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Abstract The oxidation of low density lipoproteins (LDL) 
has been implicated in the development of atherosclerosis. As 
a variety of highly reactive lipid peroxidation products can 
transfer from oxidized LDL to HDL, we evaluated the poten- 
tial deleterious effects of LDL oxidation on HDL-cholesterol 
metabolism. To address this issue, we exposed the HDL-con- 
taining d > 1.063 g/ml fraction of human plasma to copper- 
oxidized LDL and assessed 1ecithin:cholesterol acyltrans- 
feme (LCAT) activity and apolipoproteinA-I (apoA-I) 
structure. To determine whether LCAT was directly affected 
by oxidized LDL, independent of crosslinking of apoA-I, we 
used an exogenous, [ 14C]cholesterol-labeled proteoliposome 
substrate to measure plasma LCAT activity. We observed an 
inhibition of LCAT activity where copper-oxidized LDL pos- 
sessing only 2.3 f 0.1 and 7.3 f 1.4 TBARS produced 24 k 3% 
and 47 k 10% reductions in [14C]cholesterol esterification by 
1 h, respectively. Copper-oxidized LDL that had been passed 
through a GF-5 desalting column, while retaining only one- 
third of its original TBARS, possessed nearly all of its LCAT 
inhibitory capacity suggesting that the LCAT inhibitory fac- 
tor(s) was a lipophilic oxidation product. Analysis of polar 
lipids isolated from copper-oxidized LDL indicated that phos- 
pholipid and sterol fractions effectively inhibited LCAT. Cop- 
per-oxidized LDL, with as little as 6.3 TBARS, also produced 
intermolecular crosslinking of apoA-I molecules. WM Taken 
together, these data suggest that products of LDL oxidation 
may adversely affect HDL-cholesterol metabolism by two 
separate mechanisms: 1) a direct inhibitory effect on LCAT 
activity and 2) through crosslinking of apoA-I. If occurring in 
vivo, minimally oxidized LDL may impair cholesteryl ester 
formation on HDL thereby limiting the ability of HDL to 
function efficiently in the putative antiatherogenic reverse 
cholesterol transport path+y.-Bielicki, J. K., T. M. Forte, 
and M. R. McCdl. Minim* oxidized LDL is a potent inhibi- 
tor of 1ecithin:cholesterol acyltransferase activity.]. Lipid Res. 
1996.37: 1012-1021. 
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related to its ability to promote the efflux of cholesterol 
from cholesterol-laden cells of the arterial wall and to 
transport this cholesterol to  the liver for catabolism 
(4-7). This process has been termed reverse cholesterol 
transport. ApolipoproteinA-I is the major structural 
protein of HDL and the physiological activator of LCAT 
(8,9). This enzyme catalyzes the formation of cholesteryl 
esters on HDL and, in so doing, promotes the matura- 
tion of HDL particles in plasma and facilitates reverse 
cholesterol transport by maintaining a concentration 
gradient for the diffusion of cellular unesterified choles- 
terol to HDL (4, 10). In transgenic mice, expression of 
the human LCAT gene is associated with increased 
plasma cholesteryl ester synthesis and elevated concen- 
trations of HDL-cholesterol, suggesting that LCAT may 
play an important role in modulating HDL concentra- 
tions in vivo (1 I). 

In contrast to the beneficial effects of HDL, elevated 
levels of low density lipoproteins (LDL) are associated 
with an increased risk of atherosclerosis. The athero- 
genic effects of LDL may be related to its susceptibility 
to oxidation and its subsequent effects on the arterial 
wall (12, 13). The oxidation of LDL polyunsaturated 
fatty acids yields a variety of highly reactive lipid peroxi- 
dation products that promote atherosclerotic lesion 
formation. These products include oxidized phos- 
pholipids and oxysterols which can promote mono- 
cyte/endothelial cell interactions and induce cytotoxic- 
ity (14-18). Aldehydic decomposition products can also 
modify the protein component (apoB) of LDL (19,20). 
Extensive chemical modifications of apoB lead to foam 
cell formation via mechanisms that involve the unregu- 

