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Oxidation of low density lipoprotein (LDL) occurs in vivo and
significantly contributes to the development of atherosclerosis.
An important mechanism of LDL oxidation in vivo is its modi-
fication with 12/15-lipoxygenase (LO). We have developed a
model of minimally oxidized LDL (mmLDL) in which native
LDL ismodified by cells expressing 12/15LO.ThismmLDLacti-
vatesmacrophages inducingmembrane ruffling and cell spread-
ing, activation of ERK1/2 and Akt signaling, and secretion of
proinflammatory cytokines. In this study,we found thatmany of
the biological activities of mmLDL were associated with cho-
lesteryl ester (CE) hydroperoxides and were diminished by
ebselen, a reducing agent. Liquid chromatography coupled with
mass spectroscopy demonstrated the presence of many mono-
and polyoxygenated CE species in mmLDL but not in native
LDL. Nonpolar lipid extracts of mmLDL activated macro-
phages, although to a lesser degree than intact mmLDL. The
macrophage responses were also induced by LDL directly mod-
ified with immobilized 12/15LO, and the nonpolar lipids
extracted from 12/15LO-modified LDL contained a similar set
of oxidized CE. Cholesteryl arachidonate modified with 12/15LO
also activated macrophages and contained a similar collection of
oxidized CE molecules. Remarkably, many of these oxidized CE
were found in the extracts of atherosclerotic lesions isolated from
hyperlipidemic apoE�/� mice. These results suggest that CE
hydroperoxides constitute a class of biologically active compo-
nents of mmLDL that may be relevant to proinflammatory activa-
tion ofmacrophages in atherosclerotic lesions.

There is now considerable evidence that oxidized lowdensity
lipoprotein (LDL)2 exists in vivo and that LDL oxidation

enhances the atherogenicity of LDL (1). Among several mech-
anisms suggested to explain howLDL is oxidized in vivo, 12/15-
lipoxygenase (LO) has been proposed to play amajor role (2–7).
The family of 12/15LO enzymes is conserved between various
animal and plant species and includes human 15LO, mouse
12/15LO (both expressed in macrophages), soybean lipoxyge-
nase, and others (8, 9). The classic in vitro reaction of 12/15LO
is the oxygenation of arachidonic acid at carbons 12 and/or 15
(hence the name of the LO enzyme). 12/15LO is capable of
oxygenating not only free fatty acids (FFA) but also polyunsat-
urated acyl chains in phospholipids (PL) and cholesteryl esters
(CE) (8). Thus, an incubation of LDL with isolated 12/15LO or
with the cells expressing 12/15LO produces hydroperoxides of
three classes, FFA-OOH, PL-OOH, and CE-OOH (8, 10, 11).
The importance of 12/15LO in the development of diet-in-

duced atherosclerosis has been established in several murine
models, including 12/15LO knock-out and transgenic mice
(3–7). The 12/15LO, apoE double knock-out mice on a high fat
diet have less atherosclerosis, significantly lower titers of
autoantibodies against oxidized LDL in plasma and lower iso-
prostane levels in urine as compared with apoE�/� mice, indi-
cating that 12/15LO is important in LDL oxidation in vivo (5).
To model 12/15LO-induced LDL oxidation in vivo, we devel-
oped a method to modify LDL by incubating it with murine
fibroblasts stably overexpressing human 15LO (15LO cells)
(11–13). In this model, LDL is incubated with 15LO cells in
DMEM, which minimizes any extracellular oxidation of the
LDL, resulting in the generation of a minimally oxidized LDL,
termed minimally modified LDL (mmLDL). mmLDL is
enrichedmainly with early lipid peroxidation products, such as
hydroperoxides and hydroxides, as opposed to more complex
and advanced products typically found inmore extensively oxi-
dized LDL. This mmLDL is biologically active; for example, it
induces endothelial cells to have enhanced binding of mono-
cytes (14, 15). It induces membrane ruffling, actin polymeriza-
tion and cell spreading inmacrophages (13, 16, 17). In addition,
mmLDL activates phosphoinositide 3-kinase/Akt and extracel-
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lular signal regulated kinase (ERK) signaling pathways in mac-
rophages, further resulting in secretion of proinflammatory
cytokines and chemokines. Remarkably, some of the biological
effects ofmmLDL aremediated by toll-like receptor-4 signaling
(17, 18), implying cross-talk between the innate immune
response to bacterial pathogens and to modified LDL (19). We
have also demonstrated that mmLDL, via activation of the Akt
signaling pathway, offsets the proapoptotic effects of oxidized
LDL and of free cholesterol accumulation inmacrophages (20).
It has been reported that isolated 12/15LO preferentially

oxygenates CE in LDL (10, 21). Accumulation of CE hydroper-
oxides has been documented in human atherosclerotic lesions
and in the lesions of apoE�/� mice fed a high fat diet (22–24).
We now demonstrate that complex CE hydroperoxides are a
biologically active component of mmLDL and that similar
polyoxygenated CE, as found in mmLDL, are also present in
murine atherosclerotic lesions.

EXPERIMENTAL PROCEDURES

Reagents—All free fatty acid, eicosanoid, and cholesteryl
ester standards for mass spectrometry were purchased from
Cayman Chemical (Ann Arbor, MI). Hepoxilin B3 was pur-
chased from Biomol (Plymouth Meeting, PA). Solvents used
for liquid chromatography were of chromatography grade
and purchased from OmniSolv (Gibbstown, NJ). Ammo-
nium acetate and triethylamine used as liquid chromatogra-
phy additives as well as cholesteryl arachidonate were pur-
chased from Sigma-Aldrich. Ebselen and a borohydride resin
were from Calbiochem.
LDL Isolation and Modification—LDL (density � 1.019–

