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ABSTRACT The oxidative modification of low density
lipoprotein (LDL) may play an important role in the patho-
genesis of atherosclerosis. LDL can be oxidatively modified in
vitro by endothelial cells, mouse peritoneal macrophages, or
copper ions. Studies using lipoxygenase inhibitors have sug-
gested that lipoxygenase(s) is required for the cellular modifi-
cation ofLDL [Rankin, S. M., Parthasarathy, S. & Steinberg,
D. (1991) J. Lipid Res. 32, 449-456]. We have reexamined the
effect of lipoxygenase inhibitors on cellular modification and
found that (i) inhibitors specific for 5-lipoxygenase do not block
LDL modification; (it) inhibitors that block lipoxygenase by
donating one electron to the enzyme (reductive inactivation)
prevent LDL modification by cells and also modification me-
diated by copper ions, implying that they act as general
antioxidants; (iii) the lipoxygenase inhibitor 5,8,11,14-
eicosatetraynoic acid blocks 15-lipoxygenase activity in intact
macrophages at concentrations 100 times less than those re-
quired to block LDL modification by macrophages; and (iv)
5,8,11,14-eicosatetraynoic acid is cytotoxic at concentrations
about twice those required to prevent modification. Further-
more, macrophages and the RECB4 line of endothelial cells
modify LDL with similar efficiencies despite dramatic differ-
ences in 15-lipoxygenase activity. Thus we conclude that nei-
ther 5-lipoxygenase nor 15-lipoxygenase is required for mod-
ification of LDL by cultured cells.

There is growing evidence that an important part of the
pathogenesis of atherosclerosis is the oxidative modification
of low density lipoprotein (LDL) (1-4). LDL can be oxida-
tively modified in vitro by copper ions and by various
cultured cells (reviewed in ref. 1). LDL can also be modified
by the combined action of two purified enzymes: soybean
lipoxygenase and phospholipase A2 (5). This observation
suggested the possibility that cellular modification of LDL
may involve lipoxygenase(s), and it has been shown that
lipoxygenase inhibitors block modification by endothelial
cells (6) and macrophages (7). It has been suggested, there-
fore, that lipoxygenase inhibitors might prevent or reverse
atherosclerosis (4). Particular attention has been focused on
15-lipoxygenase (4, 7).
Many commonly used lipoxygenase inhibitors such as

nordihydroguaiaretic acid (NDGA) (8) and quercetin (9) are
irreversible inhibitors that "reductively inactivate" lipoxy-
genase by donating one electron to the enzyme (8). In
contrast, the lipoxygenase inhibitor 5,8,11,14-eicosatet-
raynoic acid (ETYA) is a mechanism-based inactivator (or
suicide substrate) of lipoxygenase (10). Both types of lipoxy-
genase inhibitors have been shown to block cellular modifi-
cation of LDL (6, 7). We now report that reductive inacti-
vators of lipoxygenase block LDL modification mediated by
copper ions, implying that they act as general antioxidants

and not as specific lipoxygenase inhibitors. Reductive inac-
tivators of lipoxygenase have previously been shown to be
general antioxidants (11). We also report that ETYA blocks
15-lipoxygenase at concentrations 100 times less than those
required to block LDL modification. Furthermore, ETYA is
cytotoxic at concentrations about twice those required to
block modification. Our results cast doubt on the conclusions
drawn in previous studies using lipoxygenase inhibitors to
block the cellular modification of LDL.

MATERIALS AND METHODS
Cells. The cell line RECB4, derived from rabbit aortic

endothelial cells (12), was obtained from D. Steinberg (Uni-
versity of California, San Diego) and grown as described (13).
Resident mouse peritoneal macrophages were obtained from
female Swiss Webster mice by peritoneal lavage with phos-
phate-buffered saline. Macrophages were plated in 6-well cell
culture plates at 3 million cells per well (for modification) or
in 24-well plates at 0.6 million cells per well (for uptake
assays) in Dulbecco's modified Eagle's medium containing
10% fetal bovine serum. Macrophages were used 16-20 hr
after plating.

Materials. Tissue culture supplies were from GIBCO,
except fetal bovine serum, which was from HyClone. ETYA
was obtained from Cayman Chemicals (Ann Arbor, MI).
L-number compounds, ICI211965, and A-64077 were syn-
thesized at Merck Sharp & Dohme Research Labs or at The
Merck Frosst Center for Therapeutic Research (Kirkland,
PQ, Canada).

