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Myeloperoxidase, a Catalyst for Lipoprotein Oxidation, Is Expressed in Human

Atherosclerotic Lesions

Alan Daugherty, Julie L. Dunn, Debra L. Rateri, and Jay W. Heinecke
Department of Medicine, Washington University School of Medicine, St. Louis, Missouri 63110

Abstract

Oxidatively modified lipoproteins have been implicated in
atherogenesis, but the mechanisms that promote oxidation
in vivo have not been identified. Myeloperoxidase, a heme
protein secreted by activated macrophages, generates reac-
tive intermediates that oxidize lipoproteins in vitro. To ex-
plore the potential role of myeloperoxidase in the develop-
ment of atherosclerosis, we determined whether the enzyme
was present in surgically excised human vascular tissue. In
detergent extracts of atherosclerotic arteries subjected to
Western blotting, a rabbit polyclonal antibody monospecific
for myeloperoxidase detected a 56-kD protein, the predicted
molecular mass of the heavy subunit. Both the immunoreac-
tive protein and authentic myeloperoxidase bound to a lec-
tin-affinity column; after elution with methyl mannoside
their apparent molecular masses were indistinguishable by
nondenaturing size-exclusion chromatography. Peroxidase
activity in detergent extracts of atherosclerotic lesions like-
wise bound to a lectin column and eluted with methyl man-
noside. Moreover, eluted peroxidase generated the cytotoxic
oxidant hypochlorous acid (HOCI), indicating that enzy-
matically active myeloperoxidase was present in lesions. Pat-
terns of immunostaining of arterial tissue with antihuman
myeloperoxidase antibodies were similar to those produced
by an antimacrophage antibody, and were especially promi-
nent in the shoulder region of transitional lesions. Intense
foci of myeloperoxidase immunostaining also appeared ad-
jacent to cholesterol clefts in lipid-rich regions of advanced
atherosclerotic lesions. These findings identify myeloperoxi-
dase as a component of human vascular lesions. Because
this heme protein can generate reactive species that damage
lipids and proteins, myeloperoxidase may contribute to ath-
erogenesis by catalyzing oxidative reactions in the vascular
wall. (J. Clin. Invest. 1994. 94:437-444.) Key words: peroxi-
dase « hypochlorous acid - tyrosyl radical - phagocyte « lipid
metabolism
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Introduction

Lipoprotein-derived cholesterol converts macrophages to lipid-
laden foam cells, the pathologic hallmark of early atheroscle-
rotic lesions (1). A potential mechanism is the unregulated
uptake of modified forms of low density lipoprotein (LDL) by
the scavenger receptor (2, 3). This receptor recognizes LDL
modified by products of lipid peroxidation (4-7), raising the
possibility that oxidation makes LDL atherogenic. Oxidized
LDL has other possible atherogenic effects in vitro, including
stimulation of monocyte recruitment (8) and adhesion to endo-
thelium (9), promotion of intramural thrombosis (10), activa-
tion of lymphocytes (11), and cytotoxicity (12).

The hypothesis that LDL oxidation is involved in the patho-
genesis of atherosclerosis is strongly supported by several lines
of evidence. Proteins altered by peroxidized lipids colocalize
in part with the apolipoprotein B100 of LDL in rabbit athero-
sclerotic lesions (13—15). Lipoprotein-like particles with prop-
erties consistent with oxidative damage have been isolated from
animal and human aortic lesions (16, 17); these particles pro-
mote cholesterol accumulation by macrophages (16, 17). Fi-
nally, chemically unrelated antioxidants retard lesion formation
in hypercholesterolemic rabbits (18—22), indicating that oxi-
dized lipoproteins may play a causal role in atherosclerosis.

The mechanisms that oxidatively damage lipoproteins in
vivo remain poorly understood. Cultured endothelial cells (3,
5, 12), smooth muscle cells (6, 12), and monocyte-derived
macrophages (23, 24) modify LDL by reactions that require
iron or copper (6), implicating cellular mechanisms and free
metal ions in lipoprotein oxidation. Studies with pharmacologic
inhibitors suggest that 15-lipoxygenase mediates LDL oxidation
by mouse peritoneal macrophages and a transformed rabbit en-
dothelial cell line (25, 26). However, most lipoxygenase inhibi-
tors are potent antioxidants (27, 28), making interpretation of
the results difficult. Moreover, the extent of LDL lipid peroxida-
tion by cultured cells fails to correlate with endogenous lipoxy-
genase activity (27). Although macrophage-associated 15-li-
poxygenase has been detected in atherosclerotic lesions (29),
its role in lipoprotein oxidation is not understood. Cultured
human arterial smooth muscle cells (30) and rabbit endothelial
cells (31) produce extracellular superoxide (O,*”), and oxidize
LDL by an O,°~ mediated reaction that requires metal ions (6,
30). Both O,°" generation and LDL modification are L-cystine—
dependent processes (32), suggesting that cellular generation
of thiol is involved (32, 33). The biological relevance of these
pathways has not been established.