1.063 g/ml) was isolated from plasma of normolipidemic
donors by sequential ultracentrifugation (25). Contamination
of native and modified LDL preparations by endotoxin was
assessed with a Limulus Amoebocyte Assay (Cambrex, Walk-
ersville, MD). LDL preparations with lipopolysaccharide levels
higher than 50 pg/mg protein were discarded.
To produce mmLDL, we incubated 50 �g/ml LDL in serum-

free DMEM for 18 h with a murine fibroblast cell line overex-
pressing 15LO (12). The conditioned medium containing
mmLDL was centrifuged, filtered through a 0.22-�m filter,
concentrated to 1 mg/ml using a 100-kDa cut-off centrifugal
concentrator (Millipore, Billerica, MA), and sterile filtered
(0.22�m).We previously documented that this procedure gen-
erates mmLDL, i.e. it binds to native LDL receptors but not to
scavenger receptors (11–14, 17). mmLDL contains early lipid
peroxidation products (11, 17), but it does not contain any
measurable thiobarbituric acid reactive substances or EO6-re-
active phospholipid oxidation products above that of “native
LDL” (13). The mmLDL modification appeared to be very
reproducible, and a successfulmodificationwas documented in
a biological assay inwhichmmLDL inducedmembrane ruffling
of J774 macrophages in cell culture (13, 17).
LDL modification with isolated 12/15LO enzymes (not cel-

lular) has been reported previously (26). However, to avoid
direct effects of the enzyme on the plasma membrane of mac-
rophages, we immobilized commercial (Cayman Chemical,
Ann Arbor, MI) 15LO (soybean) and 5LO (potato) on carbox-
ylated magnetic beads (MagnaBind Beads from Pierce) using

the manufacturer’s protocol. The 15LO and 5LO beads were
thoroughly washed to remove unbound enzymes and used to
modify native LDL (200 �g/ml). The 15LO reaction was con-
ducted in 2 mM borate buffer (pH 9.0) for 2 h at room temper-
ature. The 5LO reaction was conducted in phosphate-buffered
saline (pH 7.4) for 2 h at room temperature. The magnetic
beads were removed, and the resulting modified LDL was
diluted with DMEM to 50 �g/ml, sterile filtered (0.22 �m),
tested for endotoxin, and kept at 4 °C for up to 5 days.
Oxidation of Cholesteryl Arachidonate—Arachidonic acid

cholesteryl ester (AA-CE; purchased fromSigma) was reconsti-
tuted in hexane at 2.5 mg/ml and kept at �80 °C. Fifty �g of
AA-CE was incubated with or without 24,000 units of 15LO
(soybean) in 1ml of buffer (20mMTris-HCl, 0.2 MNaCl, 20mM
deoxycholate, pH 8.5) for 24 h at room temperature. The reac-
tion mixture was extracted with one volume of methanol and 2
volumes of chloroform supplemented with 0.01% butylated
hydroxytoluene. The chloroform layer was collected and dried
under argon, and the AA-CE was reconstituted in n-hexane.
LDL and Tissue Lipid Extraction—Nonpolar lipids were iso-

lated from LDL preparations or mouse aorta homogenates (see
below) using a procedure described earlier (27). In brief, 0.3 ml
of mmLDL (0.05–0.5 mg/ml) was vigorously vortexed with 7.5
ml of ice-cold methanol for 15 s in a 50 ml glass tube, and then
30 ml of ice-cold n-hexane was added, and the mixture was
vigorously vortexed for 1 min. Organic phases were separated
by centrifugation for 5 min at 1000 rpm, and the hexane phase
was collected and dried under argon. Dry lipid was immediately
resuspended in absolute ethanol and stored at�80 °Cno longer
than 48 h. We confirmed that this storage did not affect the
stability nor resulted in de novo formation of oxidized CE moi-
eties. In some experiments, after collecting the hexane layer, we
also collected the aqueous/methanol layer and extracted it with
2 volumes of chloroform. This fraction of LDL contained polar
lipids. Independently, FFA were analyzed in LDL total lipid
extracts, obtained with acidified chloroform/methanol extrac-
tion as described (28).
Reverse Phase Liquid Chromatography of CE—High per-

formance liquid chromatography was carried out using two
Shimadzu (Columbia,MD)LC-10ADhigh performance pumps
interfaced with a Shimadzu SCL-10A controller. For cho-
lesteryl ester analyses, separation was performed using a 2.1
mm� 250mmVydac (Hysperia, CA) reverse phaseC18 column
(catalog number 201TP52) equipped with a guard column
(Vydac; catalog number 201GD52T) held at 35 °C. LC buffer A
was water/tetrahydrofuran (50/50, v/v) containing 5 mM
ammonium acetate; buffer B was tetrahydrofuran. Gradient
elution was achieved using 100/0 A/B at 0 min and linearly
ramped to 55/45 A/B by 15 min. A/B was linearly ramped back
to 100/0 by 17 min and held there until 25 min to achieve col-
umn re-equilibration. The buffer flow rate was 0.3 ml/min. Fif-
teen �l of sample was injected onto the column using a Leap
Technologies (Carrboro, NC) PAL autosampler. The liquid
chromatography effluent was coupled to a mass spectrometer
(see below) for further analysis.
Reverse Phase Liquid Chromatography of FFA—The same

pump/controller described above was used. Separation was
performed using a 2.1 mm � 100 mm Waters (Taunton, MA)
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XTerra MS reverse phase C18 column (catalog number
186000404) equipped with a guard column (Waters; catalog
number 186000632) held at 35 °C. LC buffer A was water/ace-
tonitrile (90/10, v/v) containing 10 mM triethylamine; buffer B
was acetonitrile/isopropyl alcohol (50/50, v/v) containing 10
mM triethylamine. Gradient elution was achieved using 100/0
A/B at 0 min and linearly ramped to 40/60 A/B by 16 min. A/B
was linearly ramped back to 100/0 by 18 min and held there
until 28 min to achieve column re-equilibration. The buffer
flow rate was 0.2 ml/min. Five �l of sample was injected onto
the column using the same autosampler described above. The
liquid chromatography effluent was coupled to a mass spec-
trometer (see below) for further analysis.
Mass Spectrometry—All of the mass spectral analyses were