Epidemiological studies indicate that elevated plasma 
concentrations of high density lipoprotein (HDL) are 
protective against the development of atherosclerosis 
(1-3). The beneficial effects of HDL may, in part, be 

Abbreviations: LDL, low density lipoprotein; HDL, high density 
lipoprotein; LCAT, 1ecithin:cholesterol acyltransferase; apo.4-I, 
apolipoprotein A-I; TBARS, thiobarbituric acid reactive substances; 
EDTA, ethylenediaminetetracetic acid; BHT, butylated hydroxy- 
toluene; AAPH, 2,2’-azobis-2-amidinopropane hydrochloride. 
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lated uptake of oxidized LDL via scavenger and/or 
oxidized LDL receptors on macrophages (20-23). 

Recent experimental evidence suggests that products 
of LDL oxidation can transfer from minimally oxidized 
LDL to HDL (24-26). Thus, it has been proposed that 
by accepting and transporting such oxidation products, 
HDL may protect against some of the atherogenic ef- 
fects of oxidized LDL. In support of this hypothesis, 
Bowry, Stanley, and Stocker (27) demonstrated that, in 
humans, a majority of plasma lipid hydroperoxides are 
carried on HDL, suggesting that HDL may transport 
oxidized lipid products in vivo. The potential deleteri- 
ous effects of these oxidized lipids on HDL-cholesterol 
metabolism have not yet been considered. 

Previously, we observed a rapid inhibition of plasma 
LCAT activity upon initiating lipid peroxidation with 
copper ions (28). As these studies were performed with 
whole plasma, the underlying mechanisms contributing 
to LCAT inhibition were not fully explored. More re- 
cently, we demonstrated that aldehydes (e.g., 4-hy- 
droxynonenal and malondialdehyde) known to be gen- 
erated by the oxidation of LDL are able to inhibit plasma 
LCAT activity and to crosslink HDL-apolipoproteins 
(29). These observations suggested that LDL oxidation 
may adversely affect HDL-cholesterol metabolism. As a 
variety of highly reactive lipid peroxidation products can 
be generated in vivo by the oxidation of LDL, we evalu- 
ated the LCAT inhibitory capabilities of oxidized LDL. 
We found that minimally oxidized LDL was a potent 
inhibitor of LCAT activity and crosslinker of apoA-I 
molecules on HDL. In addition, polar lipid fractions 
accounted for a majority of the LCAT inhibitory capac- 
ity of oxidized LDL. These new findings suggest that 
minimally oxidized LDL may contribute to the develop 
ment of atherosclerosis by impairing HDLmediated 
reverse cholesterol transport. 

METHODS 

Isolation of low density lipoproteins (LDL) from 
human plasma 

Blood was collected from nonsmoking, healthy indi- 
viduals into tubes containing EDTA and samples were 
chilled to 4°C. Plasma was obtained after low speed 
centrifugation to remove blood cells, and pools of 
plasma were prepared. Plasma lipid concentrations 
were 200 k 18, 44 k 6, and 127 If: 27 mg/dl for total 
cholesterol, HDL-cholesterol, and triglycerides, respec- 
tively (n = 15 pools). Low density lipoproteins (LDL, d 
1.019-1.063 g/ml) were isolated by preparative, sequen- 
tial ultracentrifugation (30) and dialyzed (4°C) against 
phosphate (10 mM)-buffered saline (PBS, pH 7.4). At the 
end of dialysis, gentamicin sulfate (50 pg/ml) was 

added. The HDLcontaining d y 1.063 g/ml fraction of 
human plasma was also dialyzed against PBS, and after 
dialysis, EDTA (2.7 mM), BHT (20 pM), and gentamicin 
were added. 

LDL oxidation 

LDL was incubated (37°C) with copper (20 nmol . mg 
LDL protein' ml-1) for 0.5-6 h to produce various 
degrees of oxidation. Control LDL was either incubated 
without copper or with copper plus EDTA (2.7 mM). At 
the end of incubations, samples were cooled to 4°C; 
BHT and EDTA were added. In some experiments, 
control and copper-oxidized LDLs were passed through 
GF-5 desalting columns (supplied by Pierce; exclusion 
limit of 5,000 mol wt) to remove copper and water-sol- 
uble oxidation products (Le., malondialdehyde). Rou- 
tinely, 0.5 ml of LDL (3 mg protein/ml) was passed 
through columns with predetermined aliquots of PBS- 
EDTA (4°C). Recoveries of LDLs ranged from 88 to 97% 
and were independent of the levels of oxidation ob- 
tained in this study. 

