation of neutrophils in kidneys from MPO-deficient mice after renal ischemia/reperfusion
(I/R) injury. Immunofluorescent staining of neutrophils (red) and MPO (green) in kidneys of wild-type (A–C) and Mpo�=�

mice (E–G) 24 h after induction of I=R. (D, H) Immunohistochemical staining of neutrophils in renal tissue from wild-type
(D) and Mpo�=� (H) mice 24 h after induction of I=R. Reprinted with permission from (226). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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MPO-mediated HOCl production. Asaba et al. (16) treated
diabetic rats with tempol, and although this treatment in-
hibited mesangial matrix expansion, it did not reduce pro-
teinuria. Indeed, tempol treatment increased the conversion
of superoxide to H2O2, scavenging the harmful oxygen radi-
cal. However, catalase activity was not restored by tempol,
leading to an accumulation of H2O2 in the kidney. Moreover,
tempol treatment increased renal MPO activity, which ac-
celerated the conversion of H2O2 into HOCl. These find-
ings suggest that the beneficial effects of ROS scavenging
were overcome by detrimental effects of excess HOCl. Ad-
ditionally, the data imply a role for MPO and HOCl in protein-
barrier loss rather than in glomerular matrix expansion in
diabetic nephropathy. Similar results were found by Rafivoka
et al. (287), who examined the effect of tempol treatment in
obese diabetic hypertensive rats. Obese diabetic rats had
proteinuria; increased renal cortical lipid peroxidation and
protein oxidation; and increased glomerular and interstitial
inflammation, proliferation, and fibrosis. Tempol treatment
decreased lipid peroxidation; improved insulin resistance;
and reduced inflammatory, proliferative, and fibrotic chan-
ges, most likely because of decreased superoxide levels.
Conversely, tempol treatment had no effect on proteinuria
and renal hemodynamics and did not reduce protein oxida-
tion. Because catalase activity was not restored by tempol,
protein oxidation and proteinuria were believed to be caused
by excess amounts of H2O2. In contrast to Asaba et al. (16), no
increased renal MPO activity was detected, but instead, a
decrease in total tissue peroxidase activity was observed
(287). It is, however, plausible that even reduced peroxidase
activity is sufficient to exert protein damage in the presence of
excess amounts of H2O2. The fact that Rafivoka et al. (287) did
not observe reduced protein oxidation supports this hypoth-
esis. Taken together, these data suggest a role for MPO, H2O2,
and HOCl in diabetic nephropathy, particularly in renal he-
modynamics and proteinuria. Furthermore, a role for MPO in
diabetic nephropathy has been suggested through the pro-
duction of advanced glycation end products (AGEs) (214).
AGEs are biochemical end products of glycation reactions
that can bind to and activate the receptor for AGE (RAGE),
leading to the release of profibrogenic mediators and proin-
flammatory cytokines. Activation of the AGE-RAGE system is
known to take part in the pathogenesis of diabetic nephrop-
athy (41, 364). Furthermore, the MPO-H2O2-HOCl system
is capable of forming AGEs in vivo (9). Hence, the MPO-
mediated production of AGEs might considerably contribute
to diabetic nephropathy. The pattern of MPO expression and
activity in human diabetic nephropathy is still unresolved.
Whereas in the vitreous and epiretinal membranes of patients
with diabetic retinopathy, increased MPO expression could be
detected (22), no reports exist on renal MPO expression in
patients with diabetic nephropathy. In neutrophils from dia-
betes patients, MPO activity was shown to be decreased (307,
342), whereas an increased MPO plasma level was detected
in diabetic nephropathy patients that received peritoneal he-
modialysis treatment (52, 326). In addition, a difference in
MPO �463G=A promoter genotype frequencies was found
between patients with diabetic nephropathy and in patients
with other renal diseases or control subjects, with GG and AA
genotypes being more common in diabetic nephropathy pa-
tients (52). The MPO�463G=A genotype frequency difference
did not correlate with MPO plasma levels, because MPO

plasma levels were similar in patients with diabetic ne-
phropathy and in patients with other renal diseases. The au-
thors also observed a correlation between MPO �463G=A
genotype and an earlier onset of disease within the diabetic
nephropathy patient group. However, these results need
confirmation before definitive conclusions can be drawn.
Taken together, although MPO potentially contributes to di-
abetic nephropathy in both a direct (by HOCl) and an indirect
(by production of AGEs) way, still little knowledge exists on
MPO expression and activity during human diabetic ne-
phropathy. The exact role of MPO in diabetic nephropathy
must be explored more extensively.

