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Abstract Low density lipoprotein that was oxidized by acti- 
vated human monocytes was analyzed to determine the identity 
of oxidized fatty acids present and the conditions required for 
their formation. The oxidized lipids were also analyzed under 
conditions allowing preservation of their oxidation state. Using 
reversed-phase high performance liquid chromatography 
(HPLC) analysis of native and saponified lipid extracts of oxi- 
dized low density lipoprotein (LDL), we found that the major 
fatty acid oxidation product was esterified hydroperoxyoctadeca- 
dienoic acid (HPODE), the oxidized product of the most abun- 
dant polyunsaturated fatty acid in human LDL, linoleic acid. 
Although some esterified hydroxyoctadecadienoic acid (HODE) 
was also detected, the reduction of HPODE to HODE did not 
appear to be monocyte-dependent. Essentially all of the 
HPODE was found to be esterified with the majority being es- 
terified to cholesterol followed by phospholipids and generally 
following the abundance of esterified linoleic acid within the 
lipid classes. The percent of cholesteryl linoleate converted to 
cholesteryl HPODE and cholesteryl HODE at the end of the 
24-h incubation was determined to be approximately 13.5%. 
The formation of oxidized esterified linoleic acid in the LDL was 
shown to require immunological activation of the human mono- 
cytes, a previously observed requirement for general LDL oxi- 
dation in this culture system. The oxidized esterified linoleic 
acid was present in the supernatant with the LDI, and was not 
cell-associated. HPODE formation on LDL was prevented by 
including superoxide dismutase (SOD) or eicosatetraynoic acid 
(ETYA) during the 24-h coincubation of activated monocytes 
with LDL'whereas indomethacin was without effect. The 
analysis of the lipid oxidation products in oxidized LDL can 
provide insight into the mechanisms involved in oxidation of 
LDL by activated human monocytes.-Folcik, V. A., and 
M. K. Cathcart. Predominance o f  esterified hydroperoxy- 
linoleic acid in human monocyte-oxidized LDL. J Lipid Res. 
1994. 35: 1570-1582. 
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M a n y  of the cell types present in  the arterial wall a re  
capable of oxidatively modifying LDL lipids (reviewed in 
ref. 1). O u r  laboratory has  focused o n  the oxidation of 
LDL lipids by activated h u m a n  monocytes, with empha-  
sis on investigating the cellular mechanisms involved. 

Results from our previous studies have shown that acti- 
vated h u m a n  monocyte-mediated LDL oxidation is com- 
pletely inhibited by superoxide dismutase, a n d  that 
general inhibitors of monocyte lipoxygenase activity also 
prevent LDL oxidation (2-4). O u r  laboratory has also 
shown requirements for Ca2+ influx (5), release of Ca2' 
from intracellular stores (5), a n d  protein kinase C activity 
(6) in the process of LDL oxidation by activated h u m a n  
monocytes and U937 cells, a monocyte cell line also capa- 
ble of oxidizing L D L .  The present studies were designed 
to identify the major oxidation products found in monocyte- 
oxidized LDL. 

LDL modification has  traditionally been quantitated 
by determining the degree of lipid oxidation on  LDL us- 
ing assays for thiobarbituric acid reactive substances 
(TBARS; 7), conjugated dienes, total lipid peroxides ( 8 ) ,  
enhanced electrophoretic mobility, or uptake a n d  degra- 
dation of the LDL by mouse peritoneal macrophages 
(9-12). In the present study we have used HPLC to ana- 
lyze the fatty acid oxidation products present in  LDL 
modified by activated h u m a n  monocytes. We compared 
the  profile of oxidized linoleic acid products formed by ox- 
idation of LDL using CuS04 and soybean 15-lipoxygenase 
(LO) under  conditions that yielded levels of oxidation 
(measured as  TBARS)  similar to those found after 
monocyte-mediated modification (3 ,  13) 

Abbreviations: BHT, butylated hydroxytoluene; DMSO, dimethylsul- 
foxide; DPBS, Dulbecco's phosphate-buffered saline; EDTA, ethylenedi- 
aminetetraacetic acid; ETOH, ethanol; ETYA, eicosatetraynoic acid; 
HPODE, hydroxyperoxyoctadecadienoic acid; HODE, hydroxyocta- 
decadienoic acid; 15-L0, 15-lipoxygenase; SLO, soybean 15-lipoxy- 
genase; HETE, hydroxyeicosatetraenoic acid; TBARS, thiobarbituric 
acid reactive substances; ZOP, opsonized zymosan; [3H]PC, I.-W 

dipalmitoyl-[2-palmitoyl-9,lO-~H(N)]phosphatidylcholine; MTBE, methyl- 
!-butyl ether; HPLC, high performance liquid chromatography; LDL, 
low density lipoprotein; SOD, superoxide dismutase; MHC, major 
histocompatibility complex. 
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LDL functions to transport cholesterol in the blood, 
and contains considerable quantities of cholesterol es- 
terified to fatty acids, as well as free cholesterol, phos- 
pholipids, and triglycerides (14). LDL also contains rela- 
tively minor quantities of diglycerides, monoglycerides, 
and free fatty acids, approximately 0.4%, < 0.776, and 
1.1% by weight, respectively, of total lipids (15). The most 
abundant available fatty acid substrate for monocyte- 
mediated lipid oxidation in LDL is esterified linoleic acid. 
Saturated fatty acids and monounsaturated fatty acids 
that are also abundant in LDL are not as susceptible to 
non-enzymatic oxidative modification as are polyunsatu- 
rated fatty acids, due to their relative lack of reactive sites. 
Upon oxidation, linoleic acid (octadecadienoic acid) ini- 
tially forms several different isomers of hydroperoxyoc- 
tadecadienoic acid or HPODE. These isomers include 
(ZE)-13-HPODE and (EZ)-g-HPODE, and their isomeri- 
zation products (EE)-13-HPODE and (EE)-g-HPODE. 
Reduction of the HPODE products results in the forma- 
tion of hydroxyoctadecadienoic acids or HODEs. 

We wished to determine the oxidation state of monocyte- 
modified LDL, Le., the quantity of hydroperoxy-linoleic 
acid versus hydroxy-linoleic acid formed, as this could in- 
dicate the biochemical and enzymatic pathways involved 
in monocyte oxidation of LDL lipids. Previous reports 
have not directly addressed the ratio of cholesteryl 
HPODE to cholesteryl HODE products formed in cell- 
mediated LDL fatty acid oxidation (16-18). 

Other aspects of activated human monocyte-mediated 
LDL lipid oxidation not examined previously are the ex- 
tent to which various lipid classes contribute to the 
production of oxidized fatty acids formed, as well as the 
extent of oxidation of available substrate. We have quan- 
titatively examined these aspects of LDL lipid oxidation 
using activated monocytes as this cell system may relate 
to LDL oxidation in atherosclerotic lesions and sites of 
inflammation. 