Oxidation of LDL with the water-soluble free radical 
initiator 2,2'-azobis-2-amidinopropane hydrochloride 
(AAPH) was performed at 37°C for 0.5 h with 16 pmol 
AAPH mg LDL protein-' . ml-'; to stop these incuba- 
tions and quench free radicals, samples were cooled to 
4°C and reduced glutathione (5 mM), EDTA, and BHT 
were added. AAPH was removed from incubations by 
passing samples (4°C) through GF-5 desalting columns 
using PBS/EDTA as the elution buffer. The oxidized 
LDL recovered from columns was dialyzed against 
PBS/EDTA to ensure complete removal of AAPH. Con- 
trol LDL was handled similarly except AAPH was omit- 
ted from treatments. 

Assessment of LDL oxidation 

Thiobarbituric acid reactive substances (TBARS) 
were measured by the method of Kosugi, Kojima, and 
Kikugawa (31), and conjugated dienes were monitored 
by ultraviolet absorption spectroscopy at 234 nm. Pro- 
tein was measured by the method of Markwell et al. (32). 
To assess increases in LDL net negative charge, agarose 
gel electrophoresis was performed using Paragon Lipo- 
gels following the manufacturers (Beckman) instruc- 
tions. Aggregation of LDL particles was assessed by 
nondenaturing gradient gel electrophoresis (33). 

Incubation of oxidized LDL with the d Y 1.063 g/ml 
fraction of human plasma 

Control and copper-oxidized LDLs were separately 
added-back to the d y 1.063 g/ml fraction of human 
plasma that contains HDL, LCAT, and plasma proteins. 
Final concentration of LDL was 1 mg protein/ml. These 
reconstituted plasma samples were incubated at 37'C 
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for 0.5-6 h, and plasma LCAT activity was assessed as 
described below. Preliminary experiments using cop- 
per-oxidized LDLs that ranged in TBARS from 2.8 * 0.8 
to 35.6 k 4.3 (means * SD, n = 3) demonstrated that for 
each TBARS level maximal LCAT inhibition was 
achieved by 1 h. As a result, this time point was used for 
subsequent incubations. 

Assessment of plasma LCAT activity 

LCAT activity was measured by the exogenous sub- 
strate method described by Chen and Albers (34). As 
this method utilizes an excess of [14C]cholesterol-labeled 
proteoliposome substrate composed of human apoA-I: 
egg-yolk phosphatidylcholine: unesterified cholesterol 
(0.8:250:12.5 molar ratios) for assessment of LCAT ac- 
tivity, changes in enzymatic activity reflect alterations in 
LCAT and are independent of modifications of endo- 
genous substrates and crosslinking of apoA-I (LCAT 
cofactor). In addition to this proteoliposome substrate, 
reaction mixtures (0.25 ml final volume) contained 20 
mM Tris-HC1 (pH 8.0), 0.15 mM NaC1, 0.27 mM EDTA, 
0.5% human serum albumin, and 5 mM P-mercap- 
toethanol. To assess LCAT activity, 7.5-pl aliquots of 
reconstituted plasma samples were added to reaction 
mixtures and samples were incubated for 0.5 h at 37°C. 
Reactions were stopped by cooling samples (4°C) and 
by adding ethanol (0.25 ml). Lipids were extracted with 
hexane, and unesterified cholesterol and cholesteryl 
esters were separated by instant thin-layer chromatogra- 
phy (Gelman Sciences) using toluene as a mobile carrier 
phase. Radioactivity associated with cholesterol and 
cholesteryl ester bands was quantified by liquid scintil- 
lation counting. Initial rates of [ 14C]cholesterol esterifi- 
cation were evaluated. Results are expressed as a per- 
centage of control LCAT activity in reconstituted 
plasma samples (i.e., d > 1.063 g/ml fraction plus control 
LDL) prior to 37°C incubations (t = 0). The average 
LCAT activity at t = 0 was 10 k 2% esterification of 
[14C]cholesterol per 0.5 h (n = 10 pools of plasma). 