A role for MPO has also been suggested in lipid-associated
glomerulopathy. Guinea pigs that were fed a high-cholesterol
diet were shown to have increased serum cholesterol levels
and glomerular lesions, suggesting a role for lipids in glo-
merular diseases (6). The observed lipid-associated glomeru-
lar lesions were partially mediated by monocytes. Because
lipid-association and monocyte involvement are characteris-
tic in both lipid-associated glomerulopathy and athero-
sclerosis, these disorders are suggested to have a similar
pathologic mechanism (214). The contribution of MPO to
atherosclerosis is quite established and was discussed in more
detail earlier. One effect of MPO likely to contribute to ath-
erosclerosis development is HOCl modification of LDL and
HDL. HOCl-modified LDL and HDL can exert effects on in-
flammatory and endothelial cells. HOCl-LDL stimulates IL-8
production by human monocytes and is chemotactic for
neutrophils in vitro (372). HOCl-LDL and -HDL both reduce
NO formation in endothelial cells in vitro, which may lead to
endothelial cell dysfunction (224, 263). Moreover, HOCl-HDL
binds more MPO than does unmodified HDL. At the same
time, it decreases binding of MPO to endothelial cells and
macrophages and internalization and degradation of MPO
by macrophages (223). This implies that, in the presence of
HOCl-HDL, an increased amount of MPO is available in the
circulation and able to execute MPO-mediated protein mod-
ifications. Although HOCl-modified lipoproteins can affect
cell types relevant in glomerulopathy, an involvement of
MPO in lipid-associated glomerulopathy is still speculative.
Further investigation is needed to confirm that the pathogenic
mechanisms of lipid-associated glomerulopathy and athero-
sclerosis are comparable, and to find out whether MPO-
mediated modification of lipoproteins is indeed involved in
the occurrence of lipid-associated glomerulopathy.

F. MPO and lung diseases

Neutrophilia of the lungs is a phenomenon common to a
variety of lung-related diseases, including chronic obstructive
pulmonary disease (COPD), asbestosis, and acute respiratory
distress syndrome (ARDS) (240, 270, 334). Hence, a contrib-
utory role for MPO-derived oxidants in the development of
lung tissue injury has been proposed. This is supported by the
detection of increased levels of MPO in BALF and MPO
protein expression in lung epithelium in various lung diseases
(113, 161). Furthermore, similar to observations in the kidney,
as described earlier, perfusion of the lung with MPO and
H2O2 or intratracheal infusion of a peroxidase, including
MPO, and an H2O2-generating system in rats induces severe
acute lung injury characterized by increased permeability and
intraalveolar fibrin deposition that progresses to interstitial
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fibrosis (98, 149). More recently, a direct effect of MPO was
shown on alveolar and bronchial epithelial cell lines. On ex-
posure to MPO, these cells are able to internalize MPO, re-
sulting in increased HO-1 expression and DNA strand
breakage and, in bronchial epithelial cells, in inhibition of
LPS-stimulated IL-8 production (114). Further evidence for a
role of MPO in the development of lung injury comes from
studies in experimental asbestos- or LPS-induced lung in-
flammation. In mice, inhalation of chrysotile asbestos fibers
causes increased MPO activity in BALF and MPO immune
reactivityinepithelialcellsliningdistalbronchiolesandalveolar
ducts. Haegens and colleagues (113) recently demonstrated
that asbestos-induced lung inflammation is modulated in
MPO-deficient mice, as evidenced by a decreased accumula-
tion of macrophages and lymphocytes and less epithelial cell
proliferation in these mice compared to wild-type littermates.
In addition, Haegens and colleagues (115) recently demon-
strated that MPO-deficient mice are largely protected from the
acute inflammatory effects of intratracheal LPS instillation.
Compared with wild-type mice, MPO-deficient mice showed
a dramatic reduction in neutrophil accumulation in the lungs
on intratracheal instillation of LPS, which was associated with
a decrease in mRNA and protein expression of neutrophil-
specific chemoattractants. Interestingly, migration of MPO-
deficient neutrophils toward a neutrophil chemoattractant
in vitro was significantly decreased compared with wild-type
neutrophils, suggesting a direct effect of MPO on neutrophil
migration.

In cystic fibrosis (CF), a prominent role for MPO-derived
oxidants in causing lung damage has been suggested. Large
amounts of active MPO and high levels of 3-chlorotyrosine
have been detected in sputum samples from patients with CF
(165, 346). The peroxidase activity in such samples has been
found to correlate with disease severity (293). Furthermore, in
CF patients, MPO activity in circulating neutrophils corre-
lates with airway obstruction and sputum production, sug-
gesting a direct link between neutrophil-derived MPO
oxidants and lung injury (100). Besides a direct damaging
effect, MPO-derived oxidants may also indirectly contribute
to lung injury. Evidence exists that in CF patients, the protease
inhibitor a1-antitrypsin is (partially) oxidized, resulting in
inactivation of this protease inhibitor (57), an effect that may
be mediated by MPO-derived oxidants (367).

In summary, the MPO-H2O2 system, either directly or in-
directly, is an important contributor to tissue injury in various
lung diseases, as summarized in Table 1.