performed using an Applied Bioscience (Foster City, CA) 4000
QTRAP hybrid triple quadrupole linear ion trap mass spec-
trometer operated in multiple reaction monitoring mode (see
below formore detail) and equippedwith a TurboV ion source.
For cholesteryl ester analyses, theTurboV ion sourcewas oper-
ated in positive electrospray mode using the following mass
spectrometer settings: CUR, 10 p.s.i.; GS1, 50 p.s.i.; GS2,
20 p.s.i.; IS, 5500 V; CAD, high; temperature, 525 °C; ihe, ON;
DP, 60 V; EP, 15 V; and CXP, 10 V. The voltage used for colli-
sional activated dissociation (collisional energy) for all cho-
lesteryl ester molecular species was 25 V. For FFA analyses, the
TurboV ion sourcewas operated in negative electrospraymode
using the following mass spectrometer settings: CUR, 10 p.s.i.;
GS1, 40 p.s.i.; GS2, 0 p.s.i.; IS, �4200 V; CAD, high; tempera-
ture, 425 °C; ihe, ON; DP, �30 V; EP, �15 V; and CXP, �15 V.
The voltage used for collisional activated dissociation (colli-
sional energy) for all FFA molecular species was �30 V.

CE cations were formed through molecular ammonium
adduction (CE�NH4)�. Fragmentation of the CE cations
yielded the same fragment ion regardless of the CE moiety, the
cholesterol portion of themoleculeminus itsOHgroup located
on carbon number 3 (C3-OH) having a mass-to-charge ratio
(m/z) of 369 (C27H45)�; no other fragment ions were observed.
A specialized mode of tandem mass spectrometry, which was
used in this work, is multiple reaction monitoring (MRM). In
MRMmode the first filtering section of the mass spectrometer
(Q1) is set to pass ions of a specific m/z; these ions are frag-
mented in a collision cell (q2), and the second filtering section
of the mass spectrometer (Q3) is set to pass fragment ions hav-
ing a specific m/z. An instrument method is created to detect
specifiedMRMpairs (e.g. 691/369 for cholesteryl arachidonate,
667/369 for cholesteryl linoleate, 723/369 for HpETE-CEs,
etc.). The first member of the MRM pair is the m/z of the CE
cation, and the second member is them/z of their correspond-
ing fragment ion, in these examples always the cholesterol cat-
ion. AnMRMmethod can monitor very many species, accord-
ing to their specific MRM pair, in a single relatively short
analysis. The mass spectrometer cycles through all the MRM
pairs repeatedly from the beginning of the analysis to the end
(one complete cycle for as many as 100 MRM pairs can be
accomplished in as little as 3 s, so a 16-min analysis would
repeat through more than 300 cycles). By coupling a liquid
chromatographic separation to the mass spectrometer and
employing theMRMmode, themass spectrometer is utilized as

a highly selective and highly sensitive HPLC detector. A similar
MRM method was created for FFA analysis, as we previously
reported (29).
Testing Biological Activity of mmLDL, Lipid Extracts, and

15LO-modified LDL and AA-CE—A mouse macrophage cell
line J774A.1 was used to test biological effects of mmLDL and
other compounds. The J774 cells were maintained in 10% heat-
inactivated fetal bovine serum/DMEM supplemented with 50
�g/ml gentamicin. Native LDL or mmLDL were added to J774
macrophages at a concentration of 50 �g/ml in serum-free
DMEM. When extracted LDL lipid components were tested,
native LDLwas used as a carrier, and the results were compared
with the samples containing the native LDL alone. In the case of
15LO-modified AA-CE, the lipid in hexane (nomore than 0.5%
hexane in aqueous solution) was added directly to the cell
growthmedia. Cytoskeletal changeswere observed 15min after
the addition of mmLDL or other compounds. The cells were
fixed with 3.7% formaldehyde and stained for F-actin with 1�M
TRITC-phalloidin (Sigma) and for nucleus with 2 �g/ml
Hoechst 33342 (Sigma). The images were captured using a
DeltaVision deconvolution microscopic system operated by
SoftWorx software (Applied Precision, Issaquah, WA) as
described (16). Phosphorylation of signaling proteins was
tested 15 min following the stimulation of J774 cells. The cell
lysates were subjected to SDS-PAGE and blotted to a polyvi-
nylidene difluoride membrane and probed with the antibodies
against phospho-Akt (Ser473) and phospho-ERK1/2 (Thr202/
Tyr204) (Cell Signaling Technology, Danvers, MA). The con-
centration of MIP-2 in cell culture media was assayed 5 h after
the stimulation using aDuoSet enzyme-linked immunosorbent
assay kit from R & D Systems (Minneapolis, MN), as we
reported previously (18). The data shown aremeans� standard
deviation of quadruplicates (technical duplicates of two biolog-
ical replicates). The experiments were repeated two to five
times, and representative images and graphs are shown.
Isolation of Mouse Aorta—All of the animal experiments

were performed according to National Institutes of Health
guidelines and were approved by the University of California,
San Diego Animal Subjects Committee. The mice were eutha-
nized with CO2, chilled on ice, opened from abdomen to tho-
rax, and bled via vena cava. Immediately, aortas were perfused
via a canula inserted into the left ventricle, with ice-cold phos-
phate-buffered saline containing 2�MEDTAat pH7.4 until the
eluate became clear (30). The entire aorta was dissected from
the proximal ascending aorta, including the three carotids, to
the bifurcation of the iliac artery using a dissectingmicroscope.
Minor branching arteries (e.g. intercostal arteries) were cut off,
and the adventitia was thoroughly and carefully removed in
situ. The aorta was divided into three subsections: the arch
section, defined as the ascending aorta to the third rib including
visual parts of the three carotids in the chest cavity; the abdom-
inal section, defined as from the diaphragm to 3-mm distal to
the iliac bifurcation; and the thoracic section, defined as
between the arch and abdominal sectionswithout including the
renal arteries. The average wet weight of the arch, thoracic, and
abdominal sections for the apoE�/� mice (n � 2; 50-week old
males fed a 1.25% cholesterol and 21%milk fat atherogenic diet
for the last 9 weeks) were 7.5, 3.8, and 4.6 mg, respectively. The
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arch and thoracic segments from the age-matched C57BL/6
control mice (n � 3; 51 weeks old) weighed on average 3.1 mg.
The C57BL/6 aorta segments were combined prior to lipid
extraction to make one arch (9.4 mg) and one thoracic (9.4 mg)
pool. Aorta segments were homogenized on ice in 100 �l of
ice-cold distilled H2O (3 � 5 s; PowerGen 125 equipped with a
Generator 7 � 95 mm probe; Fisher), and lipids were extracted
with methanol and n-hexane as described above. The harvest
and extraction of aortic material was carried out quickly in the
cold, and the resulting lipid extracts were stored at �80 °C and
analyzed within 24 h after extraction.