MATERIALS AND METHODS 

LDL isolation 

LDL (solvent density 1.019-1.063 g/ml) was isolated 
from human plasma obtained from apheresis performed 
on donors at the Cleveland Clinic Blood Bank. The 
method of isolation was sequential ultracentrifugation ac- 
cording to Hatch and Lees (19) and Havel, Eder, and 
Bragdon (20) with some modifications. Five mM EDTA 
was included during all isolation steps to inhibit oxidation 
during preparation. Prior to use in experiments, LDL 
was dialyzed in Spectra/Por 2 MolecuIarporous mem- 
brane tubing (Spectrum Medical Industries, Inc., Los 
Angeles, CA) for 3-5 h against DPBS without calcium or 
magnesium at 4OC in the dark to remove the EDTA added 
during preparation: Chelating resin (Sigma Chemical 

Co., St. Louis, MO) was added to the dialysis buffer (1.0 
mg/ml) to remove any transition metal ions present. The 
LDL was also filter-sterilized with a 0.45-micron Sterile 
Acrodisc syringe filter (Gelman Sciences, Ann Arbor, MI) 
prior to addition to cells in culture. LDL endotoxin levels 
were determined to be < 0.03 units/mg LDL cholesterol 
as determined with a QCL-1000 Limulus Amoebocyte 
Lysate kit (Whittaker Bioproducts, Walkersville, MD). 

Monocyte isolation and monocyte-mediated LDL 
oxidation 

Human monocytes were isolated from freshly drawn, 
heparinized whole blood as previously described (3 ,  4). 
After removal from tissue culture flasks using 5 mM 
ethylenediaminetetraacetic acid (EDTA) in Dulbecco’s 
phosphate-buffered saline (DPBS; Gibco Laboratories, 
Grand Island, NY) human monocytes were plated in 
Costar (Cambridge, MA) 12-well tissue culture plates at 
1.0 x 106 cells per well in 10% bovine calf serum-Dulbecco’s 
modified Eagle’s medium (BCS-DMEM) and allowed to 
adhere. After adherence the medium was aspirated and 
replaced with 1 ml of RPMI-1640 medium (Whittaker, 
Bioproducts). At this time LDL was added to the wells at 
0.5 mg cholesteroVm1. Inhibitors including ETYA (Cay- 
man Chemical Co., Ann Arbor, MI), indomethacin, and 
SOD (Sigma Chemical Co.) or the drug vehicles ethanol 
(ETOH) or dimethylsulfoxide (DMSO) were added at 
this time. Opsonized zymosan (ZOP; 2 mglml; 21) was 
then added to activate the cells and the incubation was 
continued for 20-24 h. The optimal concentrations of 
ZOP, human monocytes, and LDL and the optimal incu- 
bation conditions were determined previously for LDL 
oxidation by activated human monocytes (22). 

CuS04 and SLO-mediated LDL oxidation 

CuS04 and soybean lipoxygenase (SL0)-mediated 
LDL oxidations were carried out in 12-well tissue culture 
plates in a 1-ml volume of RPMI-1640 and incubated for 
24 h at 37OC in 10% CO, to imitate monocyte assay con- 
ditions, but without cells (3, 13). CuS04 (Fisher Scientific 
Co., Fair Lawn, NJ) was used at 2 or 5 pM and affinity- 
purified SLO type V (Sigma Chemical Co.) was used at 
approximately 5000 unitdm1 to oxidize LDL at 0.5 mg 
choles terol/ml. 

Sample processing procedures 

Prior to extraction, butylated hydroxytoluene (BHT; 
Sigma Chemical Company) was added to the culture 
wells to yield a final concentration of 20 pM or 500 pM as 
indicated. [3H]-12-HETE (12(S>-hydroxy [5,6,8,9,11,12,14,15(n)]- 
[3H]eicosatetraenoic acid, Amersham Corporation, 
Arlington Heights, IL) was also added to the wells as an 
internal standard for experiments in which the oxidized 
fatty acids were to be analyzed. Internal standards of 
cholesteryl [ 14C]HPODE (obtained from HPLC repurifica- 
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tion of cholesteryl [ **C]linoleate; NEN Research 
Products, DuPont Company, Wilmington, DE) and L - a -  
dipalmitoyl-[ 2-palmitoyl-9,10-3H(N)]phosphatidylcholine 
([3H]PC; NEN Research Products, DuPont Company) 
were added to sample wells to be quantitatively analyzed 
for oxidized linoleic acid products esterified to neutral 
lipids versus phospholipids. These standards enabled cal- 
culation of recovery of fatty acids from both lipid classes 
as well as detection of contamination of the fatty acids 
from one lipid class with those from the other. 

Lipid extraction methodr. At the end of the incubation, the 
lipid was either extracted from the sample supernatants 
using chloroform and methanol (23, 24) or, in some ex- 
periments, the samples were lyophilized overnight, then 
extracted with 3-4 ml of ether-ethanol 3:1, vortexed, and 
centrifuged to remove particulate matter. Unless other- 
wise indicated, all material present in the wells, including 
the supernatant and cells, was extracted and analyzed for 
oxidized fatty acids. The lipid extracts were dried under 
nitrogen and processed further or stored at -2OOC until 
HPLC analysis. 

Lipid class separation. Neutral lipids and phospholipids of 
oxidized LDL were separated so that the fatty acid oxida- 
tion products from these lipid classes could be analyzed 
and quantitatively compared. The separation of neutral 
lipids from phospholipids was accomplished as follows 
(25). The chloroform phase was dried under NP, 
resuspended in 2.0 ml hexane-methyl-t-butyl ether 
(MTBE; 9:l) and applied to Silica Sep-pak cartridges pre- 
equilibrated with hexane (Waters, Millipore Corp., 
Cidra, PR). The oxidized and unoxidized neutral lipids 
were eluted from the silica cartridges with 20 ml of hex- 
ane-MTBE 1:l. The phospholipids were eluted from the 
cartridges with 20 ml methanol. The separated fractions 
were dried under N2 and saponified followed by solid- 
phase extraction of the fatty acids. 

Saponijcation. The lipid was reconstituted in 0.5 ml of 
absolute ethanol (Aaper Alcohol and Chemical Co., Shel- 
byville, KY) and saponified with a final concentration of‘ 
1 N NaOH (Sigma Chemical Go.) for 20 min at 6OOC. At 
the end of the incubation the samples were acidified with 
30 pl of acetic acid (Mallinckrodt Inc., Paris, KY). 

Solid-phase f a t 9  acid extraction. Samples were adjusted to 
a final concentration of 25% ethanol and the 2-ml sam- 
ples were acidified with 133 pl of 10% formic acid. The 
samples were passed through Sep-pak C18 columns (Mil- 
lipore) followed consecutively by 20-ml volumes of water, 
25% ethanol, water, and petroleum ether (EM Science, 
Gibbstown, NJ). The fatty acids were finally eluted with 
5 ml of ethyl acetate (EM Science) and dried under NS, 
then stored at - 2 O O C  in polypropylene tubes until HPLC 
analysis (26). 