The LCAT assay system normally contains excess 
substrate (proteoliposome) to ensure full activation of 
the LCAT enzyme. Thus, maximal rates of cholesterol 
esterification are evaluated. In order to insure that 
reductions in K A T  activity were not due to modifica- 
tion of proteoliposomes by oxidized LDL, we evaluated 
LCAT activity using up to an 8-fold increase in proteo- 
liposome concentration. We found that even at the 
highest proteoliposome concentration, LCAT activity 
was inhibited to the same extent as in our standard assay 
conditions. This observation provided strong evidence 
that reductions in LCAT activity induced by minimally 
oxidized LDL were largely independent of our exoge- 
nous substrate and were most likely the consequence of 
a direct inactivation of the LCAT enzyme. 

Evaluation of apolipoproteinA-I crosslinking 
High density lipoproteins (HDL, d 1.063- 1.2 1 g/ml) 

were isolated from reconstituted plasma samples by 
sequential, preparative ultracentrifugation (30). 
Crosslinking of apoA-I was evaluated by Western blots 
from SDS-PAGE (4-20% gels). Blots were developed 
using monoclonal antibodies specific €or human apoA-I. 

Isolation of polar lipid fractions from control and 
copper-oxidized LDL and their incubation with the d 

1.063 g/ml fraction of human plasma 
Lipids were extracted from control and copper-oxi- 

dized LDL by an acidified Bligh and Dyer procedure 
(35). Polar lipid fractions were separated from neutral 
lipids by thin-layer chromatography using silica-gel H 
plates and a solvent system composed of petroleum 
ether-ethyl ether-acetic acid 160:40:2. The Rf values of 
standards were as follows; phospholipid, 0.00 (origin); 
unesterified cholesterol, 0.13; free fatty acid, 0.33; and 
cholesteryl esters, 0.81. After reisolation from the silica- 
gel (36), phospholipid and sterol fractions (at amounts 
equivalent to those used for LDL incubations, i.e., 1 mg 
phospholipid/ml and 0.4 mg unesterified choles- 
terol/ml) were separately dried (under a gentle stream 
of nitrogen) to the surface of glass vials, and the d 1.063 
g/ml fraction of human plasma was added. Samples 
were incubated at 37°C for up to 6 h in the presence of 
EDTA, BHT, and gentamicin. As a majority (> 80%) of 
the LCAT inhibitory capacity of oxidized LDL was asso- 
ciated with polar lipid fractions co-migrating with phos- 
pholipid and unesterified cholesterol standards, no 
other lipid fractions were analyzed for LCAT inhibitory 
capabilities. 

RESULTS 

Characterizations of control and copper-oxidized 
LDL 

LDL exposed to copper ions (20 nmol . mg LDL 
protein-’ . ml-I) for 0.5 h possessed low TBARS (2.3 rf: 0.1 
nmol MDA eq./mg LDL protein) that were only slightly 
higher than controls (2.0 * 0.5). After an initial lag 
period, TBARS rose rapidly to 50 nmol MDA eq./mg 
LDL protein by 6 h (Fig. 1A). Conjugated dienes fol- 
lowed a similar pattern (Fig. 1B). Changes in both 
TBARS and conjugated dienes were completely inhib- 
ited by chelating copper ions with EDTA. 

Oxidation of LDL was accompanied by changes in net 
negative charge where at 2.4 TBARS (Fig. 2A, lane 6) 
only a subtle increase was observed compared to con- 
trols; with increasing TBARS (6.3, 13, and 40), LDL 
migration increased substantially (18,70, and 130% over 
controls, respectively). Aggregation of LDL particles, as 
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Fig. 1. Timecourse ofTBARS and conjugated diene formation upon 
copper oxidation of LDL. Low density lipoproteins were incubated 
(37’C) with copper (A) for 0.5 to 6 h. Control samples were either 
incubated in the absence of copper (0) or with copper plus EDTA 
(0). Concentration of copper was 20 nmol 1 mg LDL proteid . m1.I. 
At the times indicated, samples were removed and EDTA and RHT 
were added as described in Methods section. Means 5 SD, n = 3, are 
shown. 

determined by nondenaturing gradient gel electropho- 
resis, was observed at 40 TBARS (Fig. 2B, lane 9). At this 
relatively high level of oxidation, extensive fragmenta- 
tion of apoR was seen by SDS-PAGE; no fragmentation 
was obtained at 2.4 TBARS and only a very little was seen 
at 6.3 TRARS (data not shown). 