G. MPO in other chronic inflammatory diseases

In various other chronic inflammatory diseases, a role for
MPO-derived oxidants in the development of tissue injury has
been suggested including rheumatoid arthritis (RA) and in-
flammatory bowel disease (IBD). In synovial fluids of RA
patients, large numbers of activated neutrophils can be de-
tected, and many of these neutrophils can be found in or near
areas of cartilage erosion (116, 312). Hence, it has been sug-
gested that these cells inflict tissue damage through the
release of oxidants and proteases and contribute to the de-
velopment of joint injury, as observed in RA. The importance
of neutrophils in tissue injury in RA is further supported by
animal studies. Sera from transgenic K=BXN mice contain
immune complexes directed against glucose-6-phosphate

isomerase. On transfer to wild-type mice, these immune
complexes induce arthritis (225). Disease development in this
passive-transfer model requires neutrophils as the main ef-
fector cells and is dependent on neutrophil Fc receptor ex-
pression (225, 370). A specific role for MPO in RA is suggested
by the observations that catalytically active MPO can be de-
tected in synovial fluids of RA patients (83, 262). Finally, a
large number of in vitro studies have demonstrated that MPO-
derived oxidants can degrade various joint components, in-
cluding cartilage and hyaluronic acid [reviewed in (312)].

Similar to RA, considerable neutrophil accumulation in
conjunction with increased MPO activity is seen in intestinal
mucosal lesions of patients with IBD. Furthermore, MPO-
positive neutrophils and monocytes=macrophages have been
detected immunohistochemically in the lamina propria of
patients with IBD (182, 183, 301). Results from animal models
further support the contention that neutrophils contribute to
tissue injury in IBD. Oral administration of dextran sulfate
sodium in rats induces colitis that mimics human ulcerative
colitis and is associated with abundant neutrophil infiltration.
In this model, several lines of evidence indicate an important
role for neutrophil-mediated inflammation in the develop-
ment of colitis. These include the protective effect of selective
neutrophil depletion (247) and the protective effects of scav-
engers or inhibitors of neutrophil oxidants (244) and proteases
(239), respectively, on dextran sulfate sodium-induced colitis.
Although not studied directly, these observations also suggest
a role for MPO-derived oxidants in IBD pathogenesis.

H. MPO as autoantigen in systemic vasculitis

MPO can serve as an autoantigen in antineutrophil cyto-
plasmic autoantibodies-associated small-vessel vasculitides
(ANCA-SVV) (144). ANCA-SVV are a group of autoimmune
disorders, including Wegener’s granulomatosis, microscopic
polyangiitis, Churg Strauss syndrome, and renal limited
vasculitis, in which inflammation and destruction of small
blood vessels occurs (144). This group of disorders is charac-
terized by the presence of circulating anti-neutrophil cyto-
plasmic autoantibodies (ANCAs) directed against lysosomal
constituents of neutrophils and monocytes. Two major target
antigens are known for ANCAs, one of which is MPO (90).
The other antigen is Pr3, a serine protease that, like MPO,
is stored in the azurophilic granules of neutrophils and
peroxidase-positive lysosomes of monocytes (106, 145).

The original and still widely used method to screen
patients’ sera for the presence of ANCAs is indirect im-
munofluorescence on ethanol-fixed neutrophils. With this
technique, two different fluorescence patterns can be distin-
guished produced by ANCA-containing sera; a cytoplasmic
staining pattern termed c-ANCA and a perinuclear staining
pattern termed p-ANCA (Fig. 10). Identification of the main
target antigens of ANCAs showed that ANCAs producing
a c-ANCA immunofluorescence pattern recognized Pr3,
whereas the vast majority of ANCAs producing a p-ANCA
staining pattern recognized MPO.

ANCA-SVV is relatively rare, but patients with ANCA-
SVV have an extremely high mortality, which makes imme-
diate and strong immunosuppressive treatment necessary. In
addition, disease relapses are frequent in ANCA-SVV patients
requiring long-term treatment, with severe side effects as a
result.
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Although ANCA-SVV can affect multiple organs, the kid-
neys together with the lungs are the primary organs affected
(144). ANCA-SVV manifests itself in the kidney predomi-
nantly as glomerulonephritis with segmental necrotic and fi-
brotic lesions in conjunction with inflammatory cell infiltrates.
The lesions and infiltrates cause disruption of glomerular
capillaries, which may eventually lead to the formation of
crescent-shaped scars of proliferating epithelial cells and
macrophages that compress the glomerulus (144). The glo-
merular abnormalities are occasionally accompanied by
inflammatory infiltrates in the tubulo-interstitial area. ANCA-
SVV is a pauci-immune disease because no or little deposits of
immune products like IgG and complement factors are found
in the vasculitic lesions. Besides histologic signs of glomerular
damage, ANCA-SVV patients have urinary abnormalities
such as hematuria and proteinuria.

Since the discovery of ANCAs by Davies et al. in 1982 (77),
detection of ANCAs in patients with glomerulonephritis
has become a valuable marker in diagnosis (155). It was un-
certain, though, for a long time whether ANCAs are patho-
genic and cause the underlying vasculitis or whether their
presence is a consequence of the severe inflammatory re-
sponse. Over the last decades, however, several clinical ob-
servations and extensive in vitro and experimental studies
have revealed a pathogenic role for MPO-ANCA in ANCA-
SVV (129, 146, 156).