Reversed-phase HPLC 

Reversed-phase HPLC was performed with a Rainin 

Microsorb C18 column (250 mm x 4.6 mm, Rainin In- 
strument Co., Inc., Woburn, MA), a Beckman Model 
421A controller, Beckman Model 114M pumps and a 
Beckman Model 163 Variable Wavelength detector. Radi- 
oactivity was detected with an online Radiomatic Instru- 
ments Flow-one Beta Radioactive Flow Detector. Data 
were collected on an IBM Personal Computer X T  and 
processed utilizing Lotus 1-2-3 (Lotus Development Cor- 
poration) and GraphPAD InPlot Software (GraphPAD 
Software, San Diego, Ca.). Packard Radiomatic Flo-Scint 
I1 (Radiomatic Instruments and Chemical Co., Meriden, 
CT) was used as scintillant. The samples were recon- 
stituted in mobile phase immediately before injection and 
filtered with Rainin Nylon-66, 0.45 micron filters. 

Solvent system A.  The oxidized fatty acids were eluted 
isocratically at 1 ml/min. with a solvent mixture consist- 
ing of water-acetonitrile-tetrahydrofuran-acetic acid at a 
ratio of 44:36:20:0.05, as previously described (27). Claeys 
et al. (27) verified the identity of the monohydroxy- 
linoleic acid metabolites separated with this solvent sys- 
tem by gas chromatography-mass spectrometry 
(GC-MS). All solvents used were of HPLC grade from 
Fisher Scientific or EM Science. After the oxidized fatty 
acids had eluted (approx. 26 min) the column was purged 
with acetonitrile. 

Standards of 13(S)-HODE, 9(S)-HODE, 13(S)- 
HPODE, and 9(S)-HPODE, and a mixture of5, 8, 11, 12, 
and 15-hydroxyeicosatetraenoic acids (HETEs) were pur- 
chased from Cayman Chemical Co. Oxidized linolenic 
acid standards were prepared by oxidation of linolenic 
acid with soybean lipoxygenase. Standards were run daily 
to ensure proper identification of metabolites. 

Solvent system B. Alternative methods for separating lipids 
of‘ oxidized LDL were obtained from G. M. Chisolm and 
P. E. DiCorleto (personal communication). Reversed- 
phase HPLC was performed using the same column 
described previously and a gradient solvent system begin- 
ning with 100% acetonitrile for 5 min, changing from 
100% acetonitrile to 85% acetonitrile and 15% 
isopropanol over the next 10 min, followed by an increase 
in isopropanol to 80% over the next 36 min. The solvent 
was restored to 100% acetonitrile over the next 10 min. 
Standards of cholesterol and cholesteryl linoleate were 
purchased from Sigma Chemical Co. Cholesteryl 
k H O D E  was purchased from Cayman Chemical Co. 

Data calculations 

Data presented as “normalized” UV absorbance were 
processed to take into account the recovery of the internal 
standard so that a quantitative comparison of the data 
could be made. Recoveries for saponified fatty acids were 
30-40%, for cholesteryl esters, 50-60%, and for phos- 
pholipids 30-40%. Initial recovery of oxidized cholesteryl 
esters without lipid class separation ranged from 70 to 
90%. The calculation of the inhibition of oxidation in- 
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cluded subtraction of the spontaneous oxidation found in 
the absence of cells in each experiment. All chromato- 
grams are representative of two to four experiments per- 
formed. Quantitative data were calculated using extinc- 
tion coefficients calculated from injection of known 
amounts of oxidized fatty acid standards, or from extinc- 
tion coefficients calculated by determination of cholesterol 
content in collected peaks (28). 

RESULTS 

To examine the total oxidized fatty acids in monocyte- 
oxidized LDL, saponified samples were analyzed. The ox- 
idized fatty acid products were identified by their reten- 
tion times in common with standards. Analysis of the oxi- 
dized fatty acid composition using solvent system A 
revealed three major peaks, products of linoleic acid oxi- 
dation, followed by smaller peaks, products of arachidonic 
acid oxidation (Fig. 1). In some samples oxidized lino- 
lenic acid products were also detected. Thus, oxidized 
linoleic acid was the predominant oxidized fatty acid in 
these preparations. 

Figure 1 also demonstrates the marked difference in 
quantity of oxidized fatty acid products found when 
saponification was included in the extraction procedure. 
When the lipids extracted from three wells of monocyte- 

0 5 10 15 20 25 30 
RETENTION T I E  (MIN) 

Fig. 1. Oxidized fatty acids detected in monocyte-oxidized LDL are 
esterified. Monocytes (1 x lo6 cel lshl)  were incubated at 37OC for 24 
h with the activator ZOP (2.0 mglml) and LDL (0.5 mg cholesterollml). 
A final concentration of 20 pM BHT was added and three culture 
wells/sample (1 mllwell) were spiked with the internal standard 
[3H]12-HETE, pooled and the oxidized fatty acids were extracted for 
HPLC analysis using solvent system A with UV detection at 236 nm 
(solid line). The dashed line indicates a sample that was processed simi- 
larly but without saponification. The identity of peaks is as follows: 1, 
oxidized linolenic acid products; 2, (ZE)-13-HODE; 3, (EZ)-S-HODE; 
4, 15-HETE; 5, (EE)-13- and (EE)-g-HODE; 6, 11-HETE; 7, 12-HETE; 
8, 8-HETE; 9, unknown; 10, 5-HETE. 

TABLE 1. Oxidation state of oxidized cholesteryl linoleate in LDL 

LDL 
Treatment % Cholesteryl HPODE" Ratiob 

Cells + ZOP 
ZOP 
CUSOI 
SLO" 

84.2 * 1.1 
73.6 rt 1.5 
86.2 + 1.1 
88.1 f 2.8 

5.3:1 
2.8:l 
6.3:l 
7.4:l 

LDL (0.5 mg cholesterol/ml) was incubated for 24 h in RPMI-1640 
medium in the presence of activated monocytes (1 x 106/ml), the acti- 
vator, ZOP (2 mglml), C u S 0 4  (5 p ~ ) ,  or SLO (approx. 5000 unitslml) 
as indicated. At the end of the incubation 500 pM BHT (20 pM in some 
samples) was added, followed by lipid extraction and analysis with sol- 
vent system B. 

"The percentage indicates the fraction of total cholesteryl HPODE 
and cholesteryl HODE detected. The mean + the standard error of the 
means of five experiments (*n = two experiments) is shown. The per- 
cent cholesteryl HPODE determined for oxidation mediated by acti- 
vated monocytes and CuSO, was significantly different than that ob- 
tained in the cell-free control ( P  = 0.0079, P = 0.0159, respectively; 
Mann-Whitney Two Sample Test). 

'Ratio of cholesteryl HPODE to cholesteryl HODE detected. 

oxidized LDL were saponified, HODEs were detected in 
considerable quantity compared to almost none found 
when saponification was omitted. A quantitative compari- 
son could be made because the recovery of an internal 
standard, [3H]12-HETE, was used to normalize the UV 
absorbance data. The samples shown in Fig. 1 contained 
342.8 nmol HODEs and 23.9 nmol/mg LDL cholesterol 
of HETEs in the saponified sample and 2.8 nmol/mg 
LDL cholesterol of HODEs (0.8%) in the sample that was 
not saponified. Thus, nearly all of the oxidized fatty acids 
detected in monocyte-oxidized LDL were present in es- 
terified form. 

