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Low density lipoprotein was oxidized by neutrophils derived from either C67BL/6 mice
or myeloperoxidase (MPO)-knockout mice. The generation of superoxide from neutro-
phils of MPO-knockout mice was about 70% of that from wild-type mice. The extent of
the oxidation of human low density lipoprotein (LDL) by phorbol myristate acetate
(PMA)-activated neutrophils of wild-type and MPO-knockout mice was assessed by mea-
suring consumption of a-tocopherol and formation of phosphatidylcholine hydroperox-
ide (PCOOH) and cholesteryl ester hydroperoxide (CEOOH). Little consumption of «-
tocopherol was observed in both oxidations. It was found, however, that lipid hydroper-
oxides were accumulated with time in both oxidations and that the rates of formation of
PCOOH and CEOOH in the oxidation by MPO-knockout neutrophils were about 66 and
44% of those by wild-type neutrophils, respectively. The lipid peroxidation was com-
pletely inhibited by adding superoxide dismutase (SOD) in both cases. The addition of L-
tyrosine and SOD enhanced lipid peroxidation of LDL induced by wild-type neutrophils
but not by MPO-knockout ones. These results suggest that, regardless of their MPO
activity, neutrophils induce lipid peroxidation of LDL by a superoxide-dependent path-
way, and that MPO-catalyzed lipid peroxidation is enhanced by the presence of an ap-

propriate amount of free tyrosine and further enhanced by SOD.

P

The oxidation of LDL has been accepted to play a key role
in atherogenesis (I, 2), but the mechanism involved has not
been elucidated in detail. For example, the active species
that initiates LDL oxidation in vivo has not been identified.
Extensive in vitro studies have been carried out to identify
the initiating species of the oxidation of LDL in vivo (3-12).
Myeloperoxidase is considered to be involved in one of the
pathways for oxidation in vivo (13-17). Myeloperoxidase is
secreted by activated phagocytes and generates potent mi-
crobicidal oxidants in combination with hydrogen peroxide
(H,0,). Immunohistochemical studies showed co-localiza-
tion of the enzyme in part with lipid-laden macrophages,
which are recognized in the early atherosclerotic lesion (14,
15).

The stimulated phagocytes generate several kinds of re-
active oxygen species. Oxygen is converted to the superox-
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ide anion radical (O,~) by a membrane-associated NADPH
oxidase, which dismutases to hydrogen peroxide (FLO,).
H,0, undergoes the Haber-Weiss reaction leading to gener-
ation of a hydroxyl radical (HO). Nitric oxide (NO) is also
released from these cells and reacts with O, - to give perox-
ynitrite (ONOOQO-) (18). These reactive oxygen species are
capable of inducing the oxidation of LDL in vitro.

It has been difficult to evaluate the importance of MPO,
partly because MPO-knockout mouse was not available.
Recently it has been established (19), and the present study
was carried out to investigate the importance of MPO in
the oxidation of LDL induced by activated neutrophils ob-
tained from wild-type and, for the first time, MPO-knock-
out mice.

MATERIALS AND METHODS

Materials—Superoxide dismutase (SOD), L-tyrosine,
cytochrome ¢, and Hank’s balanced salt solution (HBSS)
(Ca?*/Mg**-free), guaiacol, phorbol mirystate acetate
(PMA), and Nuw-nitro-L-arginine methyl ester were ob-
tained from Sigma (St. Louis, MO, USA). Thioglycolate
broth was obtained from Difco Lab. (Detroit, MI, USA).
2R 4R’ 8R'-a-Tocopherol was a kind gift from Eisai (Tokyo).
Mice with a homozygous mutant gene of MPO were
obtained by use of gene targeting technique as described
previously (19). Heterozygous F1 animals were obtained by
mating of chimeric animals with C57BL/6. Male mice, 6-8
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weeks, with a homozygous mutant of the MPO gene were
used in the present study. Male C57BL/6 mice of the same
age purchased from Oriental Kobo (Shizuoka) were used as
a control wild type. Other chemicals were of the highest
grade commercially available.