Lipoproteins. Plasma was obtained from fasted normal
volunteers, and LDL was isolated by standard procedures
(14). Concentrations of LDL are expressed on the basis of
protein, measured using the micro BCA (bicinchoninic acid)
protein reagent (Pierce). LDL was iodinated with 1251I by
using the "trapped label" tyramine cellobiose (15). No sig-
nificant differences were found in preliminary experiments
comparing the oxidative modification of LDL labeled with
125I-tyramine cellobiose and LDL labeled conventionally (13)
(data not shown).

Assays of Modification of LDL. Cells were washed three
times with Ham's F-10 medium and then incubated with F-10
medium containing LDL (0.10 mg/ml) with or without inhib-
itors. Most experiments used radioiodinated LDL (20-50
dpm/ng). In experiments involving incubation of RECB4
cells with ETYA, bovine serum albumin was added to 0.25
mg/ml (6). Controls for modification assays were performed
by incubating LDL in F-10 in the absence of cells or in the
presence of 10 ,M CUSO4. After 24 hr, media were harvested
and adjusted to 20 ,uM butylated hydroxytoluene. Modifica-

Abbreviations: ETYA, 5,8,11,14-eicosatetraynoic acid; HODE, hy-
droxyoctadecadienoic acid; LDL, low density lipoprotein; NDGA,
nordihydroguaiaretic acid; TBARS, thiobarbituric acid-reactive sub-
stances.
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tion of LDL was assayed by measurement of thiobarbituric
acid-reactive substances (TBARS) (5) and by macrophage
uptake. Uptake was measured by incubating macrophages
with 10 ,ug/ml of radiolabeled LDL for 5 hours, then quan-

titating cell-associated 125I as previously described (13).
Inhibitors were tested at various concentrations, and the

concentration required for 50%o inhibition (EC50) was esti-
mated from the dose-response curve. In most experiments,
both TBARS and macrophage uptake assays were per-

formed. In general, the EC50 determined from the TBARS
assay of a single experiment was the same or slightly higher
than the EC50 determined from the uptake assay of the same

experiment. However, day-to-day variability was significant,
so when data from different experiments are averaged to
obtain mean EC50 values, the standard deviation is usually
large.

Assay of 15-Lipoxygenase. 15-Lipoxygenase is so named
because it converts arachidonic acid to 15-hydroperoxyeico-
satetraenoic acid (16). We used linoleic acid as the substrate
for 15-lipoxygenase because (i) 15-lipoxygenase prefers li-
noleic acid over arachidonic acid as substrate (17, 18) and (ii)
linoleic acid is not a substrate for 5-lipoxygenase or cyclo-
oxygenase and thus fewer side products are formed. 15-
Lipoxygenase converts linoleate to 13-hydroperoxyoctadec-
adienoic acid (16). In intact cells, this initial product is
reduced to 13-hydroxyoctadecadienoic acid (13-HODE) and
then released from the cells (19). To assay 15-lipoxygenase in
intact cells, the cells were washed three times with F-10 and
then incubated with F-10 containing 10 tkM [1-14C]linoleate
(50 Ci/mol; 1 Ci = 37 GBq). After 15-30 min the medium was

removed and 1 ml was extracted with chloroform (20) in the
presence of 100 jumol of sodium citrate buffer (pH 2.8), 50
nmol of unlabeled linoleate, and 50 nmol of butylated hy-
droxytoluene. The chloroform phase was dried under argon,
redissolved in chloroform/methanol, 1:1 (vol/vol), and sub-
jected to thin-layer chromatography on silica-gel G plates in
diethyl ether/petroleum ether/acetic acid, 50:50:1. [14C]13-
HODE was visualized by autoradiography and quantitated by
scraping and liquid scintillation spectrometry. Macrophages
released essentially no 9-HODE or hydroperoxy derivatives
of linoleate, asjudged by migration of standards. Macrophage
production of 13-HODE was sensitive to NDGA (EC50 about
500 nM) and ETYA (see Fig. 1). The amounts of lipoxyge-
nase-derived products detected within the macrophages were
very low (data not shown).