1. Clinical observations. A strong correlation exists be-
tween the presence of ANCAs and SVVs. Ninety percent of
patients with ANCA-SVV have ANCAs specific for either
MPO or Pr3. MPO-ANCA is most common in microscopic
polyangiitis, Churg-Strauss syndrome, and renal limited
vasculitis, whereas Pr3-ANCA predominates in patients with
Wegener’s granulomatosis. In addition, ANCA titers follow
disease activity, with low titers during remission and an in-
crease in titer preceding relapses. Although the second cor-
relation is not extremely strong, these observations suggest a
pathogenic role for ANCAs. Furthermore, the MPO promoter
�463G=A polymorphism was shown to influence disease

development in a study on ANCA-SVV patients (300). In this
study, the MPO A allele was associated with an increased
incidence of relapses and an earlier age at diagnosis in MPO-
ANCA–associated vasculitis patients. However, these asso-
ciations could not be confirmed by others (94, 289). Additional
evidence for MPO-ANCA pathogenicity comes from case re-
ports in which patients treated with various drugs, including
hydralazine and propylthiouracil, developed circulating
ANCAs followed by vasculitic disease, suggesting causation
(335).

However, the most compelling clinical evidence for
ANCA pathogenicity comes from observations in a pregnant
woman with a history of microscopic polyangiitis. Because
of active disease during her pregnancy, MPO-ANCA from
the mother was transferred across the placenta to the fetus,
which caused neonatal pulmonary hemorrhage and renal
vasculitis immediately after birth (36). When the neonate was
treated with exchange transfusion and high doses of steroids,
the MPO-ANCA level of the neonate declined below detection
level, and the symptoms disappeared.

2. In vitro studies involving MPO-ANCA. Our knowledge
on the pathogenic mechanisms involved in MPO-ANCA–
mediated vascular injury is largely based on in vitro studies:
MPO-ANCA can bind to and activate neutrophils in vitro,
which leads to the release of toxic substances that destroy
microvascular endothelium (156). This MPO-ANCA–
mediated neutrophil activation is completely dependent on
cellular MPO, as illustrated by the lack of activation of MPO-
deficient neutrophils by these autoantibodies (294). The main
aspects of this pathogenic mechanism are explained here.

For MPO-ANCA to activate neutrophils fully, these cells
require priming with a low dose of a pro-inflammatory cy-
tokine such as TNF-a (Fig. 11). TNF-a induces translocation of
MPO to the neutrophil cell surface, making MPO accessible
for binding to MPO-ANCA. In addition, MPO released from
activated neutrophils can bind to unstimulated neutrophils,
thereby sensitizing them for MPO-ANCA–mediated activa-
tion (135). Translocation of MPO to the cell surface with TNF-
a priming has been shown to depend on p38 MAPK signaling
(170). Furthermore, TNF-a priming increases b2-integrin
membrane expression, which is required for neutrophil–
endothelium interactions. The need for neutrophil priming
in vitro suggests a role for some kind of preactivation trigger in
ANCA-SVV patients. Such a trigger could, for instance, be
mediated by a bacterial infection. This idea is supported by
studies on Wegener granulomatosis, showing that the chronic
nasal presence of Staphylococcus aureus increases the risk of
relapse (325), and that antibacterial (co-trimoxazole) treat-
ment reduces the incidence of relapses in remissive patients
(324).

The activation of primed neutrophils by MPO-ANCA
requires both F(ab’)2-mediated antigen binding and Fc-
mediated Fcg-receptor ligation (290). Although binding of
F(ab’)2 to neutrophil MPO initiates G protein signaling, it does
not activate all signaling pathways involved in ANCA-IgG
signaling (169). Ligation of the Fc portion of MPO-ANCA to
Fc-receptors, especially FcgRIIa, is needed as well (241).
FcgRIIa is an Fc-receptor with high affinity for immuno-
globulins of the IgG3 subclass. Interestingly, ANCAs with
subclass IgG3 are more abundantly present in ANCA-SVV
patients with active disease (143). FcgR engagement by

FIG. 10. Fluorescence patterns on ethanol-fixed human
neutrophils produced by anti-neutrophil cytoplasmic au-
toantibodies (ANCAs) with specificity for proteinase 3
(Pr3-ANCA) or MPO (MPO-ANCA). A granular cytoplas-
mic pattern is observed for Pr3-ANCA, whereas a peri-
nuclear pattern is produced by MPO-ANCA. (For
interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article at
www.liebertonline.com=ars).
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ANCAs leads to activation of protein kinase Cb, protein ki-
nase B, and phosphatidylinositol 3 kinase (PI3K) pathways
(290). The signal-transduction pathways downstream of
ANCA-mediated FcgR ligation are, however, different from
conventional FcgR cross-linking, as activation of a different
subtype of PI3K occurs with no phospholipase D activation
(38). It is not clear how simultaneous binding of the F(ab’)2

and Fc portions of MPO-ANCA occurs in vivo. MPO-ANCA
can bind either as a monomer to both MPO and Fc receptor or
as an MPO-containing immune complex to the Fc receptor
(i.e., conventional FcR ligation). Although these mechanisms
initiate different signaling pathways, they both result in
neutrophil activation. It is conceivable that the two mecha-
nisms occur alongside each other as soon as activation is ini-
tiated and MPO becomes released abundantly from already
activated neutrophils.