Preparation of Neutrophils—Mouse peritoneal neutro-
phils were obtained by following the literature (19). Briefly,
mice were injected intraperitoneally with 1 ml of 3% fluid
thioglycolate medium. After 5 h, peritoneal exudate cells
were harvested by peritoneal lavage with 20 ml of phos-
phate-buffered saline (PBS). Cells were counted with a
hemocytometer.

Measurement of MPO Activity and O2~ Generation—The
cells were washed with HBSS for three times. After centrif-
ugation at 400 Xg for 5 m at 4°C, icecold 0.02% cethyltrim-
ethylammonium bromide (CTAB) in 50 mM potassium
phosphate buffer (KPB) (pH 6.0) was added. The cells were
disrupted by sonification at 30 W for 30 s with a Branson
Sonifier 250 and centrifuged at 4,000 Xg for 20 min at 4°C.
The pellet was resuspended in 2 ml of CTAB solution, and
its MPO activity was measured by using 14.3 mM guaiacol
as a substrate in the presence of 330 uM H,0, (20). O,
generation was determined as the SOD-inhibitable reduc-
tion of cytochrome ¢ (21). A suspension of 2 X 10° cells/ml
HBSS (pH 7.4) was stimulated by the addition of 200 nM
PMA in the presence of 50 pM cytochrome ¢ at 37°C, and
the increase of absorbance at 550 nm was followed.

Oxidation of LDL with Neutrophils—LDL was isolated
from human plasma by ultracentrifugation (22) and its pro-
tein concentration was determined by using the BCA meth-
od in ldt form as supplied by Pierce (Rockford, IL) with
bovine serum albumin as a standard. LDL (0.2 mg protein/
ml) was oxidized with neutrophils (2 X 10° cells/ml) in
HBSS (Ca?*, Mg?*-free, pH 7.6) containing 100 pM diethyl-
enetriamine pentaacetic acid (DTPA), 1 mg/ml D-glucose, 1
pg/ml aprotinin, 1 pg/ml leupeptin, and 1 pg/ml soybean
trypsin inhibitor at 37°C. Neutrophils were stimulated by
adding 200 nM PMA. At an appropriate time, the reaction
was stopped by cooling on ice. Cells were pelleted by cen-
trifugation and the supernatant was assayed for lipid oxi-
dation products.

Analysis of Lipid Peroxidation of LDL—The lipid fraction
was extracted with 2 volumes of chloroform/methanol (2:1,
v/v). a-Tocopherol was analyzed by HPLC on an LC-18 col-
umn (Supelco, 4 X 250 mm, 5 pum particle) with an electro-
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Fig. 1. Myeloperoxidase activity of neutrophils of wild-type
mice and MPO-knockout mice. Myeloperoxidase activity in cell
pellets (2 X 10°) was assessed at 25°C by measuring the increase in
absorbance of tetraguaiacol at 470 nm due to the catalysis of guaia-
col by myeloperoxidase in the presence of 330 uM H,0,. Results are
representative of more than six independent experiments.
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chemical detector set at 600 mV. Methanol/tert-butyl alco-
hol (80:10, v/v) containing 50 mM NaClO, was used as an
eluent at a flow rate of 0.8 ml per min. Phosphatidylcholine
hydroperoxides (PCOOH) were analyzed by HPLC on an
LC-Si column (Supelco, 4 X 250 mm, 5 pm particle) with
chemiluminescence and UV detectors at 234 nm as re-
ported previously (23). Methanol/40 mM phosphate buffer
(90:10 v/v) was used as an eluent. For cholesterol ester hy-
droperoxides (CEQOH), an LC-8 column (Supeleo, 4 X 250
mm, 5 um particle) with the same detectors and methanol/
tert-butyl alcohol (95:5 v/v) as an eluent were used.

Assay for Fragmentation of Apolipoprotein B—Intact apo-
lipoprotein B 100 (apoB) before and after oxidation of LDL
by PMA-stimulated neutrophils under the same conditions
as were used for measurement of lipid peroxidation was
assayed by SDS-PAGE as reported previously (24). In brief,
the isolated apoB (2.5 pg) was applied to SDS-PAGE and
the protein bands were stained with Coomassie Brilliant
Blue. The bands were evaluated quantitatively by densito-
metry and the value was expressed as percentage of re-
maining intact apoB after oxidation against that of time 0
of each sample. Statistical significance was analyzed by
student’s t-test when indicated.