RESULTS

Ebselen Specifically Reduces Lipid Hydroperoxides—Because
the mmLDL was modified by exposure to cells overexpressing
15LO, we initially examined the hypothesis that biologically
active components of mmLDL were nonreduced lipid
hydroperoxides, originating from the lipoxygenase activity. To
provide evidence for this, we examined whether the biological
effects of mmLDL could be diminished by reducing the lipid
hydroperoxides present in mmLDL. Borohydride is a com-
monly used reducing agent but is known to reduce a wide vari-
ety of oxidized groups. Ebselen is a seleno-organic mimetic of
glutathione peroxidase (31) that has been widely used as a
hydroperoxide reducing agent. However, we were unable to
find literature exploring whether ebselen is capable of also
reducing other oxidation products that might be formed on
unsaturated fatty acids, such as epoxides or isoprostanes. Thus,

we tested whether ebselen can
reduce 15-HpETE, 5-OxoETE,
hepoxilin B3, and 8-iso-PGE2 (Fig.
1). Only the hydroperoxide,
15-HpETE, was reduced by ebselen,
and the reaction produced the cor-
responding hydroxide, 15-HETE.
The ketone, epoxide, hydroxide,
and isoprostane were resistant to
ebselen. Thus, ebselen appears to
specifically reduce hydroperoxides
under the conditions used.
Ebselen Reduces Biological Effects

of mmLDL—We previously reported
that mmLDL induces macrophage
spreading and membrane ruffling,
phosphorylation of signaling
kinases, Akt and ERK1/2, and secre-
tion of proinflammatory cytokines
(13, 17, 18). Pretreatment of
mmLDL with ebselen abolished the
mmLDL-induced membrane ruf-
fling in J774 macrophages (Fig. 2A),
and this was not due to a direct
effect of ebselen on the cells because
an addition of ebselen immediately
after mmLDL did not affect mem-
brane ruffling (far-right panel in Fig.
2A). Similarly, both ebselen and
borohydride reduced the mmLDL-

induced Akt and ERK1/2 phosphorylation, as well as the secre-
tion of MIP-2 (Fig. 2, B and C). Thus, the sensitivity to ebselen
implies that some of the biological activities of mmLDL are due
to lipid hydroperoxides. We then focused on the mmLDL lipid
components that were sensitive to reduction by ebselen.
Cholesteryl Ester Profile of mmLDL and Native LDL—Ini-

tially, we performed anHPLC-MS/MS survey of free fatty acids
for the presence of oxidized FFAproducts but foundno obvious
differences between mmLDL and native LDL (not shown). We
next focused on oxidized CEs, which we and others have
reported to be generated in abundance in LDL modified with
12/15LO (10, 11, 21). We used a hexane-based method of lipid
extraction (see “Experimental Procedures”), which favors the
extraction of neutral lipids, CE and TG, whereas FFA and PL
remain in the methanol/aqueous phase. The neutral lipid
extract was then subjected to HPLC-MS/MS.
We analyzed these extracts by HPLC-MS/MS using MRM

monitoring to look for expected CE oxidation products of cho-
lesteryl arachidonate and linoleate, the two most common CEs
found in LDL. As described under “Experimental Procedures,”
fragmentation of the CE cations yielded only one fragment ion
regardless of the CEmoiety, the cholesterol portion of themol-
eculeminus its C3-OHgroup having am/z of 369. Therewas no
evidence for the presence of oxysterols. Therefore, we limited
our calculation of MRM pairs to predicted changes in arachi-
donate and linoleate but not in the sterol portion ofCE. Possible
oxidation products were predicted from an examination of the
KEGG metabolic maps for AA and linoleic acid (Kyoto Ency-

FIGURE 1. Ebselen sensitivity of oxygenated fatty acids. Chromatographs of FFAs were monitored using the
mass spectrometer in MRM mode (the x axis shows chromatographic retention time). For each FFA analysis,
�15 pmol of standard (5 �l of a 3 �M solution) was loaded onto the column. To test for ebselen sensitivity,
ebselen (10 �M) was added to the FFA solutions for 1 h at 22 °C. Note that for the two chromatographs in the top
of the figure, MRM pairs allowed both 15-HpETE and 15-HETE to be observed, should either compound be
present. 15-HpETE, 15-hydroperoxy-5Z,8Z,11Z,13E-eicosatetraenoic acid; 15-HETE, 15-hydroxy-5Z,8Z,11Z,13E-
eicosatetraenoic acid; 5-OxoETE, 5-oxo-6E,8Z,11Z,14Z-eicosatetraenoic acid; hepoxilin B3, 10-hydroxy-
11(S),12(S)-trans-epoxyeicosa-5Z,8Z,14Z-trienoic acid; 8-iso-PGE2, 9-oxo-11R,15S-dihydroxy-5Z-13E-(8�)-pros-
tadienoic acid.

Cholesteryl Ester Hydroperoxides in Minimally Oxidized LDL

10244 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 16 • APRIL 18, 2008



clopedia of Genes and Genomes) and from a literature search as
detailed under “Experimental Procedures.” Using the m/z value
of 369 for the sterol moiety, we then calculated MRM pairs for
theoretically expected oxidized arachidonate and linoyleate
products based on the number of double bonds and the types of
functional groups that might be generated as explained above
(Table 1).
Analyzing the neutral lipid extracts for oxidized cholesteryl

arachidonate (using six MRM pairs) and for oxidized cho-
lesteryl linoleate (using five MRM pairs), we found that
mmLDL was significantly enriched with oxygenated CE as
compared with native LDL (Fig. 3 and supplementalFig. S1). In
addition to the parent mass indicated on each panel, the LC
retention time (x axis in Fig. 3 and supplemental Fig. S1)
informed us of the relative hydrophobicity of the molecules. In
reverse phase LC, longer retention times indicate more hydro-
phobic molecules, and generally, hydroperoxides are slightly
more hydrophobic than corresponding hydroxides. We found
that mmLDL carried many hydrophilic CEs with increased
masses, indicating the presence of polyoxygenated CEs.