When primed neutrophils become activated by MPO-
ANCA, they are able to kill endothelial cells (308). MPO-
ANCA–activated neutrophils produce reactive oxygen
species (ROS) that cause oxidative stress. In addition, they
degranulate, releasing enzymes like MPO, Pr3, and elastase,
which can directly harm endothelial cells. Pr3 and elastase can
induce cell detachment and apoptosis (380). MPO itself can be

involved in endothelial cell death in at least three ways. First,
MPO can catalyze the production of HOCl, which has cell-
destructive activities. In addition to this, Guilpain et al. (110)
showed that when anti-MPO antibodies bind to soluble MPO,
the ability of MPO to catalyze HOCl production even in-
creased. Second, because MPO is a highly cationic protein, it
can bind to the endothelial cell membrane (32, 380). En-
dothelial cell–bound MPO can be recognized by MPO-ANCA,
and binding may lead to antibody-mediated cellular cyto-
toxicity (89, 308). Third, MPO can be internalized on binding
to endothelial cells, which was shown to induce production of
ROS (380). ANCA-activated neutrophils can also directly in-
teract with activated endothelium. In vitro flow assays have
shown that MPO-ANCA directly enhance neutrophil adhe-
sion to and migration through endothelial cell layers that
are primed with a low dose of TNF-a (55, 284, 285). The
neutrophil–endothelial cell interactions were shown to be
FcgR and b2-integrin dependent (55). The several roles of MPO
in endothelial cell injury in MPO-ANCA–mediated SVV are
illustrated in Fig. 12.

An additional effect of MPO-ANCA is that it accelerates
apoptosis in neutrophils (120). Because the clearance of these
apoptotic neutrophils by macrophages is impaired, apoptotic

FIG. 11. Neutrophil-activating potential of
MPO-ANCA. (A) MPO-ANCA IgG induces an
oxidative burst in isolated human neutrophils, as
determined by flow-cytometric analysis and the
fluorescent probe dihydrorhodamine123 (DHR).
MPO-ANCA–mediated neutrophil activation is
dependent on prior priming of the cells with the
pro-inflammatory cytokine TNF-a. (B) IgG isolated
from a patient with anti–glomerular basement
membrane (GBM) disease does not activate isolated
human neutrophils with or without priming.
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neutrophils are probably more likely to release their proteo-
lytic contents, which may lead to damage of surrounding
cells. Furthermore, apoptotic neutrophils express more MPO
on their membrane, which results in more MPO-ANCA
binding (119). However, MPO-ANCA binding to apoptotic
neutrophils does not lead to neutrophil activation, but in-
stead, leads to increased uptake by macrophages, probably in
a pro-inflammatory manner (119).

Besides neutrophils and endothelial cells, other cell types
play a role in ANCA-SVV. As mentioned earlier, MPO also is
expressed by monocytes, suggesting that monocytes can be
activated by MPO-ANCA as well. Indeed, ANCAs were
shown to activate monocytes to produce ROS and chemo-
kines (e.g., IL-8) in vitro (356). In this way, ANCA-activated
monocytes contribute directly to the inflammatory process in
ANCA-SVV. Because the expression of MPO decreases dur-
ing the differentiation of monocytes to macrophages, MPO-
ANCA does not affect mature macrophages (62). Mature
macrophages and monocytes are, however, present in gran-
ulomatous lesions and glomerular crescents in ANCA-SVV.
Autoreactive B and T cells are involved in ANCA-SVV as
well, with B cells producing ANCAs, and T cells assisting in
ANCA production and ANCA isotype switching.

3. Lessons learned from MPO-ANCA animal models.
The first direct evidence for the pathogenicity of MPO-ANCA
came from studies in a mouse model developed by Xiao et al.
in 2002 (374). This model differed from previous models (49,
126–128), as it is an autologous model, using anti-MPO anti-
bodies raised in mice to study their effects in mice (Fig. 13).
Xiao et al. used purified murine MPO (mMPO) isolated from a
murine myeloid cell line to immunize Mpo�=� mice. The im-
munization induced an immune response against mMPO in
Mpo�=� mice, resulting in circulating anti-MPO antibodies.
The authors isolated splenocytes from mMPO immunized
and control immunized Mpo�=� mice, and they passively
transferred different amounts of splenocytes to recombinase-

activating gene-2–deficient (Rag2�=�) mice, which lack func-
tioning B and T cells. All Rag2�=� mice that received anti-
MPO splenocytes developed circulating anti-MPO antibodies
within 3 days, but mice that received 1�107 splenocytes
showed a substantially lower anti-MPO antibody titer than
did mice that received 5�107 or 1�108 splenocytes. Mice that
received 5�107 or 1�108 splenocytes showed severe renal
failure, as demonstrated by increased blood urea nitrogen and
serum creatinine 13 days after receiving the splenocytes. In
addition, these mice all developed severe necrotizing and
crescentic glomerulonephritis. In contrast, in control mice and
in mice that received 1�107 splenocytes, no renal failure or
crescent formation was detected, although necrosis was seen
occasionally. In all Rag2�=� mice receiving control or anti-
MPO splenocytes, glomerular deposits of IgG were found. In
some Rag2�=�mice that received 5�107 or 1�108 splenocytes,
vasculitis or granulomatous inflammation in other organs
(e.g., spleen and lungs) was observed, whereas this was never
observed in mice that received 1�107 anti-MPO splenocytes
or control splenocytes. These results suggested that anti-MPO
antibodies can cause systemic vasculitis and glomerulone-
phritis, provided that the antibody titer is high enough.