The HETEs appear to be formed by autooxidation, as 
the same quantity of these metabolites was formed in the 
presence or absence of activated monocytes (see Fig. 2, 
B and C). In addition, positional isomers of HETE were 
formed that are not known to be formed enzymatically. 

It should be noted that although HODEs appeared to 
be the products of oxidation of esterified linoleic acid in 
these samples, their oxidation state was found to be 
influenced by the fact that the sample processing proce- 
dure reduced hydroperoxy-polyunsaturated fatty acids in 
the samples to hydroxy-polyunsaturated fatty acids. We 
therefore determined the actual oxidation state of the 
cholesterol-esterified oxidized linoleic acid products by 
other means as discussed below (Table 1; see Fig. 7). 

In this study we sought to examine the oxidized fatty 
acid products formed under the same conditions that had 
previously been used to study cell-mediated LDL oxida- 
tion. Previously, LDL oxidation had been quantified us- 
ing general methods to detect lipid peroxides, conjugated 
dienes, or malondialdehyde-like products (7, 8). Monocyte- 
mediated LDL oxidation has been consistently dependent 
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upon monocyte activation in our hands; freshly isolated 
human blood monocytes that are not activated do not oxi- 
dize LDL in RPMI-1640 medium (2-6, 22). Monocyte 
oxidation of esterified linoleic acid in LDL, in a fashion 
similar to the formation of TBARS or lipid peroxides, was 
also found to be dependent on monocyte activation. Only 
2.2 nmol HODEs/mg LDL cholesterol was detected in the 
supernatants of monocytes incubated with LDL in the ab- 
sence of activator (Fig. 2A). LDL oxidation in the 
presence of activator without cells was detectable (Fig. 2B; 
95.7 nmol HODEs and 32.9 nmol HETEs/mg LDL 
cholesterol), consistent with the low but detectable 
TBARS formation noted in our previous findings (2-5, 
22). Results displayed in Fig. 2C (and Fig. 1, solid line) 
show that the formation of oxidized linoleic acid was max- 
imal when the monocytes were activated during incuba- 
tion with LDL. In samples of monocytes activated in the 
absence of exogenously added substrate such as LDL, 
cell-derived fatty acid oxidation products, if formed, were 
in quantities below the limits of detection of the HPLC- 
UV absorbance detection system used to analyze the sam- 
ples (data not shown; UV absorbance detection limit for 
HODEs was approximately 100 pmol). 

We also determined whether the esterified HODEs 
were in the supernatant, as are the oxidation products de- 
tected by the assay for TBARS, or whether some re- 
mained associated with the cell layer. For these studies, 
the supernatants were extracted separately from the cell 
layer (Fig. 3). HODEs (273.9 nmol) and HETEs (59.1 
nmol) were detected in the supernatant while only 7.7 
nmol HODEs (and no HETEs) were detected in the frac- 
tion associated with the cells (per mg LDL cholesterol). 
Thus, the HODEs and HETEs were detected almost en- 
tirely in the supernatant. 

We have previously shown that inhibitors of the lipox- 
ygenase pathway, but not the cyclooxygenase pathway in- 
hibit LDL oxidation by activated monocytes at concentra- 
tions that ate not Loxic and under conditions where the 
inhibitors do not appear to act as general antioxidants (3).  
ETYA is an arachidonic acid analog and an inhibitor of 
both lipoxygenase and cyclooxygenase enzymes. Figure 4 
shows a representative experiment where 30 p M  ETYA 
inhibited monocyte oxidation of LDL lipids by 62.4% 
(quantitated as esterified HODE formation). In Fig. 4A, 
443.0 nmol HODEs and 51.5 nmol HETEs were detected; 
in Fig. 4B, 260.0 nmol HODEs and 55.37 nmol HETEs 
were detected per mg LDL cholesterol. HODEs (149.7 
nmol) and HETEs (44.6 nmol) were detected in the cell- 
free control (not shown) and subtracted from both values 
to calculate inhibition of cell-mediated oxidation. This 
degree of inhibition is in agreement with our previous 
results for 30 pM ETYA inhibition of monocyte-mediated 
LDL oxidation quantitated as TBARS (A. K. McNally, 
M. K. Cathcart and V. A. Folcik, unpublished observa- 
tions). We have found that 30 p M  ETYA is not toxic to 

1 :I 0 5 1 0 1 5 2 0 2 5 3 0  

" T I W  lDlE (nm) 

6 

B 
2 3  

Oo- 5 lo 15 20 25 : 
" T I O M  lDlE (nm) 

5 5 10 15 20 B 30 
"N lDlE (nac) 

Fig. 2. Monocyte activation is required for monocyte-mediated LDL 
oxidation. LDL (0.5 mg cholesterolhnl) was incubated in the presence 
of A,  monocytes (1 x lo6 cells/ml) that were not activated; B, the activa- 
tor ZOP (2.0 mg/ml); or C, monocytes and ZOP at 37OC for 24 h. A 
final concentration of 20 PM BHT and the internal standard 
[3H]12-HETE were added to each sample well; the sample wells were 
pooled, then the oxidized fatty acids were extracted for HPLC analysis 
using solvent system A with UV detection at 236 nm ( 3  wells/sample, 1 
ml/well). See Fig. 1 legend for identity of labeled peaks. chromatogram 
shown in part C is labeled in Fig. 1. 

activated monocytes in the presence of LDL in 
RPMI-1640 medium (4) using an assay of ['*C]adenine 
metabolite release (29). ETYA had no effect on the forma- 
tion of HETEs (Fig. 4A and B). Indomethacin, an inhibi- 
tor of the cyclooxygenase pathway, was without effect on 
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5 
2 ,  

0 5 10 15 20 25 30 
RETENTION T I E  (HIN) 

HODEs and 56.2 nmol HETEs; LDL incubated without 
a catalyst for oxidation (Fig. 6A, dashed line) contained 
9.5 nmol HODEs and 3.9 nmol HETEs; and the sample 
shown in Fig. 6B contained 152.9 nmol HODEs and 44.9 
nmol HETEslmg LDL cholesterol. Just as with oxidation 

Fig. 3. Oxidized fatty acids in monocyte-oxidized LDL are in the su- 
pernatant. Monocytes (1 x 106 cells/ml) were incubated at 37OC for 24 
h with the activator ZOP (2.0 mg/ml) and LDL (0.5 mg cholesterol/ml). 
A final concentration of 20 p~ BHT was added; the cell culture plates 
were centrifuged; supernatants from three culture wells (1 ml/well) were 
harvested and pooled, then the internal standard ['HIlZ-HETE was 
added, and the oxidized fatty acids were extracted (solid line). The cells 
remaining in the wells were scraped with a rubber policeman and recon- 
stituted in 1 ml of RPMI-1640 medium; BHT was added to a final con- 
centration of 20 p ~ ;  the internal standard [3H]12-HETE was added; 
and the oxidized fatty acids were extracted (dashed line). The samples 
were analyzed by HPLC using solvent system A with W detection at 
236 nm. identities of labeled peaks are given in Fig. 1 legend. 

w => 

8 
N n s 
8 z 

0 5 10 15 20 25 30 
RETENTION TIME (MIN) 

HODE formation (data not shown) when added to yield 
30 p M ,  a concentration shown to inhibit the cycloox- 
ygenase pathway in macrophages (30). 