Activated monocytes oxidatively modify LDL in vitro by a
mechanism that is inhibited by superoxide dismutase, catalase,
and metal chelators (34), suggesting the involvement of O,*~
and H,0,. H,0, is formed by dismutation of O,*~ produced
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by a membrane-associated NADPH oxidase (35). Activated
monocytes also secrete a heme enzyme, myeloperoxidase, that
uses H,O, as a substrate to generate products that can oxidize
lipids (36—38) and proteins (39-41). One product is hypochlo-
rous acid (HOC1), " which is formed from C1 - (42). This potent
cytotoxin plays a critical role in host defenses against invading
bacteria, viruses, and tumor cells, but it may also injure normal
tissue (43—45). Another product of the myeloperoxidase-H,0,
system at plasma concentrations of Cl~ and amino acids is
tyrosyl radical (46). In striking contrast to lipoxygenase and
0,*", both HOCI and tyrosyl radical oxidize lipoproteins by
reactions that do not require free metal ions (47-50). Myelop-
eroxidase generates additional oxidants in vitro, including hy-
droxyl radical (51) and singlet oxygen (52), but the signifi-
cance of these reactions in vivo is unclear.

To investigate the potential role of myeloperoxidase in ath-
erogenesis, we sought to determine whether the enzyme was
present in human vacular lesions. A rabbit polyclonal antibody
monospecific for myeloperoxidase recognized a protein in deter-
gent extracts of atherosclerotic tissue that comigrated with mye-
loperoxidase by Western blotting. Myeloperoxidase was de-
tected immunocytochemically in macrophage and lipid-rich ath-
erosclerotic lesions, raising the possibility that the enzyme
oxidizes lipoproteins in vivo.

Methods

Materials

The following antibodies were purchased from Dako Corp. (Carpinteria,
CA): mouse monoclonal against CD68 of human macrophages (M
814), rabbit polyclonal against human myeloperoxidase (A 398), mouse
monoclonal against human myeloperoxidase (M 748), and mouse
monoclonal against human neutrophil elastase (M 752). HHF35, a
mouse monoclonal antibody that specifically recognizes muscle cell
actins (53), was provided by Dr. A. M. Gown (University of Washing-
ton, Seattle, WA).

Methods

Collection of human arterial tissues and cells. Arteries obtained at
surgery were immediately placed in ice-cold phosphate-buffered saline
(PBS; pH 7.4). Tissue sections were either fixed overnight at room
temperature in paraformaldehyde (4% wt/vol; freshly prepared in PBS)
or rapidly frozen in liquid nitrogen and stored at —80°C. Neutrophils
and mixed mononuclear cells were isolated from human plasma antico-
agulated with EDTA (final concentration 4 mM) by use of Poly-
morphprep (Nycomed, Sunnyvale, CA), as described previously (46).
Pelleted cells were stored at —20°C.

Isolation of myeloperoxidase. Myeloperoxidase was isolated from
NP-40 extract of leukocytes by lectin-affinity chromatography and gel
filtration chromatography (46, 54). The purified enzyme had an Ao/
A,y ratio of 0.71.

To prepare atherosclerotic tissue for detergent extraction, tissue was
frozen in liquid nitrogen and pulverized with a stainless steel mortar and
pestle. The powdered tissue was freeze-thawed three times in extraction
buffer (1% wt/vol cetyltrimethylammonium bromide [CTAB] in PBS;
extraction buffer/tissue, 2/1, wt/wt) and clarified by centrifugation.
For lectin affinity chromatography (54), 6 ml of arterial extract was
adjusted to a final volume of 10 ml with extraction buffer and passed
through a 0.45-um filter. After addition of CaCl,, MnCl,, and MgCl,,
each to final concentrations of 1 mM, the arterial extract was incubated