To confirm that the anti-MPO antibodies alone were indeed
pathogenic, total IgG was isolated from mMPO-immunized
Mpo�=� mice, and the purified IgG was passively trans-
ferred to both Rag2�=� and wild-type mice. With this strategy,
the contribution of anti-MPO antibodies to the vasculitic le-
sions could be separated from potential effects of anti-MPO B
and T cells. Circulating anti-MPO antibodies could still be
detected in the mice several days after passive transfer, with
titers gradually decreasing over time. Mice were killed after 6
days and, although the serum creatinine was not increased,
they developed hematuria, proteinuria, and leukocyturia. In
addition, they displayed focal glomerulonephritis with ne-
crosis and crescent formation. Mice that had received control
IgG did not demonstrate any abnormalities. Only limited
amounts of immunoglobulins were detected in glomeruli,

FIG. 12. Overview of the different contributions of MPO to endothelial cell injury in MPO-ANCA-SVV. (A) Pro-
inflammatory cytokines prime neutrophils and activate endothelial cells. MPO binds to primed neutrophils. (B) MPO-ANCA
activates neutrophils via MPO binding and Fc-receptor ligation. Activated neutrophils degranulate, causing release of pro-
teolytic enzymes and ROS, which can injure endothelial cells. (C) In addition, more MPO becomes available on neutrophil
degranulation. MPO can harm endothelial cells in three ways, by internalization, by binding and interaction with MPO-
ANCA, and by production of HOCl.
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which is in agreement with the pauci-immune nature of
the glomerular capillary lesions observed in human ANCA-
associated glomerulonephritis. In addition to renal abnor-
malities, vasculitic lesions with striking similarity to lesions in
ANCA-SVV patients were occasionally found in lungs and
ears. The passive-transfer studies showed that anti-MPO IgG
can cause vasculitis and glomerulonephritis, not only in the
absence of anti-MPO effector cells (Rag2�=� mice), but also in
the presence of a fully functional immune system (wild-type
mice). Additional studies on this passive-transfer model
revealed essential roles for neutrophils and the alternative
complement pathway in anti-MPO–mediated vasculitis and
glomerulonephritis (139, 375, 376). Furthermore, the effect of
an inflammatory stimulus (i.e., LPS) on the pathogenic process
was tested in this model (140). Administration of LPS, shortly
after anti-MPO IgG, aggravated renal-function loss and
pathologic features of glomerulonephritis considerably.

Another important in vivo study confirmed the in vitro
finding that MPO-ANCAs directly enhance the interactions
between primed neutrophils and activated endothelial cells.
Little et al. (206) used an intravital microscopy technique to
study the behavior of leukocytes in the mesenteric venules
and found increased adherence and transmigration activities
toward the endothelium. They immunized Wistar-Kyoto rats
with human MPO, which caused the rats to produce anti-
MPO antibodies that cross-reacted with rat MPO. The anti-

MPO antibodies were able to recognize both human and rat
MPO, as shown by indirect staining of neutrophils. Anti-
bodies isolated from control immunized rats did not stain
neutrophils of either species. As a result of the circulating anti-
MPO antibodies, the rats developed focal necrotizing cres-
centic glomerulonephritis and pulmonary hemorrhage. The
glomerulonephritis had a pauci-immune character, because
only scanty IgG deposits were found. Besides histologic ab-
normalities, MPO-immunized rats also had impaired renal
function, as shown by the occurrence of hematuria and al-
buminuria. The control immunized rats did not show any
renal or pulmonary abnormalities. When Little et al. (206) in-
vestigated the number of adherent and transmigrated cells in
these animals by using intravital microscopy, they found an
increased number of adherent cells in rats that were immu-
nized with MPO compared with rats immunized with albu-
min. After topical administration of the chemokine CXCL1,
the increase in number of adherent cells was even higher, and
moreover, an increased number of cells had transmigrated.
Furthermore, Little et al. performed passive-transfer experi-
ments comparable to the experiments of Xiao et al. described
earlier, in which they transferred IgG purified from immu-
nized rats to naive rats. Intravital microscopy analysis of these
rats revealed that comparable leukocyte responses were in-
duced on anti-MPO IgGs that were introduced by passive
transfer and that were raised by active immunization. Passive