We have previously shown that SOD added during the 
exposure of LDL to activated monocytes completely in- 
hibits monocyte-mediated LDL oxidation as measured 
with the assay for TBARS (2). In the presence of SOD, 
only 8.9 nmol HODEs and 5.7 nmol HETEs were de- 
tected, compared to 365.7 nmol HODES and 97.2 nmol 
HETEs/mg LDL cholesterol oxidized by activated mono- 
cytes in the absence of SOD (Fig. 5) .  

The profile of products formed in monocyte-oxidized 
LDL, LDL oxidized by soybean 15-lipoxygenase and by 
CuS04 were compared. We had previously shown that 
soybean 15-lipoxygenase oxidizes LDL and causes it to 
become cytotoxic much like monocyte-oxidized LDL (13). 
We previously established conditions for soybean 
15-lipoxygenase and CuS04-mediated LDL oxidation 
that caused levels of LDL oxidation similar to those ob- 
tained by oxidation with activated monocytes as meas- 
ured by TBARS (3, 13). Our TBARS levels for LDL oxi- 
dation by activated monocytes normally range between 
approximately 2-4 nmol/0.5 mg LDL cholesterol. For 
LDL oxidized by soybean 15-LO (Fig. 6A, solid line) the 
TBARS level was 2.35 nmol/0.5 mg LDL cholesterol, and 
the TBARS level for LDL oxidized by CuS04 (Fig. 6B) 
was 1.42 nmol/0.5 mg LDL cholesterol. The sample 
shown in Fig. 6A (solid line) contained 187.7 nmol 

5 -  B 
2 4 -  
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Fig. 4. ETYA inhibits LDL fatty acid oxidation by activated mono- 
cytes. Monocytes (1 x lo6 cells/ml) were incubated at 37OC for 24 h with 
the activator, ZOP (2.0 mg/ml), and LDL (0.5 mg cholesteroVm1) in the 
presence of A, the drug vehicle, ETOH; or B, 30 p~ ETYA prepared 
fresh for the experiment. At the end of the incubation a final concentra- 
tion of 20 PM BHT was added; the sample wells (two 1-ml culture 
wells/sample) were spiked with an internal standard, [3H]12-HETE; the 
sample wells were pooled; and the oxidized fatty acids were extracted for 
HPLC analysis using solvent system A with UV detection at 236 nm. 
See Fig. 1 legend for identities of labeled peaks. 
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Fig. 5.  SOD inhibits LDL fatty acid oxidation by activated mono- 
cytes. Monocytes (1 x 106 cellsiml) were incubated at 37°C for 24 h with 
the activator ZOP (2.0 mg/ml) and LDL (0.5 mg cholesteroliml) in the 
presence (dashed line) and absence (solid line) of SOD (150 U/ml). A 
final concentration of 20 PM BHT was added, then the samples were 
spiked with an internal standard, [3H]12-HETE, pooled (three 1-ml cul- 
ture welldsample), and the oxidized fatty acids were extracted for HPLC 
analysis using solvent system A with UV detection at 236 nm. Labeled 
peaks are identified in Fig. 1 legend. 

mediated by activated monocytes, the most abundant oxi- 
dation products detected were (ZE)-13- and (EZ)-g-HODE. 

The profiles of the saponified and reduced (by the ex- 
traction procedure) LDL-derived linoleic acid oxidation 
products formed by all three means differed in the forma- 
tion of the (EE)-13- and (EE)-g-HODE isomers in the 
samples shown (Fig. 2C, Fig. 6A and B). The quantity of 
truns,truns isomers present in other samples of CuSO4 and 
soybean 15-LO-oxidized LDL varied (not shown). The 
ratio of HODE products detected as truns,truns isomers 
also varied among experiments in which LDL was oxi- 
dized by activated monocytes (Fig. 2C, Fig. 3, Fig. 4A, 
and Fig. 5). Thus, the factors promoting the formation of 
truns,truns isomers of 13- and 9-HODE were not deter- 
mined. Such isomerizations can occur spontaneously to 
varying degrees in different solvents and under different 
conditions (31, 32). 

As the available linoleic acid substrate for oxidation wi- 
thin LDL is esterified to both neutral lipids and phos- 
pholipids, we analyzed the percentage of the oxidized 
linoleic acid in monocyte-oxidized LDL present in each of 
these lipid classes. After extraction of the total lipids from 
oxidized LDL, the neutral lipids and phospholipids were 
separated and the oxidized fatty acids were analyzed and 
quantitated. The percentages of oxidized linoleic acid 
products found esterified within neutral lipids versus 
phospholipids are summarized in Table 2. The molar 
percentages of linoleic acid molecules esterified to 
cholesterol, triglycerides, and phospholipids in LDL were 
estimated from published reports to be 79% esterified to 
cholesterol, 6% esterified in triglycerides, and 15% es- 

terified to phospholipids (14). The quantity of oxidized 
free linoleic acid that contributes to the total amount de- 
tected in the saponified samples was less than 1.0% (Fig. 
1). The oxidation of linoleic acid appears to follow the 
abundance of linoleic acid molecules estimated to be 
present in the three lipid classes. 

These calculations and the verification of the separation 
of neutral lipids and phospholipids were accomplished us- 
ing the recovery and separation of cholesteryl 
[ 14C]HPODE and [3H]PC internal standards. The fate of 
oxidized triglycerides in the separation is not certain, 
although native triglycerides were found in the neutral 
lipid fraction (data not shown). 

For the purpose of determining the oxidation state of 
the oxidized linoleic. acid in LDL, total lipid extracts from 
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Fig. 6 .  SLO- and CuS0,-mediated LDL fatty acid oxidation. LDL 
(0.5 mg cholesterol/ml) was incubated at 37OC for 24 h in the presence 
(solid line) or absence (dashed line) of A, soybean 15-LO (approximately 
5000 unitdml) or B, 5 BM CuSO, in RPMI-1640 medium. A final con- 
centration of 20 p~ BHT was added then the samples were spiked with 
an internal standard, [3H]12-HETE, pooled (three 1-ml culture 
wells/sample), and the oxidized fatty acids were then extracted and ana- 
lyzed by reversed-phase HPLC using solvent system A with UV detec- 
tion at 236 nm. Labeled peaks are identified in Fig. 1 legend. 
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TABLE 2. Determination of lipid class origin of esterified, 
oxidized linoleic acid 

LDL 
'Treatment 70 from N L  Fraction' 

Cells + ZOP 80.4 * 2.5 
ZOP 75.0 + 6.1 
SLO 79.4 * 0.8 
c u s o , h  78.6 * 0.7 

LDL (0.5 mg cholesterollml) was incubated for 24 h in RPMI-1640 
medium in the presence of activated monocytes (1 x 106/ml), the acti- 
vator, ZOP (2 mg/ml), CuSO, (5 p ~ ) ,  or SLO (approx. 5000 unitslml) 
as indicated. Samples of oxidized LDL or cell-free controIs were labeled 
with cholesteryl [ 'CIHPODE and [SHIPC; BHT (500 pM) was added; 
the samples were extracted; the neutral lipids (NL) were separated from 
the phospholipids and saponified; then the oxidized fatty acids were ex- 
tracted and analyzed by reversed phase HPLC with solvent system A .  
The percentage of the total oxidized linoleic acid products originating from 
the neutral lipids or the phospholipids was calculated based on the recov- 
ery of the internal standards added to the samples. Data are means t 
data spread from two experiments performed in duplicate or triplicate. 