Inhibition of plasma LCAT activity by 
copper-orddized LDL 

Figure 3 summarizes the dependence of LCAT inhi- 
bition on the extent of LDL oxidation. Copper-oxidized 
LDL exhibiting as little as 2.3 rt 0.1 and 7.3 rt 1.4 TBARS 
produced 24 f 3% and 47 f 10% reduction in plasma 
LCAT activity, respectively. LDL incubated with copper 
plus EDTA, a condition that completely prevented the 
oxidation of LDL(Fig. 1A and B), failed to inhibit LCAT 
activity suggesting that LCAT inhibition was dependent 
on the oxidation of LDL (data not shown). In order to 
establish that the inhibition of LCAT activity was not the 
result of residual copper bound to apoB of oxidized 
LDL, we oxidized LDL with the water-soluble free radi- 
cal initiator, 2,2’-azobis-2-amidinopropane hydrochlo- 

ride (AAPH) and investigated whether oxidized LDL 
that had been separated from AAPH using desalting 
columns inhibited LCAT activity. We observed 21% and 
45% reductions in LCAT activity with oxidized LDL at 
2.5 and 5.8 TBARS, respectively. Thus, the inhibition of 
LCAT activity w a s  not contingent upon the presence of 
either copper or AAPH; but rather, LCAT activity was 
inhibited by products of LDL oxidation. 

Crosslinking of apolipoproteid-I molecules by 
copper-oxidized LDL 

In addition to inhibiting LCAT activity, oxidized LDL 
produced intermolecular crosslinking of apoA-I mole- 
cules as seen by Western blot analysis (Fig. 4). 
Crosslinked forms of apoA-1 were detected with oxi- 
dized LDL possessing as little as 6.3 TRARS (Fig. 4, lane 
7) indicating that a change in apoA-1 structure was a 
sensitive indicator (yet not as sensitive as plasma LCAT 
activity) of LDL oxidation. 

+ 

1 2 3 4 5 6 7 8 9  

B 

1 2  3 4  5 6 7 8  9 
Fig. 2. Electrophoretic characteristics of control and copper-oxi- 
dized LDL. Low density lipoproteins were either incubated (37’C) in 
the absence or presence of copper (20 nmol . mg LDL protein.’ . mP) 
for 0.5 to 6 h. Increases in LDL net negative charge were assessed by 
agarose gel electrophoresis (panel A). r\ggregtion of LDL particles 
was evaluated by nondenaturing gradient gel electrophoresis (panel 
B); protein load for nondenaturing gradient gel was 4 pg per well. 
Lme 1 contains 4’C control (unincuhatetl) LDL; lanes 2, 3. 4. and 5 
are control LDL incubated at 37°C for 0.5. 1.3, and 6 h, respectively 
(averageTBARS of these control LDLs = 2.1 k 0.2 nmol MDA eq./mg 
LDL protein); lanes 6, 7.8. and 9 are oxidized LDLs with 2.4.6.3, 13 
and 40  TBAKS. respectively. 
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Dependence of LCAT inhibition on the extent of LDL 
oxidation. Cbpper-oxidized LDLs with known TBARS were separately 
added to the d > 1.063 g/ml fraction of human plasma to yield final 
LDL concentrations of 1 mg protein/ml. After 1 h incubation (37°C). 
aliquots were removed and LCAT activity was assessed by the exoge- 
nous substrate procedure. Results are expressed as percentage of t  = 
0 LCAT activity which was 9.2 f 1.7% (n = 7) esterification of 
[14C]cholesterol per 0.5 h. Values with no error bars are from a single 
experiment in which LCAT activity was measured in duplicate. 