1. Abbreviations used in this paper: CTAB, cetyltrimethylammonium
bromide; HOCI, hypochlorous acid.
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overnight with 0.5 ml concanavalin A gel (Sigma Chemical Company,
St. Louis, MO) with intermittent inversion at 4°C. The gel was pelleted
by centrifugation and resuspended in wash buffer (0.1 M sodium acetate,
0.1 M NaCl, 0.05% CTAB, pH 6.0). After two washes with 10 ml
wash buffer at 4°C, the gel was poured into a minicolumn (0.4 cm’
X 1.3 cm), washed three times with 1 ml wash buffer at room tempera-
ture, and centrifuged for 5 min at 1,000 g to remove residual wash
buffer. Material bound to the lectin gel was eluted three times by incuba-
tion with 0.3 ml elution buffer (0.5 M methyl a-D-mannoside in wash
buffer) for 10 min at room temperature. Fractions were pooled with
elution buffer recovered by centrifugation of the minicolumn and stored
at 4°C until analysis. Protein concentration was determined as described
by Lowry et al. (55) with the use of bovine serum albumin as the
standard.

Peroxidase activity in detergent extracts prepared from atheroscle-
rotic and normal arteries was monitored by the guaiacol oxidation
method of Klebanoff et al. (56). Approximately 40 pg protein was
assayed at 25°C in a final volume of 1 ml. HOCI generation was mea-
sured at 25°C by the chlorination of monochlorodimedone in buffer A
(100 mM KH,PO,, 50 mM KCIl, 0.1 mM monochlorodimedone, 0.1
mM H,0,, pH 4.5), as described by Harrison and Schultz (42).

SDS-PAGE and immunoblotting. Proteins were solubilized in tris
(hydroxymethyl) aminomethane buffer (50 mM, pH 6.8) containing
5% (vol/vol) B-mercaptoethanol and 1% (wt/vol) SDS and boiled for
5 min. Before SDS-PAGE, neutrophil DNA was mechanically sheared
by passage through a 30-gauge needle. Proteins were electrophoresed
on 12.5% (wt/vol) polyacrylamide gels (Bio Rad Mini Protean 1I sys-
tem; Bio Rad Laboratories, Richmond, CA) in glycine buffer (0.2 M,
pH 8.3) supplemented with 1% SDS and electrophoretically transferred
to Immobilon membranes (Millipore Corp., Bedford, MA ). Nonspecific
binding sites on membranes were blocked by incubation with buffer A
(sodium phosphate 50 mM, 4% nonfat dried milk, pH 7.4) for 2 h at
37°C. The membrane was then exposed to the indicated concentration
of rabbit antimyeloperoxidase antibody in buffer A for 30 min at 37°C.
Proteins were immunostained with an avidin-biotin-horseradish peroxi-
dase system (Vector Laboratories, Burlingame, CA) with 3-amino-9-
ethylcarbazole (Biomeda, Foster City, CA) as the chromogen. Myelop-
eroxidase subjected to SDS-PAGE had no detectable endogenous perox-
idase activity.

Immunocytochemistry. Tissue sections were prepared from either
fixed arteries (2-4 pm thick) or frozen arteries (10-16 pm thick)
embedded in OCT (Miles Inc, Elkhart, IN). Fixed tissues were dehy-
drated through increasing concentrations of ethanol and embedded in
paraffin. Frozen sections were cut with a Leica Jung Frigocut 2800E
cryostat and stored at —20°C. Before immunostaining, frozen sections
were fixed by brief incubation in ice-cold acetone and endogenous tissue
peroxidase activity was abolished by preincubation with 0.1% vol/vol
H,0, in methanol for 2 min at 37°C. Sections were incubated for 15
min at 37°C with primary antibodies at the dilutions indicated in the
figure legends. Immunostaining was then performed with an avidin-
biotin-horseradish peroxidase system (Vector Laboratories), with 3-
amino-9-ethylcarbazole as the chromogen. Immunocytochemical proce-
dures were performed with a MicroProbe system (FisherBiotech). Sec-
tions were counterstained with aqueous hematoxylin before application
of gelatin mounting medium.

Results

Myeloperoxidase is a dimeric enzyme with two heavy subunits
(55-64 kD) and two light subunits (10—15 kD; references 57,
58). To assess the specificity of the rabbit polyclonal antibody
to myeloperoxidase, detergent extracts of human neutrophils
and mixed mononuclear cells (containing both monocytes and
lymphocytes) were used. After SDS-PAGE and Western blot-
ting, the antibody recognized a protein in each extract with an
apparent molecular mass of 56 kD, the predicted size of the