FIG. 13. Strategy for the development of a mouse model of anti-MPO–mediated glomerulonephritis/vasculitis. (1) MPO-
deficient mice (Mpo�=�) are immunized with murine MPO (mMPO) or control antigen [bovine serum albumin (BSA)]. (2)
Splenocytes and IgG are obtained from immunized Mpo�=�mice. (3) Adoptive transfer of anti-BSA splenocytes into immune-
deficient recombinase-activating gene–deficient (Rag2�=�) or passive transfer of anti-BSA IgG into Rag2�=� or C57Bl=6 mice
induces no disease. (4) Adoptive transfer of anti-mMPO splenocytes into Rag2�=� or passive transfer of anti-mMPO IgG into
Rag2�=� or wild-type mice induces vasculitis and necrotizing crescentic glomerulonephritis. Glomerular lesions are presented
as observed 6 days after passive transfer into C57Bl=6 mice of anti-BSA IgG and anti-MPO IgG, respectively. PAS staining,
x400. Reproduced from (130).
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transfer of anti-MPO IgG into rats induced increased adhesion
of leukocytes to the vessel wall, an effect that was increased
on topical administration of CXCL1. CXCL1 also caused sig-
nificantly more transmigrating cells in rats receiving anti-
MPO IgG than in rats receiving control IgG. Besides direct
leukocyte–endothelial interactions, vascular injury was ob-
served, as evidenced by the increased occurrence of hem-
orrhage in the postcapillary venules of the mesenteric
vasculature in the animals that had received anti-MPO IgG,
by either active immunization or passive transfer. With this
study, Little et al. (206) were the first to show that anti-MPO
IgG induces increased leukocyte–vessel wall interactions and
leukocyte-mediated vascular damage in vivo.

A recent study by Nolan et al. (260) confirmed the concept
of increased leukocyte–vessel wall interactions in the autol-
ogous mouse model originally described by Xiao et al. (260).
By following a procedure similar to that of Little et al., this
study used intravital microscopy to examine leukocyte–
endothelium interactions in the cremasteric microvessels. The
authors observed less rolling but more adhesive and trans-
migrating leukocytes with anti-MPO IgG perfusion. How-
ever, these effects of anti-MPO IgG were seen only when the
cremaster muscle was pretreated with a cytokine (preferably
TNF-a or CXCL1). Interestingly, increased recruitment of
MPO-positive leukocytes was found in renal and pulmonary
tissue, suggesting that primed neutrophils and anti-MPO
antibodies together can exert systemic effects and affect spe-
cific vascular beds. In addition, the authors showed that
the anti-MPO effects were completely lost when either b2-
integrins or Fcg-receptors were blocked, demonstrating
b2-integrin and FcgR involvement in the pathogenesis of anti-
MPO mediated SVV in vivo (260).

In conclusion, autoantibodies directed against MPO are
pathogenic through activation of neutrophils in an FcgR- and
b2-integrin–dependent fashion, resulting in vasculitis in spe-
cific microvascular beds.

V. MPO Detection in Tissues and Biologic Fluids

From the data reviewed here, it is clear that MPO is an
important player in the pathophysiology of many diseases
characterized by acute and chronic inflammation. At least in
some of these disorders, most notably in atherosclerosis,
measurement of MPO levels appears to have diagnostic and
even prognostic value, and an increased interest exists in tools
and assays to monitor accurately MPO levels and activity in
experimental and clinical settings.

In experimental inflammation research, detection of active
MPO, often combined with immunohistochemical staining of
the protein, is a widely used marker to monitor the extent of
neutrophil and monocyte influx in tissues. In principle, any
peroxidase assay can be used for this purpose, but, in most
cases, colorimetric assays that rely on the enzymatic activity
of MPO are used with substrates such as 3,30,5,50-tetramethyl-
benzidine (TMB) and guaiacol (215). However, such assays
have their limitations with respect to sensitivity and speci-
ficity, mainly because the substrates are not MPO specific, and
contamination of biologic samples with other peroxidases or
peroxidase inhibitors frequently occurs.

An alternative approach to measure the activity and in-
volvement of the MPO-H2O2-Cl� system is to determine the
consequences of its end product (i.e., HOCl). For this purpose,

monoclonal antibodies specific for HOCl-modified epitopes
on proteins have been generated and applied as an indicator of
HOCL-mediated tissue damage in various pathologies (216).
The most prominent example is atherosclerosis, in which these
antibodies revealed the abundant presence of HOCl-modified
proteins in human and animal atherosclerotic lesions (123, 216,
217). Especially in combination with immunohistochemistry
for MPO itself, staining of HOCl-modified proteins in tissues is
a powerful approach, allowing the detection and localization
not only of the protein but also of the consequences of HOCl-
induced injury (217). Obviously, the application of antibodies
directed against HOCl-modified epitopes requires rigorous
testing of the specificity of the stainings and ideally should be
combined with additional techniques to validate the presence
of HOCl-modified proteins.