We also examined neutral lipid
extracts of mmLDL incubated
with ebselen. Remarkably, several
of the peaks were reduced by the
ebselen treatment, suggesting the
presence of CE hydroperoxides.
For example, the peak m/z
723/369, 7.63 min, corresponding
to a mono-hydroperoxide CE
(HpETE-CE), was completely
reduced by ebselen (Fig. 3). Corre-
spondingly, peak m/z 707/369,
7.46 min, corresponding to a
mono-hydroxide CE (HETE-CE),
was significantly increased, con-
sistent with ebselen reduction of a
hydroperoxide to its correspond-
ing hydroxide. A similar trend was
observed with the ebselen reduc-
tion of a HpODE-CE, yielding
HODE-CE in supplemental Fig.
S1. Ebselen also reduced several
peaks with higher masses and
higher hydrophilicity, both in cho-
lesteryl arachidonate and linoleate
products (see gray-shaded peaks
A–E in Fig. 3 and supplemental
Fig. S1). This result suggests the
presence of polyoxygenated
hydroperoxy-CE in mmLDL.
Biological Activity of Lipid

Extracts of mmLDL—The nonpolar
and polar lipid extracts (see “Exper-
imental Procedures”) of mmLDL or
native LDL were preincubated with
intact native LDL and then added to
J774 macrophage cells. We found
that incorporating the lipid extracts

into LDL provided an effective mode to present the oxidized
lipids to cells and allow study of their biological effects. The
nonpolar lipid extract of mmLDL, but not the polar lipid,
induced macrophage membrane ruffling and spreading (Fig.
4A). In contrast, neither the polar or nonpolar extracts of native
LDL had any effects. Phosphorylation of ERK1/2 was margin-
ally stimulated by nonpolar lipid extracts of mmLDL (Fig. 4B).
In contrast to the cytoskeletal changes, the polar lipids of
mmLDL, but not the nonpolar lipid extracts, stimulatedMIP-2
secretion (Fig. 4C).
Biological Activity and HPLC-MS Characterization of LDL

Modified by Immobilized 12/15LO—Next, we tested whether
LDL oxygenation by isolated 12/15LO enzyme produced a
modified LDL with an oxidized CE profile and biological
properties similar to that of mmLDL. We have previously
reported that intracellular 12/15LO plays an important role
in the cytoskeleton regulation in macrophages and in phag-
ocytosis of apoptotic cells (16, 17). Therefore, when testing
the effect of 12/15LO-modified LDL on macrophages, to
avoid direct effect of the 12/15LO itself on the cells, we

FIGURE 2. Reducing agents borohydride and ebselen diminish the biological effects of mmLDL. mmLDL
was preincubated with or without ebselen (50 �M) or a borohydride resin for 1 h at 37 °C and then added to
J774 macrophages. A, membrane ruffling. At the end of a 15-min incubation, the cells were fixed and stained
for F-actin, and fluorescent images were captured as described under “Experimental Procedures.” To rule out a
direct effect of ebselen on macrophages, ebselen was first added to the cells, followed by the addition of
mmLDL (far-right panel). Extensive membrane ruffling in this sample suggests that the ebselen inhibitory effect
was due to reducing hydroperoxide components of mmLDL and not due to any direct effect on the cells. B, Akt
and ERK1/2 phosphorylation. At the end of a 15-min incubation, the cells were lysed, and the lysates were
tested for the levels of phosphorylated and total Akt and ERK1/2. C, cytokine secretion. The cells were incu-
bated with nonreduced or reduced mmLDL for 5 h, and the cell culture media were tested by enzyme-linked
immunosorbent assay for the presence of MIP-2; presented as the means � S.E.
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needed to remove the enzyme from the modified LDL prep-
aration. For this purpose, we immobilized soybean 15LO on
magnetic beads and used the 15LO beads to modify LDL.We
confirmed the biological activity of the 15LO beads by show-
ing that the 15LO beads induced linoleic acid oxidation and
diene formation as measured by UV absorption at 234 nm
(not shown). In contrast to 15LO, 5LO does not directly
oxidize LDL, and thus the 5LO beads (and bovine serum
albumin-coated beads) were used as a negative control.
The 15LO-modified LDL stimulatedmacrophagemembrane

ruffling and cytoskeletal changes resembling lamelipodia for-
mation at the leading edge of amigrating cell in a time-depend-
ent manner. (Fig. 5A). After a 1-h incubation with 15LO, mod-
ified LDL produced a minimal degree of ruffling in
macrophages, whereas a 2-h incubation was sufficient to
produce a modified LDL with the biological activity compa-
rable with that of mmLDL. This was accompanied by Akt and
ERK1/2 phosphorylation (Fig. 5B). In addition, 15LO-modi-
fied LDL induced MIP-2 secretion by macrophage (Fig. 5C).
The 5LO-modified LDL did not activate macrophages (not
shown).
The LC-MS/MS analysis of 15LO-modified LDL demon-

strated the presence of many polyoxygenated CE species found
in mmLDL, with some differences in relative intensities
between the peaks (compare gray-shaded peaks A–E in Fig. 6
and supplemental Fig. S2 with those in Fig. 3 and supplemental
Fig. S1). The 5LO-modified LDL did not contain any detectable
amounts of oxidized CE (not shown). These data confirm again
that 15LO is capable of direct oxygenation of CE in LDL and
also suggest that biologically active polyoxygenated CEs found

in mmLDL can be directly gener-
ated by 15LO.
Biological Activity and HPLC-MS

Characterization of 12/15LO-modi-
fied Cholesteryl Arachidonate—Be-
cause nonpolar lipid extracts from
mmLDL were biologically active
and a major component of these
extracts was CE, we tested whether
a direct CE oxidation by isolated
12/15LO produces biologically
active molecules. AA-CE was incu-
bated with or without soybean
15LO, and the lipid was extracted
(purified from 15LO). The addition
of 15LO-modified AA-CE induced
robust J774 ruffling and spreading,
as well as strong ERK1/2 phospho-
rylation in a dose-dependent man-
ner (Fig. 5). The concentration of
2.5 �g/ml of 15LO-modified
AA-CE was sufficient to maximally
activate macrophages. The phos-
phorylation of Akt was less pro-
found, and there was no MIP-2
secretion stimulated by 15LO-mod-
ified AA-CE, which is consistent
with the lack of MIP-2 induction by