"The percent of the linoleic acid oxidation products detected in the 
neutral lipid fraction, the remainder were detected in the phospholipid 
fraction. 

*Mean f data spread within an experiment. 

monocyte-oxidized LDL were analyzed by a reversed- 
phase HPLC method that allows resolution and detection 
of free fatty acids, cholesterol, cholesteryl-HPODEs, 
cholesteryl-HODEs, triglycerides, and cholesterol es- 
terified to native fatty acids (Fig. 7). Samples were moni- 
tored for absorbance at 206 nm to detect carbon-carbon 
double bonds (Fig. 7A), or at 236 nm to detect conjugated 
dienes of oxidized lipids (Fig. 7B). The peaks of absor- 
bance with known identity are labeled. Peak 1 shares the 
retention time of free cholesterol. Peak 2 shares the reten- 
tion time of a peak previously reanalyzed with cyano- 
HPLC and identified using fast atom bombardment mass 
spectrometry and infrared spectroscopy. The re-analyzed 
peak was identified as a mixture of cholesteryl HPODE 
isomers (M. VanHeek, D. Schmidt, P. Toren, and P. E. 
DiCorleto, unpublished results). Peak 3 shares the reten- 
tion time of cholesteryl HODE. Additionally, when peak 
2 was collected, chemically reduced and re-analyzed by 
reversed-phase HPLC it subsequently eluted with the 
retention time of peak 3 (P. E. DiCorleto and D. Schmidt, 
unpublished results). For the purpose of verifying the 
identity of peaks 2 and 3 in our samples as oxidized 
cholesteryl linoleate products, these peaks were collected 
upon elution from the column and subjected to 
saponification, followed by re-analysis by reversed-phase 
HPLC with solvent systems A and B. Re-analysis of the 
products by solvent system A resulted in detection of oxi- 
dized linoleic acid, as expected. Re-analysis with solvent 
B resulted in disappearance of the original peak and de- 
tection of cholesterol and free fatty acids (data not shown; 
solvent system B does not resolve individual fatty acids). 

Peaks 2 and 3 also absorbed at 236 nm, verifying the 
presence of conjugated dienes (Fig. 7B). Peak 4 shares the 
retention time of triolein (G. M. Chisolm, personal com- 
munication) and peak 5 shares the retention time of 
cholesteryl linoleate (Fig. 7A). Other cholesteryl esters 
may also co-elute with cholesteryl linoleate. Cholesteryl 
13- and 9-HPODE (or HODE) and the &,trans and 
truns,tram isomers of each positional isomer are not sepa- 
rated by solvent system B. 

Marked differences in the chromatograms representing 
LDL lipids that have been oxidized by activated mono- 
cytes and the control incubation without cells are evident 
at both wavelengths shown (Fig. 7) .  The quantitative 
differences, however, cannot be estimated by simple in- 
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Fig. 7. Reversed-phase HPLC analysis of neutral lipids from LDL ox- 
idized by activated monocytes. LDL (0.5 mg cholesterol/ml) was in- 
cubated with the activator ZOP (2.0 mg/ml) in the presence (solid line) 
or absence (dashed linej of monocytes (1 x 106 cellsiml). A final concen- 
tration of 500 p~ BHT and an internal standard, cholesteryl 
[14C]HPODE, were added to each sample. The pooled sample wells ( 3  
culture wells/sample, 1 ml/well) were then extracted with chloroform and 
methanol and analyzed by reversed-phase HPLC using solvent system 
B with UV detection at 206 nm (A) and 236 nm (B). Peak I ,  cholesterol, 
peak 2, cholesteryl H P O D E  peak 3, cholesteryl HODE peak 4, tri- 
olein; peak 5, cholesteryl linoleate. 
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spection of the UV absorbance as shown in Fig. 7A be- 
cause each of the metabolites has a unique extinction 
coefficient at 206 nm. 

The recoveries of the metabolites for the chromato- 
grams shown in Fig. 7A and B were based upon the recov- 
ery of cholesteryl [ 14C]HPODE. Using cholesteryl 
[14C]HPODE as the internal standard also allowed for de- 
tection of reduction of the oxidized products during the 
processing of the samples. When cholesteryl [ WIHPODE 
was included in samples processed for analysis of oxidized 
fatty acids, only [14C]HODE was detected. The reduction 
of the hydroperoxy products was shown to be due to the 
saponification step following the chloroform-methanol 
extraction; a step that involved both extremes of pH and 
heating of the samples, and the subsequent solid phase 
fatty acid extraction that involved acidification of the sam- 
ples. The sample processing method used for the results 
shown in Figs. 7A and B was simply the chloro- 
form-methanol extraction and caused no conversion of 
the cholesteryl [ 14C]HPODE to cholesteryl [ I4C]HODE. 
Thus, the oxidation state of the products at the end of the 
24-h incubation could be determined from samples 
processed in this manner. The majority of the oxidation 
products detected were in the hydroperoxy form (Table 1). 
The ratio of cholesteryl HPODE to cholesteryl HODE 
found in monocyte-oxidized LDL lipids was compared to 
the LDL from control incubations without monocytes and 
to CuS04- and SLO-oxidized LDL. There was a 
significant difference ( P  = 0.0286, Mann-Whitney Two 
Sample Test) in the percentage of cholesteryl HPODE 
product in the presence and absence of cells, but not be- 
tween cell-mediated LDL oxidation and CuS04- or SLO- 
mediated oxidation. 

A time course experiment was also performed to follow 
the formation of cholesteryl HPODE and cholesteryl 
HODE products over a 24-h period (Fig 8). The time 
course of LDL oxidation (measured as TBARS) by acti- 
vated human monocytes has previously been published 
(2). It appears that the most rapid increase in cholesteryl 
HPODE formation occurs in the first 12 h of incubation 
in the presence of activated monocytes, while, in the ab- 
sence of monocytes, the formation of cholesteryl HPODE 
is slow but continuous over the entire 24 h. The formation 
of cholesteryl HODE follows a similar pattern but in 
lesser quantities. 