Another analysis technique that is frequently used to detect
HOCl modifications on proteins and lipids is gas chroma-
tography followed by mass spectrometry (277). With this
technique, HOCl-induced oxidative modifications can be
readily detected, but many of these are not HOCl specific and
can also be formed by free radicals (277). One exception is the
reaction of HOCl with tyrosine, leading to the formation of
3-chlorotyrosine, which is HOCl specific and relatively stable
(82, 369). Free 3-chlorotyrosine is considered to be a bio-
marker for MPO activity, and increased levels have been de-
tected in a number of inflammatory conditions (82, 237, 368).
Besides methods based on enzyme activity, MPO protein
levels in biologic fluids and tissues can be determined by
enzyme-linked immunosorbent assays (ELISA) with MPO-
specific monoclonal or polyclonal antibodies. The advantage
of ELISA systems lies in the fact that these assays are highly
specific for MPO and are not influenced by enzyme activity or
inhibitors. Moreover, ELISA assays are very sensitive, usually
allowing protein detection in the nanogram to picogram
range, and at present, a number of ELISA kits specific for
human, mouse, and rat MPO are commercially available.

More recent developments in MPO detection focused on
imaging technologies to noninvasively image MPO activity as
a means to monitor the course of inflammatory processes
in vivo. To date, a variety of activatible agents have been used
to visualize MPO by means of magnetic resonance imaging
(MRI) (45, 65, 66, 243), single-photon emission computed to-
mography (282), fluorescence (321), and bioluminescence
imaging (BLI) (109). Nahrendorf and colleagues (243) showed
that an MPO-activatible gadolinium chelate, a clinically used
MRI agent, can be used to image MPO activity directly in
the hearts of mice subjected to I=R. Gadolinium chelate is
activated by MPO through the oxidation of the hydroxy-
tryptamide moieties on the chelate. These MPO-mediated
modifications cause polymerization of the agent that can
cross-link to matrix proteins promoting the accumulation of
the probe in areas of high MPO activity. In these studies, the
MPO-activatible probe was successfully applied to monitor
the course of the inflammatory response after myocardial I=R
injury and the antiinflammatory effects of statins. Further-
more, MRI imaging of MPO correlated well with immuno-
histochemical detection and tissue activity of MPO, whereas
no signal was detected in MPO-deficient mice, confirming the
specificity of the probe (243). In addition, these MRI MPO-
imaging agents have also been used to image and track MPO
activity in mouse models of stroke (66) and multiple sclerosis
(65) demonstrating the broad applicability of this technique.
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A recent study by Gross et al. (103) demonstrated the po-
tential use of luminol for noninvasive BLI of MPO activity
in vivo (109). The highly stable, redox-sensitive compound
luminol is a widely used reagent to detect reactive oxygen
intermediates, which, on oxidation, emits blue luminescence.
Because luminol can react with a variety of ROS, it seems
unlikely at first glance that this compound can be used as a
specific imaging agent for myeloperoxidase. However, rig-
orous in vitro testing by Gross et al. by using blood samples,
isolated neutrophils, and cell-free systems in combination
with the MPO-specific inhibitor 4-aminobenzoic acid hy-
drazide (4-ABAH), convincingly demonstrated that luminol
bioluminescence is dependent on MPO activity. Subse-
quently, two mouse models of acute inflammation were
tested to determine whether luminol could be used non-
invasively to monitor MPO activity. The results showed that
systemic administration of luminol enabled BLI of MPO
activity in inflammatory lesions in experimental acute der-
matitis and mixed allergic contact hypersensitivity in a lon-
gitudinal and quantitative fashion. Furthermore, additional
experiments in MPO-deficient mice demonstrated that the
luminol-BLI is dependent on MPO activity.

Although it is still in the experimental stage, the obvious
advantage of MPO-specific imaging approaches is that they
provide us with imaging tools to detect MPO activity non-
invasively at the actual sites of inflammation in time. When
these methods become available for humans, these will be
very helpful for diagnostic purposes and for determining the
effects of antiinflammatory treatments.

VI. Conclusions

From the data reviewed, it is evident that MPO and its
derived oxidant species contribute to both health and disease.
In health, MPO-catalyzed formation of highly reactive halide-
derived oxidants is an important component of the arma-
ment of neutrophils and monocytes needed to kill and digest

phagocytosed pathogens. In diseases characterized by in-
creased inflammation and oxidant stress, properties of MPO
independent of its enzymatic activity, as well as MPO-derived
oxidants, appear to participate in a range of events that con-
tribute to the initiation and propagation of the inflammatory
response and, as such, are involved in tissue pathology
(schematically summarized in Fig. 14). These effects suggest
that MPO-targeted strategies may be of therapeutic benefit
(215). At present, 4-ABAH is the only known specific MPO
inhibitor, as has been demonstrated mainly in in vitro studies,
but the in vivo efficacy of this inhibitor is less clear (53, 167,
168). At first glance, the development of MPO-specific inhib-
itors for in vivo use is potentially difficult, given the beneficial
role of the MPO system in pathogen killing. However, the
rather large variation of MPO levels in the healthy population
and the relatively mild phenotype of fully or partially MPO-
deficient individuals suggest that a therapeutic window must
exist in which MPO levels can be maintained for host defense.
It will thus be interesting to see whether MPO-specific in-
hibitors can be designed and how these will affect the devel-
opment of inflammatory diseases. Given our increased
knowledge of MPO protein structure and reaction mecha-
nisms, this research area is expected to advance rapidly.
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