FIGURE 3. Oxygenated cholesteryl arachidonates in mmLDL and their reduction by ebselen. Native LDL,
mmLDL, and mmLDL � ebselen (50 �M ebselen, incubated for 1 h at 37 °C with mmLDL) were extracted with
hexane:methanol as described under “Experimental Procedures” and analyzed by LC-MS using MRM pairs from
Table 1. Base-line intensities of the MS signal are artificially altered to visually separate individual traces.

TABLE 1
MRM pairs for oxygenated CEs used in this study

CEs
Arachidonic acid
707/369
4DB, 1 hydroxy (HETE)
3DB, 1 epoxy (EpETrE)

721/369
4DB, 1 hydroxy, 1 epoxy
3DB, 1 keto, 1 epoxy
3DB, 2 epoxys

723/369
4DB, 1 hydroperoxy (HpETE)
4DB, 2 hydroxy (DiHETE)

737/369
2DB, cyclopentane, 1 epoxy, 1 ketone, 1 hydroxy
4DB, 1 hydroperoxy, 1 epoxy

739/369
4DB, 1 hydroperoxy, 1 hydroxy
4DB, 3 hydroxys

755/369
4DB, 1 hydroperoxy, 2 hydroxy

Linoleic acid
683/369
2DB, 1 hydroxy (HODE)
1DB, 1 epoxy (EpOME)

697/369
2DB, 1 hydroxy, 1 epoxy
1DB, 2 epoxys

699/369
2DB, 1 hydroperoxy (HpODE)
2DB, 2 hydroxy (DiHODE)
1DB, 1 epoxy, 1 hydroxy (HEPO)

713/369
2DB, 1 hydroperoxy, 1 epoxy
2DB, 1 hydroperoxy, 1 keto

715/369
2DB, 1 hydroperoxy, 1 hydroxy
1DB, 1 hydroperoxy, 1 epoxy
1DB, 1 hydroperoxy, 1 keto

Cholesteryl Ester Hydroperoxides in Minimally Oxidized LDL

10246 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 16 • APRIL 18, 2008

http://www.jbc.org/cgi/content/full/M709006200/DC1
http://www.jbc.org/cgi/content/full/M709006200/DC1


nonpolar mmLDL extracts (Fig. 4B). The LC-MS/MS analysis
of 15LO-modified AA-CE demonstrated the presence of many
polyoxygenated CE species found in mmLDL and in 15LO-
modified LDL, with some differences in relative intensities
between the peaks (compare gray-shaded peaks A–D in Fig. 7
with those in Figs. 3 and 6). We calculated the intensities of
peaks A–D in 50 �g of (protein) mmLDL and 2.5 �g of 15LO-
modified AA-CE (supplemental Table S1) and found 1–4-fold
differences in peaks A, B, and D. A complex lipid-protein orga-
nization of mmLDL may provide a more efficient presentation
of oxidized CE and account for the concentration differences
between the active component(s) in mmLDL and in 15LO-
modified AA-CE that are sufficient to induce macrophage
activation.
In an additional set of experiments, we tested the biological

effect on macrophages of a variety of mono-oxygenated free
fatty acids using HETEs, HpETEs, HODEs, HpODEs, as well as
cholesterol-esterified HpODEs (all from Cayman Chemical)
but did not observe noticeablemacrophage activation (data not
shown). These results suggest that the polyoxygenated CE spe-
cies found in mmLDL and in 15LO-modified LDL are respon-
sible for many of the biological activities induced by mmLDL.
Active Components of mmLDL in Murine Atherosclerotic

Lesions—Oxidized CE was previously detected in atheroscle-
rotic lesions (22–24). We asked whether specific LC-MS/MS
signatures of polyoxygenated CE hydroperoxides, characteris-
tic formmLDLand 15LO-modified LDL andAA-CE, could also
be found in atherosclerotic lesions. In Fig. 8 and supplemental

Fig. S3 we show representative LC-
MS/MS analyses of the arch and the
thoracic segments (see “Experimen-
tal Procedures”) of aorta from an
apoE�/� mouse that was fed an
atherogenic diet. The abdominal
segment of the aorta from apoE�/�

mice, which did not contain any vis-
ible lesions, and the arch and the
thoracic segments of nonathero-
sclerotic C57BL6 mice did not give
any MS signal in the region of the
LC retention times of interest (data
not shown). The aortic arch region,
in which murine lesions first
develop, contained many oxygen-
ated CE species. Remarkably, we
were able to detect in the murine
lesions peaks that were close to or
identical with peaks in mmLDL
that were sensitive to reduction
with ebselen, such asm/z 737/369,
5.42 min (peak A); m/z 739/369,
6.91 min (peak B); m/z 755/369,
6.22 min (peak C); and 6.88 min
(peak D); and m/z 699/369, 7.76
min (peak E). These results sug-
gest that CE hydroperoxides, the
components of ourmodel mmLDL
with biological activity, are pres-

ent in atherosclerotic lesions and may contribute to vascular
inflammation.