The percent of available cholesteryl linoleate substrate 
that was oxidized was calculated based on the quantity of 
substrate accounted for in the HPLC analysis; 
13.5 f 1.1% (SEM, n = 5) of the available cholesteryl 
linoleate substrate in LDL was converted to cholesteryl 
HPODE or HODE when oxidized by activated mono- 
cytes in a 24-h incubation, compared to about 
4.2 0.7% (SEM, n = 5) in cell-free controls. The per- 
cent conversion of available substrate is likely an underes- 
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Fig. 8. Time course of cholesteryl HPODE and cholesteryl HODE 
formation in LDL oxidized by activated human monocytes. LDL (0.5 
mg cholesterolhl) was incubated with the activator ZOP (2.0 mg/ml) in 
the presence (solid line) or absence (dashed line) of monocytes (1 x lo6 
cells/ml). A final concentration of 500 FM BHT and an internal stan- 
dard, cholesteryl ['*C]HPODE, were added to each sample at each of 
the time points indicated. The pooled samples (3 culture wells/samplc, 
1 ml/well) were then extracted with chloroform and methanol and ana- 
lyzed by reversed-phase HPLC using solvent system B with UV detec- 
tion at 206 nm. Extinction coefficients were used to calculate the quanti- 
ties of cholesteryl HPODE and HODE present. Error bars indicate the 
mean * data range of duplicates; where error bars are not visible error 
is within the size of the symbols. Circles represent cholesteryl HPODEs 
formed, dots represent cholesteryl HODEs. LDL was also analyzed at 
zero time to determine oxidation levels before incubation (open squares, 
cholesteryl HPODEs; X, cholesteryl HODEs). 

timate because the primary oxidation products or fatty 
acid hydroperoxides may become further oxidized to form 
breakdown products such as aldehydes during the incuba- 
tion (33). BHT was added to all samples at the end of the 
incubation, before extraction of the lipids, to minimize 
the breakdown of primary oxidation products during the 
sample processing and analysis. Further, the appearance 
of cholesteryl HPODE and HODE accounted for approx- 
imately 43.4 1.7% (SEM, n = 3) of the disappearance 
of available substrate. This percentage reflects both the 
loss of primary oxidation products to further oxidation 
and the possibility that other cholesteryl esters may co- 
elute with cholesteryl linoleate when neutral lipids are 
separated using solvent system B. 

DISCUSSION 

We have used HPLC analysis to characterize the oxi- 
dized fatty acids on LDL that had been oxidized by acti- 
vated human monocytes. The major oxidation products 
were esters of 13- and 9-HPODE (Figs. 1, 7A and B). 
Thomas and Jackson (17) and Ku et al. (34) reported the 
formation of HODE but not HPODE on LDL oxidized 
by human monocytes in RPMI-1640 medium, a result 
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quite different from our observations. They suggest that 
the HPODE products formed have been degraded by 
trace amounts of copper or iron present in RPMI-1640 
medium or converted to HODEs by cellular peroxidase 
activity. They and others have also reported studies in- 
volving the HPLC and GC-MS analyses of lipid oxida- 
tion products in LDL oxidized by CuS04 or peroxyl radi- 
cal (16-18). Oxidized linoleic acid was found to be the 
major oxidation product in chemically oxidized LDL, a 
result similar to that obtained with cells, CuSO4 and SLO 
presented herein. Pre-existence of trace quantities of lipid 
hydroperoxides in LDL was shown to be necessary for 
CuS04-catalyzed fatty acid oxidation to occur (17). Our 
analysis differed in that it included internal standards to 
account for the recovery and preservation of esterified oxi- 
dation products, as well as determination of the oxidation 
state of the linoleic acid oxidation products using a 
method capable of detecting both cholesteryl HPODEs 
and HODEs. 

In time course studies of the formation of primary oxi- 
dation products in activated human monocyte-oxidized 
LDL, the rate of formation of cholesteryl HPODE was 
greatest during the first 12 h of incubation in the presence 
of activated monocytes, while formation was slow but con- 
tinuous in samples without monocytes (Fig. 8). The pat- 
tern of cholesteryl HODE formation follows that of 
cholesteryl HPODE formation, but in lesser quantities. 
This is to be expected as HODEs are the reduction 
products of HPODEs and the reduction appears to be oc- 
curring spontaneously in RPMI medium (Table 1). A 
similar pattern of oxidized product formation was ob- 
tained when the time course of LDL oxidation by acti- 
vated human monocytes was measured as TBARS, an as- 
say for general lipid oxidation (2). 

In addition to esterified, oxidized linoleic acid 
products; esterified, oxidized arachidonic acid products 
were also detected in the samples of oxidized LDL. As 
there was little difference in the quantities of HETEs de- 
tected in the presence and absence of activated mono- 
cytes, and because the positional isomers of HETE were 
detected in approximately equal quantities, including 
those not enzymatically formed, we conclude that the oxi- 
dation of the esterified arachidonic acid was autooxida- 
tive. The formation of HETEs was not inhibited by ETYA 
(Fig. 4A and B), further evidence that formation was not 
cell-mediated. The low quantities of oxidized arachidonic 
acid products prevented determination of the lipid class to 
which these products were esterified. 

The fact that detection of > 99% of the oxidized fatty 
acids was dependent on saponification indicates that 
nearly all of the fatty acid oxidation products were es- 
terified (Fig. 1). Whether intact, esterified linoleate is oxi- 
dized by the cells or whether de-esterification, oxidation 
and re-esterification of esterified linoleic acid from LDL 

take place cannot be determined from the experiments 
performed. 

We have previously reported that our system for LDL 
oxidation is unique in that activation of human mono- 
cytes is required (2-6, 22). We found no esterified linoleic 
acid oxidation products from LDL incubated with unacti- 
vated monocytes in RPMI-1640 medium without added 
metal ions, in the cells or supernatant (Fig. 2A). This is 
in contrast to the results of Ku et al. (34) and Thomas and 
Jackson (17) who reported LDL oxidation by human 
monocytes in RPMI-1640 medium in the absence of any 
additional activator. The differences in our results may be 
explained either by differences in cell isolation procedures 
or differences in LDL isolation procedures or both. Our 
monocyte isolation procedure involves adherence as a 
method of separating monocytes from other nonadherent 
mononuclear cells. We perform the adherence step in 
serum-coated tissue culture flasks, allowing the mono- 
cytes to adhere physiologically to the serum proteins that 
have attached to the polystyrene, instead of allowing the 
cells to attach directly to the polystyrene. We also include 
serum in the medium when allowing the monocytes to ad- 
here to the 12-well tissue culture plates for experiments. 
Additionally, we use EDTA to detach the adherent mono- 
cytes, rather than scraping them from the tissue culture 
flask surface. These differences may account for the re- 
quirement for activation of freshly isolated human mono- 
cytes in our hands. 