RESULTS

MPO Activity and Generation of O~ of Neutrophils of
Wild-Type and MPO-Knockout Mice—Measurement of
MPO activity by the guaiacol oxidation method showed
clearly that peritoneal neutrophils of MPO-knockout mice
were completely deficient in MPO activity (Fig. 1). For the
wild-type neutrophils, calculation using an extinction coeffi-
cient at 470 nm of 26.6 mM™ cm™! (20) gave MPO activity
of 0.41 = 0.046 units/2 X 108 cells. The rate of generation of
O, - from neutrophils of wild-type and MPO-knockout mice
after activation by PMA was measured as SOD-inhibitable
cytochrome ¢ reduction. The rate of generation of O, from
wild-type neutrophils and MPO-deficient ones was 18 * 2.5
nmol/m/2 X 10% cells and 12 * 2.0 nmol/m/2 X 108 cells,
respectively (Fig. 2). MPO-knockout neutrophils yielded
O, - at a lower rate than the wild type (»p < 0.005).

Oxidation of LDL with Neutrophils of Wild Type and
MPO Knockout Mice—Incubation of human LDL with

Fig. 2. Generation of O,~ from neutrophils of wild type and
MPO-knockout mice. The rate of O, generation from neutrophils
was measured from the initial rate of reduction of cytochrome ¢ after
the addition of 200 nM PMA at 37°C. Results are means * SD for six
samples obtained from different mice. The difference in O, - genera-
tion between wild-type and knockout neutrophils was significant (p
< 0.005) as calculated with an unpaired ¢ test.
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Fig. 3. Oxidation of LDL by PMA-stimulated neutrophils of
wild-type and MPO-knockout mice. Human LDL (0.2 mg proteirn/
ml) was incubated with neutrophils of either wild-type or MPO-
knockout mice in HBSS (Ca**, Mg**-free, pH 7.6) at 37°C. Cells were
stimulated by 200 nM PMA. The consumption of a-tocopherol (A) and
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Fig. 4. Effect of SOD on lipid peroxidation of LDL induced by
neutrophils. LDL was oxidized with PMA-stimulated neutrophils
of (A) wild-type and (B) MPO-knockout mice as shown in Fig. 3 in
the absence (open mark) or presence (dosed mark) of 0.5 pM SOD.
The formation of PCOOH (cirde) and CEOOH (square) was mea-
sured. Results are representative of more than three independent
experiments.

PMA-activated mouse neutrophils induced lipid peroxida-
tion of LDL giving CEOOH and PCOOH, but little con-
sumption of a-tocopherol was observed (Fig. 3). As in free
radical-mediated oxidation, the oxidation of LDL induced

Vol. 127, No. 6, 2000

formation of hydroperoxide of cholesteryl ester (CEOOH) (B) and
phosphatidylcholine (PCOOH) (C) were measured as described in
“MATERIALS AND METHODS?". Results are means + SD for inde-
pendent triplicate experiments.
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Fig. 5. Effect of free tyrosine and SOD on lipid peroxidation
of LDL induced by neutrophils. LDL was oxidized with PMA-
stimulated neutrophils of wild-type (open bar) and MPO-knockout
(slash bar) mice as shown in Fig. 3 for 3 h in the absence or presence
of 0.5 mM free L-tyrosine and/or 0.5 pM SOD. The absolute values of
1-fold for wild-type and knockout mice were 0.62 and 0.35 uM, re-
spectively.