DISCUSSION

Evidence has accumulated suggesting that 12/15LO-in-
duced oxidation of LDL is important in the development of
atherosclerosis. In this paper we used a model of biologically
active minimally oxidized LDL, which was produced by the
incubation of native LDL with cells overexpressing 12/15LO.
In our original studies of 12/15LO cell-mediated generation
of mmLDL, which were conducted in F-10 medium, we
observed the progressive accumulation of CE hydroperox-
ides in mmLDL over time. In part, this may have reflected a
degree of lipid peroxidation propagated by small amounts of
transition metals present in the F-10, because EDTA par-
tially inhibited this accumulation (11, 12). In our current
mode of modifying LDL, in DMEM, such metal catalyzed
propagation should not occur. However, we also observed
the presence of oxidized CE in the mmLDL generated in
DMEM, andmany of these oxidized CE species were reduced
by ebselen, suggesting that they were hydroperoxides (Fig.
3). Moreover, the fact that ebselen-treatedmmLDL lost most
of its biological activity (Fig. 2) led us to hypothesize that CE
hydroperoxides are biologically active components of
mmLDL.
To test this hypothesis we showed that when native LDL or

isolated AA-CE were directly modified by 12/15-LO, they both
developedmany of the biological properties displayed by intact

FIGURE 4. Biological activity of nonpolar lipid extracts of mmLDL. Native and mmLDL were extracted with
hexane:methanol as described under “Experimental Procedures.” The hexane layer (nonpolar lipids) was col-
lected, dried under argon, and reconstituted with serum-free DMEM containing 50 �g/ml native LDL. The
remaining aqueous/methanol layer was re-extracted with chloroform. The chloroform layer (polar lipids) was
dried under argon and reconstituted. mmLDL and native LDL (without the addition of lipid extracts) served as
positive and negative controls, respectively. Membrane ruffling (A), ERK1 phosphorylation (B), and MIP-2 secre-
tion (C) were assayed as in Fig. 2. The ERK1 phosphorylation (normalized to total ERK1) was quantified in three
independent experiments and presented as the means � S.E.
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mmLDL (Figs. 4 and 5). Furthermore, nonpolar lipid extracts of
mmLDL had similar activities, and HPLC-MS demonstrated
similarm/z retention time peaks as found in the 12/15LO-mod-
ified LDL and CE profiles (Figs. 3, 6, and 7). Moreover, we
showed a similar HPLC-MS profile of the same oxidized CE
species in nonpolar extracts from murine atherosclerotic
lesions aswas found in the extracts ofmmLDL (Fig. 8), support-
ing the in vivo occurrence of such oxidized CE. Indeed, accu-
mulation of CE hydroperoxides, as a class of oxidized lipids, has
been documented in human atherosclerotic lesions and in the
lesions of apoE�/� mice fed a high fat diet (22–24). Our exper-
iments demonstrated that oxidized CE are not the only biolog-
ically active lipid components ofmmLDL. Polar lipid extracts of
mmLDL stimulatedMIP-2 secretion bymacrophages (Fig. 4B),
which is consistent with the results from Berliner’s laboratory
(32, 33) and our own, demonstrating that oxidized phospholip-
ids stimulate human endothelial cells to produce interleukin-8,
the analog of murine MIP-2.
Although considerable data were developed previously to

support a role for cellular 12/15LO in mediating oxidation of
extracellular LDL (11, 12, 34), there was little information to
suggest how this could occur.We speculated that 12/15LOpro-

duced oxidized FFA in membrane
PL, because PL are known to be sub-
strates for 12/15-LO, and an acti-
vated phospholipase A2 would then
release the oxidized FFA, which
would then be “seeded” onto extra-
cellular LDL and in some cases re-
esterified into PL or CE (26).
Recently, Yoshimoto and co-work-
ers (35, 36) suggested an alternative
and highly plausible mechanism.
According to their hypothesis, sup-
ported by convincing experimental
results, LDL binds to macrophage
LDL receptor-related protein-1
(LRP1), which in turn induces
12/15LO translocation from the
cytosol to the cell membrane, to the
site of LDL-LRP1 binding. This
would be compatible with our
recent demonstration that mmLDL
induced a similar translocation of
12/15LO in macrophages to the cell
membrane, to sites where apoptotic
cells were bound (16). At the site of
the LDL�LRP1 complex, LRP1 ini-
tiates an exchange of CE between
LDL and the cell, leading to
12/15LO mediated oxygenation of
the CE in an LRP1-dependent man-
ner. Further, LRP1 contributes to
the efflux of oxidized CE back to the
LDL particle. This mechanism
agrees well with the known prefer-
ential oxygenation of CE by
12/15LO-expressing cells (11).

Selective affinity of another lipoprotein receptor, scavenger
receptor class-B, type I, for oxidized CE has also been demon-
strated in liver (37). Thus, a likely mechanism of the mmLDL
formation in vivo involves a specific oxidation of CE by cellu-
lar 12/15LO and would be consistent with our model system
in which oxidized CE appear to be prominent oxidized moi-
eties of mmLDL generated by exposure to 15LO cells. In
turn, this agrees with our data demonstrating that CE
hydroperoxides constitute active components of mmLDL
responsible in part for its biological effects.
Because a number of different possibilities of oxygenatedCEs

exist for each m/z noted (for example, as noted in Table 1, an
m/z of 739/369may correspond tomoleculeswith two different
sets of functional groups located at different carbon atoms,with
different stereochemistry), definitive assignment of biological
activities will require further analysis and synthesis of the indi-
vidual oxidized CEmoieties. However, our data to date suggest
that CE should be polyoxygenated to induce the macrophage
responses described in this paper. In our experiments, mono-
oxygenated free fatty acids HETEs, HpETEs, HODEs, and
HpODEs, as well as cholesterol-esterified HpODEs did not
induce noticeable macrophage activation. This is in contrast