The necessity for immunological activation of mono- 
cytes in order for oxidation of LDL lipids to occur in vitro 
has relevance for the atherosclerotic process in vivo. Im- 
munocytochemical studies of atherosclerotic plaques have 
demonstrated that foam cells express the major histocom- 
patibility complex (MHC) class I1 marker, a marker 
known to be expressed by macrophages that are activated 
and presenting antigen to T-lymphocytes (35-37). There 
are also T-lymphocytes in the atherosclerotic lesions, and 
these also display markers associated with activation such 
as the interleukin 2 receptor (37, 38). Fluorescently la- 
beled macrophages and T-lymphocytes have been pho- 
tomicrographed in close association (touching) as if in the 
process of antigen presentation within atherosclerotic le- 
sions (38). 

Further evidence exists that our studies of LDL oxida- 
tion are relevant to in vivo disease processes, The same 
products that we have found in monocyte-modified LDL 
in vitro have also been shown to be present in atherosclerotic 
plaques (39-42). Belkner et al. (43) extracted lipids from 
human atherosclerotic lesions and found oxidized 
cholesteryl linoleate in those lesions, verifying the earlier 
findings of Brooks et al, (40, 41) and Harland et al. (42). 
Belkner et al. (43) also observed that increasing severity 
of the lesion was correlated with an increasing proportion 
of oxidized versus non-oxidized cholesteryl linoleate in 
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those lesions, in agreement with the earlier report of Gla- 
vind et al. (39). These results provide another link be- 
tween monocyte oxidation of LDL lipids in vitro and the 
processes that may be taking place in vivo in atherosclerosis. 

We have previously shown that our system for studying 
LDL oxidation is unique in that it is completely inhibited 
by superoxide dismutase (2; Fig. 5). Others studying the 
oxidation of LDL by mouse peritoneal macrophages in 
metal ion-containing Ham’s F-10 medium find that SOD 
(336 unitdml) only inhibits LDL oxidation by about 25% 
(11). The  iron in Ham’s F-10 medium has been shown to 
be necessary for mouse peritoneal macrophage-mediated 
LDL oxidation (10) and may serve to promote the peroxi- 
dation of LDL lipids, decreasing the need for oxygen radi- 
cals. The  mechanism of SOD-inhibition in metal ion- 
dependent LDL oxidation systems has recently been 
questioned (44). The  implications of these results for the 
SOD inhibition of LDL oxidation in our system that does 
not require addition of metal ions are not known. The  
role of oxygen radicals in monocyte oxidation of LDL 
lipids may be that of initiation, involving exhaustion of 
endogenous antioxidants within LDI, as well as initiation 
of peroxidation on LDL lipids (18, 33). 

O u r  laboratory has previously reported the inhibition 
of human monocyte-mediated LDL oxidation by ETYA, 
an  arachidonic acid analog and inhibitor of both the cy- 
clooxygenase and lipoxygenase pathways (3). Consistent 
with our previous results, ETYA but not indomethacin (a 
cyclooxygenase inhibitor) inhibited formation of esterified 
linoleic acid oxidation products (Fig. 4; data not shown). 
We have ruled out the possibility that 5-LO may be in- 
volved as part of the activation pathway necessary for hu- 
man monocytes to oxidize LDL (4) The  involvement of 
another lipoxygenase as indicated by ETYA inhibition re- 
mains to be verified. 

Analysis of the oxidation state of the esterified, oxidized 
linoleic acid indicated that about 84.2% of the oxidized 
linoleic acid products were in the HPODE form in acti- 
vated monocyte-oxidized LDL, while only 73.6% were in 
the unreduced form in the cell-free control (Table 1). Pos- 
sible explanations for these results are that the reduction 
of the products to cholesteryl HODEs are due to reducing 
agents in the cell culture medium (RPMI-1640 contains 
reduced glutathione, 1 mg/l) or reducing activity inherent 
within the LDL itself. The  ratio of hydroperoxy products 
to hydroxy products in LDL oxidized by activated mono- 
cytes or C u S 0 4  was greater in samples with higher levels 
of oxidation, and lesser at the levels of oxidation in control 
incubations without any added catalyst for oxidation. A 
limited reducing capacity of the culture medium is likely 
responsible for this observation, Le., the reducing capacity 
of the medium may be overcome at the higher levels of 
LDL lipid oxidation. 

As the oxidized linoleic acid in monocyte-oxidized 
LDI, was esterified, we sought to determine the percen- 

tage coming from each of the lipid classes present in LDL 
(Table 2) .  We have concluded that the percentages of the 
oxidized, esterified linoleic acid found esterified to 
cholesterol and phospholipids approximated the abun- 
dance of the substrate linoleic acid present in these LDL 
lipid groups. This suggests that at the LDL oxidation level 
we are studying, the linoleic acid within LDL is equally 
susceptible to oxidation independent of the lipid class to 
which it is esterified. This is interesting to note because 
phospholipids are located at the surface of the LDL parti- 
cle where they would be expected to be more susceptible 
to oxidation than cholesteryl esters and triglycerides 
which are found in the inner hydrophobic core. Even in 
one study examining the initiation of LDL oxidation, oxi- 
dation was detected in cholesteryl esters, triglycerides, 
and phospholipids (18). 

Although oxidized triglycerides were not isolated, the 
apparent disappearance of lipids that elute with retention 
times similar to triolein (peak 4 and several peaks between 
peak 3 and peak 4, Fig. 7A) in the chromatogram of 
monocyte-oxidized LDL lipids suggests that the triglycer- 
ides are becoming oxidized. In any case, only approxi- 
mately 6% of the linoleic acid in LDL is found esterified 
within triglycerides (14), so one might expect that this 
lipid group would contribute an equally small percentage 
of the oxidizable substrate. 

After 24 h of exposure to activated monocytes, 13.5% 
of the total cholesteryl linoleate in the samples was con- 
verted to cholesteryl HPODE/HODE.  This determina- 
tion of the percentage of available substrate oxidized does 
not take into account the formation of other oxidation 
products such as aldehydes, the breakdown products of 
lipid peroxides (33). In  this study our aim was to analyze 
the primary products of LDL oxidation, especially those 
whose formation was cell-mediated. In our previous 
studies the assay for TBARS was used to quantitate LDL 
oxidation. The TBARS assay detects aldehyde-like oxida- 
tion products and indicates general lipid oxidation. 

The quantity of monocyte-mediated formation o f  
cholesteryl HPODE and H O D E  was also compared to  
the quantity of monocyte-mediated disappearance of 
cholesteryl ester substrate in a 24-h incubation. The  per- 
centage of substrate lost was greater than that detected 
as oxidized products. This was likely due to the limita- 
tions of our analysis methods in terms of resolving and de- 
tecting all possible oxidation products formed and all sub- 
strates available for oxidation. 

We have found that in LDL that has been oxidized by 
activated monocytes, CuS04 ,  or soybean 15-L0, the most 
abundant primary oxidation product is cholesteryl 
HPODE.  We have also determined that the percentage of 
oxidized linoleic acid esterified in each of the lipid classes 
present in oxidized LDL follows the abundance of linoleic 
acid among the lipid classes in LDL. Finally, the extent 
of the oxidation of available substrate within LDL in our 
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system for studying LDL oxidation by activated human 
monocytes was estimated to be 13.5%. These studies fur- 
ther the understanding of LDL oxidation by activated hu- 
man monocytes in vitro. I 
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