by neutrophils gave more CEOOH than PCOOH. When
LDL was incubated with neutrophils without PMA, forma-
tion of lipid hydroperoxide was not observed (data not
shown). The neutrophils derived from MPO-knockout mice
did induce the oxidation of LDL in the presence of PMA,
but the extent of lipid peroxidation was lower than that of
the wild type (Fig. 3). The formation of lipid hydroperoxides
in the oxidation of LDL with MPO-deficient neutrophils
reached the plateau faster. As clearly shown in Fig. 4, both
oxidations of LDL were completely inhibited by the addi-
tion of SOD, which suggests that the oxidation of LDL by
neutrophils, regardless of the MPO activity, is dependent
on O,~. It has been reported (25) that the tyrosyl radical is
important in MPQO-catalyzed oxidation of LDL. The addi-
tion of L-tyrosine to the oxidation reaction medium contain-
ing wild-type neutrophils caused a marked increase in lipid
peroxidation (Fig. 5). Furthermore, SOD increased the tyro-
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Fig. 6. Fragmentation of apoB in the oxidation of LDL by neu-
trophils assayed by SDS-PAGE. LDL was oxidized with PMA-
stimulated neutrophils of wild-type and MPO-knockout mice as
shown in Fig. 3 for 3 h in the absence (solid) or presence of 0.5 pM
SOD (slash) or 200 uM L-NAME (open). The extent of fragmentation
was expressed by percentage of remaining intact apoB to native
LDL (100%).

Intact apoB, %

sine-dependent oxidation of LDL. In contrast, lipid peroxi-
dation of LDL induced by MPO-deficient neutorophils was
enhanced by the addition of neither tyrosine nor both tyro-
sine and SOD (Fig. 5).

To investigate the contribution of peroxynitrite to lipid
peroxidation of LDL, L-NAME, which is an inhibitor of in-
ducible nitric oxide synthase (i-NOS), was added into the
oxidation system. It was found that L-NAME did not affect
the consumption of a-tocopherol and formation of lipid hy-
droperoxides in the oxidation induced by both types of neu-
trophils (data not shown).

Fragmentation of apoB by Neutrophils from Wild-Type
and MPO-Knockout Mice—The loss of intact apoB by incu-
bation of LDL with neutrophils derived from wild-type and
MPO-knockout mice was examined by SDS-PAGE. The
fragmentation of apoB did not occur in LDL by incubation
without neutrophils or non-stimulated neutrophils. After 3
h of incubation, the loss of intact apoB due to fragmenta-
tion induced by wild-type neutrophils was larger than that
by MPO-knockout neutrophils (Fig. 6). However, no signifi-
cant difference in the pattern of SDS-PAGE, such as the
appearance of new bands with smaller molecular weight,
was observed between them. In contrast to lipid peroxida-
tion, neither SOD nor L-NAME attenuated the extent of
fragmentation of apoB. The addition of L-tyrosine and L-
tyrosine/SOD did not enhance the fragmentation of apoB
induced by even wild-type neutrophils (data not shown).

DISCUSSION

Myeloperoxidase is a strong candidate for an initiating spe-
cies of LDL oxidation in vivo. The contribution of MPO to
the oxidation of LDL caused by phagocytes and its mecha-
nism have been studied. Immunohistochemical studies
showing co-localization of the enzyme with lipid-laden mac-
rophages in atherosclerotic lesion (14, 15) support such a
contribution. Moreover, elevation of 3-chlorotyrosine, which
is a specific marker of MPO-catalyzed oxidation, was recog-
nized in LDL isolated from human atherosclerotic intima
(16). Hiramatsu et al. (26) reported that PMA-stimulated
human monocytes induced lipid peroxidation of LDL,
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which was inhibited by SOD. Furthermore, they showed
that monocytes from a patient with MPO deficiency caused
oxidation of the lipoprotein equivalent to that observed
with normal cells. Similar results were obtained in the
present study, in which lipid peroxidation of LDL was
induced by PMA-stimulated neutrophils from MPO-knock-
out mice. However, the extent of lipid peroxidation of LDL
induced by MPO-knockout neutrophils was less than that
by wild-type neutrophils.