RESULTS
Inhibitors of 5-Lipoxygenase Do Not Block Modification of

LDL. Compounds that specifically inhibit 5-lipoxygenase did
not block the oxidative modification of LDL by endothelial
cells or by macrophages (Table 1). This was true for direct
inhibitors of the 5-lipoxygenase enzyme as well as com-
pounds that block 5-lipoxygenase by binding to the 5-lipoxy-
genase-activating protein (23). These results show that 5-li-
poxygenase is not required for cellular modification of LDL.

Inhibition of LDL Modification by Reductive Inactivators of
Lipoxygenases. The ability to block LDL modification was

determined for a set of compounds including lipoxygenase
inhibitors known to reductively inactivate the enzyme (8)
(Table 2). The compounds blocked LDL modification by
cells, but they also blocked modification by copper ions
(Table 2). For each compound, the EC50 against copper ions
was slightly higher than the EC50 against endothelial cells.
This pattern was also found for butylated hydroxytoluene,
which is a general antioxidant. We conclude that members of
this class of lipoxygenase inhibitors block LDL modification
by acting as general antioxidants, not by acting as specific
lipoxygenase inhibitors.

Table 1. Inhibitors of 5-lipoxygenase do not inhibit LDL
modification by cells

EC50 against Effect on LDL modification
leukotriene Endothelial

Compound* biosynthesis cells Macrophages
IC1211%5 10 nM Inactive at Inactive at

5 /AM 5 ,uM
MK-886 3 nM Inactive at Inactive at

2,uM 2 tM
IC1211%5, a direct inhibitor of 5-lipoxygenase (21), and MK-886,

an inhibitor of the 5-lipoxygenase-activating protein (22, 23), were
tested for their ability to block oxidative modification of LDL by
RECB4 endothelial cells and by macrophages. Neither of the com-
pounds had an effect on LDL modification at the highest concen-
trations tested. The compounds' effectiveness against 5-lipoxygen-
ase was determined previously by other workers (21, 22) by mea-
suring production of leukotrienes by whole cells. 5-Lipoxygenase
catalyzes the first committed enzymatic step in leukotriene biosyn-
thesis (24).
*ICI211965 is 1-[3-(naphth-2-ylmethoxy)phenyl]-1-(thiazol-2-yl)-
propyl methyl ether (21). MK-886 (also known as L-663,536) is
3-[1-(4-chlorobenzyl)-3-t-butylthio-5-isopropylindol-2-yl]-2,2-
dimethylpropanoic acid (22).

Comparison of ETYA Inhibition of 15-Lipoxygenase and
LDL Modification. It has been proposed that 15-lipoxygenase
is required for LDL modification (4, 28), based partly on the
observation that ETYA inhibits oxidative modification by
cells but not by copper ions (6, 7). We assayed 15-
lipoxygenase in intact macrophages using [14C]linoleate as
substrate. We found that the apparent EC50 ofETYA against
cellular 15-lipoxygenase activity (60 nM) was at least 100
times less than the apparent EC50 of ETYA against cellular
modification (10l M) (Fig. 1). These values agree relatively
well with previously reported EC50 values against cellular
15-lipoxygenase (29-31) and cellular modification (7).

Different time periods were used to assay LDL modifica-
tion (24 hr) and 15-lipoxygenase activity (15-30 min). This
raised the possibility that ETYA was less effective in assays
of LDL modification because the ETYA was inactivated
during the 24 hr. To address this possibility, we sequentially
assayed LDL modification and 15-lipoxygenase in the same
cells. Specifically, macrophages were incubated with LDL in
the presence of various concentrations of ETYA. At various
times, the media were harvested and TBARS was assayed;
then the cells were washed and assayed for 15-lipoxygenase

Table 2. EC50 values of various compounds against oxidative
modification of LDL by cells or copper ions

EC50 value, ,uM

Endothelial
Inhibitor* cells Macrophages CUS04
BHT 4.7 ± 3.5 3.5 8.8 ± 4.2
NDGA 0.74 ± 0.6 1.3 0.92 ± 0.5
L-670,630 0.44 ± 0.3 0.6 1.2 ± 0.6
Quercetin 0.7 NT 3.7 ± 2.0
L-651,896 0.2 NT 0.7
A-64077 NT 0.1 0.5