Inhibition of plasma LCAT activity by 
copper-oxidized LDL that had been passed through 
a GF-5 desalting column 

To evaluate whether the LCAT inhibitory factor was 
associated with oxidized LDL or whether it was readily 
released into the aqueous phase, we passed our copper- 

97kd - 
66 - 
45 - 
31 - 
14 - 

1 2 3 4 5 6 7 8 9 1 0  
Fig. 4. Crosslinking of apolipoproteinA-I by copper-oxidized LDL. 
Control (without copper) and copper-oxidized LDLs were separately 
added to the d > 1.063 g/ml fraction of human plasma to yield final 
LDL concentrations of 1 mg protein/ml, and samples were incubated 
(37'C) for 3 h. After incubations, HDL were isolated by sequential, 
preparative ultracentrifugation. HDLapolipoproteins were separated 
by SDSPAGE electrophoresis (protein load was 5 pg per well) and 
then transferred to nitrocellulose sheets for Western blot analysis 
using monoclonal antibodies specific for human apoA-I. Lane 1 
contains molecular weight standards; lane 2 shows immunoreactivity 
of apoA-I from reconstituted plasma incubations with 4'C control 
LDL; lanes 3, 4, 5 ,  and 6 show apoA-I from incubations with control 
LDLs that had been incubated at 37°C for 0.5.1.3, and 6 has described 
in Fig. 2 (average TBARS of control LDLs = 2.1 f 0.2 nmol MDA 
eq./mg LDL protein); lanes 7,8,9, and 10 show apoA-I from incuba- 
tions with oxidized LDLs possessing 6.3, 13, 18, and 40 TBARS, 
respectively. 

80 

" 
0 1 .o 2.0 3.0 
time of LDL pretreatment with copper, h 

Fig. 5. Inhibition of LCAT activity by copper-oxidized LDL recov- 
ered from GF-5 desalting columns. Control LDL (without copper) and 
copper-oxidized LDL were applied (0.5 ml of 3 mg LDL protein/ml) 
to GF-5 desalting columns and samples eluted with predetermined 
volumes of PRS-EDTA (4°C). LDL fractions were concentrated to 3 
mg protein/ml and added to the d > 1.063 g/ml fraction of human 
plasma to yield final LDL concentrations of 1 mg protein/ml. Panel 
A shows TRARS values of pre- and postcolumn LDLs, and panel B 
shows LCAT activity. Control LDLs are denoted by open symbols, 
pre-column (0) and postcolumn (0); copper-oxidized LDL? are 
closed symbols, precolumn (A) and postcolumn (m). Results for 
LCAT are expressed as a percentage o f t  = 0 activity which was 7.0% 
esterification of [%]cholesterol per 0.5 h. Values shown are from a 
single, representative experiment, and LCAT activity was measured 
in duplicate. 

oxidized LDLs through GF-5 desalting columns. Data 
shown in Fig. 5A indicate that oxidized LDL that had 
been passed through a desalting column possessed only 
one-third of the original TBARS. Regardless of this loss 
of TBARS, however, postcolumn oxidized LDL re- 
tained full LCAT inhibitory capacity (Fig. 5B). These 
data suggest that water-soluble oxidation products (e.g., 
malondialdehyde) which readily dissociate from oxi- 
dized LDL were not likely involved in LCAT inhibition; 
rather, lipophilic oxidation product(s) which are carried 
on oxidized LDL were probably responsible. 

Inhibition of plasma LCAT activity by polar lipid 
fractions isolated from copper-oxidized LDL 