FIGURE 5. Biological effects of native LDL and AA-CE modified by 15LO. Native LDL (200 �g/ml) was
incubated with 15LO (soybean) immobilized on magnetic beads (see “Experimental Procedures”) for 1 and 2 h
at room temperature. A control sample was incubated for 2 h with the beads coated with bovine serum
albumin. The resulting modified LDL was separated from 15LO beads, diluted in DMEM to 50 �g/ml, and added
to J774 cells. AA-CE (50 �g) was incubated in the presence or absence of 24,000 units 15LO (soybean) for 24 h
at room temperature (see “Experimental Procedures” for detailed protocol), and then extracted with chloro-
form/methanol and 2.5 �g (A, B, and D) of control or 15LO-modified AA-CE was added in 1 ml of 10% fetal
bovine serum/DMEM to J774 cells. A, membrane ruffling. B, ERK1/2 and Akt phosphorylation. C, cells were
activated with control and 15LO-modified AA-CE at different concentrations (0.25–5.0 �g/ml), and the ratio of
phospho-ERK1 to the total ERK1 protein in each sample was measured. D, MIP-2 secretion.
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to the reports that endothelial cells can be activated by
15-HpETE (38), 12-HETE (39), and 13-HODE (40). Simi-
larly, it was reported that CE-HpODE activated endothelial

cells and induced monocyte adhe-
sion, although air-oxidized cho-
lesteryl linoleate, which presum-
ably contained a more diverse
spectrum of oxidation products,
was significantly more active than
CE-HpODE (41). The different
biological activity of oxygenated
FFA and CEmay be a consequence
of their different orientation and
active moiety presentation in LDL,
as we discuss below. The differ-
ence between endothelial cell and
macrophage responses to oxidized
FFA and CE may be that endothe-
lial cells have an enzymatic
machinery to convert mono-hy-
droperoxide precursors into
polyoxygenated products (42),
which then activate the cells in an
autocrine fashion. Numerous
mechanisms have been described
for transcellular biosynthesis of
polyoxygenated eicosanoids when
a precursor, made in one cell type,
transfers into another cell type
where it is transformed into a final
bioactive molecule (43). For exam-
ple, in experiments with several
co-cultured cell types, neutrophil
5LO and platelet 12LO produced
lipoxin A4 (44), and endothelial
cell aspirin-modified COX-2 and
neutrophil 5LO produced 15-epi-
lipoxin A4 (45), both important
anti-inflammatory in vivo regula-
tors. Separately, these cells were
unable to produce lipoxins. Simi-
lar mechanisms of formation of
active oxygenated lipids in endo-
thelial cells may explain the differ-
ent responses by endothelial cells
and macrophages to mono-oxy-
genated FFA. In addition, it has
been reported that 12/15LO is
capable of oxygenating several
carbons on the same AAmolecule,
producing hepoxilin A3 (46). The
12/15LO specificity of AA oxygen-
ation may also be affected by the
AA esterification to cholesterol.
Our findings of biological activity

of oxidized CE in mmLDL agree
with previous reports that CE
hydroperoxides in amoderately oxi-

dized LDL were responsible for the increased CD36 expression
in human macrophages (47) and that CE hydroperoxides
induced ERK1/2-dependent monocyte adhesion to endothelial

FIGURE 6. Oxygenated cholesteryl arachidonate in 15LO-modified native LDL. Native LDL and 15LO-mod-
ified LDL were extracted with hexane/methanol as described under “Experimental Procedures” and analyzed
by LC-MS using MRM pairs from Table 1. Base-line intensities of the MS signal are artificially altered to visually
separate individual traces.

FIGURE 7. Oxygenated cholesteryl arachidonate in 15LO-modified AA-CE. Control AA-CE and 15LO-mod-
ified AA-CE were extracted with chloroform/methanol as described under “Experimental Procedures” and
analyzed by LC-MS using MRM pairs from Table 1. Base-line intensities of the MS signal are artificially altered to
visually separate individual traces.
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cells (41). The fact that oxidized CE in mmLDL initiates cell
signaling may seem counterintuitive because mmLDL does not
bind to scavenger receptors, and it is not clear how mmLDL
would be internalized within the cell. Indeed, the hydrophobic
CE are immersed in the central lipid core of LDL and do not
have contact with the lipoprotein surface. However, oxygen-
ation of the fatty acid moiety of CE would make it more polar
and likely enable it to be inserted into the surface layer of the
modified LDL. By analogy, we have shown that the PCmoiety of
oxidized PL is on the surface of oxidized LDL and becomes an
epitope for the natural antibody EO6 (48), as well as being a
ligand for CD36 (49). Thus, the PC of 1-palmitoyl-2-arachi-
donoyl-sn-glycero-3-phosphocholine (PAPC), present in
native LDL is not recognized by EO6 or by CD36. In contrast,
when LDL is oxidized and POVPC (1-palmitoyl-2-oxovaleryl-
sn-glycero-3-phosphocholine) and other similarOxPAPCmoi-
eties are generated, the PC headgroupmust be expressed out of
the plane of the lipid surface layer, where it can be recognized by
both EO6 andCD36. In a recent paper, Li et al. (50) deduced the
conformation of one of theOxPAPCmolecular species within a
bilayer membrane using nuclear Overhauser enhancement
spectroscopy. They found that in OxPAPC the distal end of the
oxidized sn-2 acyl chain protrudes into the aqueous phase, out-
side the bilayer, as was also the case for the PCheadgroup, as we
suggest above. Based on these findings, we speculate that an
oxygenation of CE may also change the CE orientation in
mmLDL so that an oxygenated acyl chain now projects outside

the lipoprotein surface and the cho-
lesteryl residue of the CE serves as
an anchor holding the molecule in
the lipoprotein. If this is the case,
the oxidized acyl chain of the CE
may become a ligand accessible to
cellular receptors and/or may fur-
ther participate in oxidation chem-
istry to modify cell surface proteins
and lipids. Further studies will be
needed to determine whether oxi-
dized CE can bind to existing or
novel receptors and in turn be inter-
nalized or, conceivably, directly
activate a receptor to mediate sig-
naling resulting in biological effects.
Alternatively, the surface disposi-
tion of the oxidized CE in mmLDL
may simply facilitate the transfer of
the OxCE into the macrophage
membrane, which in turn may lead
to biological effects. It is important
to point out that esterified eico-
sanoids are significantlymore stable
than corresponding FFA (51).
In summary, we demonstrate that

polyoxygenated CE hydroperox-
ides, found in vivo in atherosclerotic
tissue, are biologically active com-
ponents of mmLDL generated by
exposure to 12/15LO-containing

cells. Studies are ongoing to identify and synthesize the specific
oxidizedmoieties responsible for the different biological effects
on macrophages noted, and the mechanisms by which this
occurs.
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