Compounds were tested for the ability to block oxidative modifi-
cation ofLDL mediated by cells or by copper ions. EC50 values were
determined from the TBARS assay; similar results were obtained
from the macrophage uptake assay. Error estimates are standard
deviations of the means (see Materials and Methods). NT, not
tested.
*BHT, butylated hydroxytoluene; NDGA (8); L-670,630, 2-phen-
ethyl-5-hydroxy-6-(3-phenoxypropyl)-2,3-dihydrobenzofuran (25);
quercetin (9); L-651,896, 2,3-dihydro-6-[3-(2-hydroxymethyl)-
phenyl-2-propenyl]-5-benzofuranol (26); A-64077 (also known as
zileuton), N-(1-benzo[b]thien-2-ylethyl)-N-hydroxyurea (27).
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FIG. 1. ETYA inhibits LDL modification and production of
13-HODE in intact macrophages. LDL modification was assayed by
TBARS, and 15-lipoxygenase activity was quantitated by measuring
13-HODE in the medium. All data are presented as percent of
control. Error bars indicate the range of duplicates; data points
without error bars were not done in duplicate. Filled symbols, LDL
modification; open symbols, 15-lipoxygenase activity. Different
symbol types represent independent experiments. The curves were
drawn by eye.

activity, in the absence of LDL and ETYA. The ETYA
present during the first incubation should inactivate cellular
15-lipoxygenase (10), and this inactivation should be mea-
surable during the second incubation. The results (Fig. 2)
show that macrophages exposed to ETYA (2.5 ,uM) and LDL
(0.1 mg/ml) for 12 hr had less than 20% of control 15-
lipoxygenase activity, but these cells modified LDL to the
same extent as control cells.
Comparison of 15-Lipoxygenase Activity in Endothelial Cells

and Macrophages. The RECB4 line of endothelial cells re-
leased no detectable lipoxygenase products when incubated
with [14C]linoleate. The endothelial cells were assayed in
parallel with macrophages, and it would have been possible
to detect 5% of the activity displayed by macrophages.
Saponification of lipid extracts of endothelial cells labeled
with [14C]linoleate showed no 15-lipoxygenase products in
cellular lipids (data not shown). This contrasts with the fact
that the two cell types modify LDL with comparable effi-
ciencies (data not shown; also see ref. 1).
ETYA Is Toxic to Macrophages and Endothelial Cells. In the

standard assay ofLDL modification, the cells were discarded
after the 24-hr incubation. In some experiments we analyzed
the cells to assess cytotoxicity of ETYA. ETYA was toxic to
macrophages as judged by loss of adherent cell protein: in
four independent experiments, macrophage wells given 20
,M ETYA had 55%, 53%, 39%, and 33% of the cell protein
found in control wells. ETYA was toxic to endothelial cells
as judged by a decrease in cellular uptake of [3H]leucine: in
four independent experiments, ETYA inhibited LDL modi-
fication with EC50 values of 24 + 5 AM (macrophage uptake
assay) and 29 ± 9 AtM (TBARS); simultaneously, ETYA
blocked accumulation of [3H]leucine by the endothelial cells
with an EC50 of 48 14 AM. It could be argued that ETYA
was toxic because it is a fatty acid and therefore has detergent
properties; however, arachidonic acid, which is very similar
in structure to ETYA, did not show toxicity to either cell
type, nor did it block oxidative modification. It is possible
that the inhibition by ETYA of cellular modification is related
to its cytotoxicity.

DISCUSSION
It has been hypothesized that cellular oxidative modification
of LDL requires lipoxygenase activity (4, 28), based on
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FIG. 2. Sequential assays of LDL modification and 15-
lipoxygenase activity in macrophages treated with ETYA for various
times. Mouse peritoneal macrophages were incubated with LDL in
the presence of various concentrations of ETYA. At various times,
media were removed and assayed for TBARS. The cells were washed
and then incubated with 10 AM [14C]linoleate for 30 min to assay
cellular 15-lipoxygenase activity. (A) Time course of modification.
Each curve represents one concentration of ETYA. No cells, LDL
incubated in the absence of cells. (B) Dose-response of cellular
15-lipoxygenase to ETYA. Each curve shows the 15-lipoxygenase
activity remaining in intact macrophages after a particular time of
incubation with LDL.

recent observations that lipoxygenase inhibitors block cellu-
lar modification of LDL (6, 7). We believe this hypothesis
may not be true, for the reasons discussed below.