It was speculated that the difference in the extent of the
oxidation might be due to a difference in MPO activity. Ac-
cording to the mechanisms for the oxidation by neutrophils
summarized in Scheme 1, it was expected that SOD would
enhance LDL oxidation by wild-type neutrophils due to
generation of H,0O,, which is required for MPO-catalyzed
oxidation. In contrast to our expectation, SOD inhibited
both oxidations induced by wild-type and MPO-knockout
neutrophils almost completely. We confirmed that SOD did
not affect lipid peroxidation of LDL induced by oxidation
reagent containing isolated MPO, H,0,, and chloride (data
not shown). These results are different from that observed
in the oxidation of LDL with human circulating neutrophils
(25), in which SOD did not inhibit lipid peroxidation but
rather enhanced it slightly MPO activity of neutrophils
from wild mice used in the present study was 0.41 £ 0.046
unit/2 X 108 cells , which was one-tenth of that of human
neutrophils. Therefore, the contribution of MPO to the oxi-
dation of LDL induced by mouse neutrophils might be
small. Thus the discrepancy in the extent of oxidation be-
tween wild and MPO-knockout was not explained by MPO-
catalyzed oxidation. These results clearly show that lipid
peroxidation of LDL induced by PMA-stimulated neutro-
phils of mouse is dependent on O, generation rather than
MPO.

The next candidate for induction of lipid peroxidation of
LDL by mouse neutrophils is reactive nitrogen species such
as peroxynitrite, which is formed by a diffusion-limited fast
reaction between O, and NO (27). It has recently been
reported that MPO can generate reactive nitrogen interme-
diates from NO,, a major decomposition product of NO
(27-30). As shown in Scheme 1, the one-electron oxidation
of NO,~ by MPO compound I (MPO-I) gives NO, . Another
pathway for the generation of a nitrogen intermediate is
the reaction of NO,~ with HOCI to yield NO,Cl. However,
the fact that L-NAME, an inhibitor of i-NOS, showed no
effect on the formation of lipid hydroperoxides suggests
that these reactive nitrogen species make little or no contri-
bution to neutrophil-induced lipid peroxidation of LDL.

The addition of L-tyrosine to the reaction medium result-
ed in a marked increase of lipid peroxidation of LDL by
wild-type neutrophils but not by MPO-knockout neutro-
phils. These results showed that MPO in wild-type neutro-
phils was still active but was able to induce marked ox-
idation of LDL in the presence of an appropriate amount of
free tyrosine. Formation of tyrosyl radicals should have a
key role in MPO-catalyzed lipid peroxidation of LDL (8, 25,
31, 32). The enhancement of lipid peroxidation by the addi-
tion of SOD in the presence of tyrosine observed in the oxi-
dation by wild-type neutrophils may be explained by
increased formation of H,0, by dismutation of O,~ by SOD
and subsequent formation of MPO-I, which converts tyro-
sine to tyrosyl radicals to induce lipid peroxidation (Scheme
1).
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Scheme 1. Proposed mechanism for generation of reactive ox-
ygen and nitrogen species from activated neutrophils. MPO
compound I (MPO-I), a complex of MPO, and H,0,, generates HOCI
in the presence of Cl~. MPO-I converts tyrosine to tyrosyl radical
(tyr ). NO and NO, provide other pathways for generation of reac-
tive oxidizing and nitrating species.

Hazell et al. (33) reported that lysine residues were a
major target of OCl- rather than lipids in LDL. It is also
reported that HOCl damaged proteins by reaction with
amino acid side-chains or backbone cleavage (34). The reac-
tion of OCl- with amino acid proceeds independently of
tyrosine concentration (Scheme 1), and chloramines are
formed through the reaction of HOCI with protein amine
groups (35). It is interesting to compare the extent of apoB
modification by wild-type and MPO-knockout neutrophils.
Fragmentation of apoB was observed in LDL incubated
with PMA-stimulated neutrophils regardless of MPO activ-
ity. The extent of the fragmentation by wild-type neutro-
phils was larger than that by MPO-knockout ones. Little
effect of L-NAME on the fragmentation suggests little con-
tribution of reactive nitrogen species to the fragmentation
of apoB in both cases. The fact that SOD did not affect the
fragmentation might explain in part the difference between
wild-type and knockout neutrophils by MPO activity. Fur-
thermore, the addition of L-tyrosine did not enhance the
fragmentation by wild-type neutrophils, suggesting that
the fragmentation of apoB does not proceed by tyrosine-de-
pendent pathway (35). Further investigation into the mech-
anism of the fragmentation of apoB induced by PMA-stim-
ulated mouse neutrophils is needed.

Together, these findings indicate that, except in the pres-
ence of tyrosine, MPO does not have a major role in oxida-
tive modification of LDL induced by mouse neutrophils.
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