(i) Compounds that directly and specifically block 5-li-
poxygenase action did not prevent cellular modification of
LDL (Table 1). Although the specific 5-lipoxygenase inhib-
itor piriprost (32) was reported to block LDL modification by
macrophages (7), it was used at a very high concentration and
no assessment of possible cytotoxicity was reported (7).

(ii) Some of the lipoxygenase inhibitors previously used to
block LDL modification inhibit lipoxygenase by reductive
inactivation; i.e., they donate one electron to the enzyme (8).
Compounds capable of donating one electron are usually
general antioxidants (11). We now report that reductive
inactivators of lipoxygenase block LDL modification medi-
ated by cells or mediated by copper ions, implying that the
compounds act as general antioxidants, not as specific li-
poxygenase inhibitors (Table 2).

(iii) ETYA is a lipoxygenase inhibitor that blocks cellular
modification of LDL but not copper-mediated modification
(6, 7). We now show that ETYA blocks 15-lipoxygenase
activity at concentrations 100 times lower than the concen-
trations required to block LDL modification (Fig. 1). Fur-
thermore, macrophages treated with ETYA such that they
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had less than 20% of control 15-lipoxygenase activity were
still able to modify LDL to the same extent as control cells
(Fig. 2). We also found ETYA to be cytotoxic at concentra-
tions about twice those required to block modification.
Currently, there is disagreement in the literature over
whether 20 ,.M ETYA is toxic to macrophages (7, 33).

(iv) Mouse peritoneal macrophages displayed at least 20
times as much 15-lipoxygenase activity as did the RECB4 line
of endothelial cells. However, these two cell types are
comparably efficient at LDL modification.

(v) The origin of the "lipoxygenase hypothesis" was the
observation that the introduction of lipid hydroperoxides into
LDL by soybean lipoxygenase initiated LDL oxidation (5).
However, the presence of peroxidases in cells causes lipoxy-
genase products to be released from cells as alcohols, not as
hydroperoxides (19, 34). Alcohols would not be expected to
initiate oxidation of LDL.
Our data alone cannot exclude a role for 12-lipoxygenase

in LDL modification. Mathur et al. (35) showed that mac-
rophage 12-lipoxygenase activity was increased following
cholesterol loading with acetylated LDL, implying that foam
cells in atherosclerotic lesions may have elevated 12-
lipoxygenase activity. In cultured cells, however, 12-
lipoxygenase has been reported to be inhibited by ETYA at
concentrations similar to those required to inhibit 15-
lipoxygenase (29, 31). This implies that our conclusions about
the ETYA inhibition of 15-lipoxygenase may also be valid for
12-lipoxygenase; i.e., both enzymes are inhibited by ETYA
concentrations significantly lower than the concentrations
required to block the oxidative modification of LDL. We
believe that at this time there is no evidence supporting a role
for any cellular lipoxygenases in LDL modification.
There are observations linking 15-lipoxygenase with ath-

erosclerosis. Atherosclerotic rabbit aortic tissue contains
much higher levels of 15-lipoxygenase activity than does
normal tissue (36). Macrophages in rabbit and human ather-
oma express 15-lipoxygenase (4, 28). 15-Lipoxygenase prod-
ucts have also been reported to decrease platelet adherence
to endothelium (37). The final understanding of the possible
importance of 15-lipoxygenase in atherosclerosis awaits fur-
ther study.
The mechanism by which cells modify LDL remains un-

known. It has been postulated that cellular modification is
dependent on release of superoxide by cells (38, 39). This
model may be correct for some cell types but not for other cell
types: highly purified superoxide dismutase inhibited modi-
fication of LDL mediated by copper ions or by smooth
muscle cells but not modification mediated by endothelial
cells (6). It is tempting to speculate that certain cell types
have on their surface an enzyme that initiates oxidation of
LDL, perhaps by catalyzing the oxidation of LDL phospho-
lipids. Such an enzyme might be dependent on transition
metal ions; this would explain the observation that cellular
modification requires transition metal ions in the medium
(40). Understanding the mechanism of cellular modification
of LDL might lead to the identification of novel therapeutic
agents useful for the treatment of vascular disease.
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