To establish whether the LCAT inhibitory factor was 
a lipid, we isolated lipid fractions from control and 
copper-oxidized LDLs by thin-layer chromatography. 
When incubated with the d > 1.063 g/ml fraction of 
human plasma, phospholipid and sterol fractions from 
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Fig. 6. Inhibition of LCAT activity by polar lipid fractions isolated 
from copper-oxidized LDL. Phospholipid and sterol fractions were 
isolated from control and copper-oxidized LDL by TLC. Lipid frac- 
tions were added to glass vials at amounts equivalent to those used for 
LDL incubations (i.e., 1 mg phospholipid/ml and 0.4 mg unesterified 
cholesterol/ml), and the solvent was evaporated under a gentle stream 
of nitrogen. Immediately thereafter, the d 1.063 g/ml fraction of 
human plasma (containing BHT, EDTA, and gentamicin) was added; 
samples were incubated (37°C) for 6 h. Results are expressed as a 
percentage of control LCAT activity obtained from incubations (6 h) 
with phospholipid and sterol fractions from unoxidized LDL. The 
LCAT activity of these controls were 13.1 and 13.0% esterification of 
[‘4C]cholesterol per 0.5 h, respectively, and did not differ compared 
to the original LCAT activity in the d 1.063 g/ml fraction of human 
plasma at t = 0. Each set ofbars represents lipids isolated from different 
batches of oxidized LDL; LCAT activity was measured in duplicate. 

oxidized LDL possessing 11 TBARS produced 13% and 
28% reductions, respectively, in LCAT activity by 1 h. 
Maximal reductions of about 30% were obtained with 
both fractions by 6 h (Fig. 6). Nearly twice this level of 
inhibition was obtained with lipids isolated from LDL 
having 27 TBARS (Fig. 6). When both phospholipid and 
sterol fractions were combined, an additive inhibition 
was obtained that nearly equaled the LCAT inhibitory 
capacity of the original oxidized-LDLs (data not shown). 

DISCUSSION 

In the present study, we found that minimally oxi- 
dized LDL inhibits LCAT activity and produces inter- 
molecular crosslinking of apoA-I molecules on HDL. 
Through the use of an exogenous substrate procedure, 
we determined that minimally oxidized LDL had a 
direct inhibitory effect on the LCAT enzyme. As these 
experiments were performed in a plasma background, 
our findings indicate that LCAT as well as apoA-I on 
HDL exhibited an extreme susceptibility to modifica- 
tion( s) by products of LDL lipid peroxidation. 

Inhibition of LCAT activity by products of LDL 
oxidation 

Several lines of experimental evidence indicate that 

LCAT inhibition was produced by a lipophilic oxidation 
product. First, oxidized LDL that had been passed 
through a GF-5 desalting column retained nearly all its 
LCAT inhibitory capability despite the loss of a majority 
of TBARS. This observation suggests that water-soluble 
lipid decomposition products (e.g., malondialdehyde) 
that are readily released from LDL particles were not 
likely involved in LCAT inhibition; but rather, the LCAT 
inhibitory factor(s) was carried on the oxidized LDL. 
Second, we found that HDL isolated from oxidized-LDL 
plus d > 1.063 g/ml incubations effectively inhibited 
LCAT activity when added to a freshly prepared d > 1.21 
g/ml fraction of human plasma (unpublished observa- 
tion). This suggests that the LCAT inhibitory factor(s) 
was transferable and could associate with HDL. Third, 
lipid fractions isolated from oxidized LDL inhibited 
LCAT activity and, when combined, these fractions 
accounted for nearly all the LCAT inhibitory capacity of 
oxidized LDL. These results establish that the LCAT 
inhibitory factor(s) was, most likely, a lipid rather than 
a water-soluble oxidation product and that several in- 
hibitory compounds were generated as a consequence 
of LDL oxidation. 

Previously, we reported that aldehydic lipid decompo- 
sition end-products known to be generated by the oxi- 
dation of LDL were capable of inhibiting LCAT activity. 
The a,p-unsaturated aldehydes, 4hydroxynonenal and 
acrolein, were found to be potent inhibitors of LCAT 
where micromolar concentrations produced a rapid 
inhibition of enzymatic activity (29). In contrast, much 
higher concentrations (millimolar) of malondialdehyde, 
acetylaldehyde, and hexanal were required to inhibit 
LCAT. In the present study, substantial reductions 
(24%) of LCAT activity were observed with minimally 
oxidized LDL possessing only 2.3 nmol MDA equiva- 
lents/mg LDL protein. Using this TBARS value, we 
estimate that the minimal aldehyde concentration in our 
reconstituted plasma system was approximately 2.3 PM 
(this is a minimal estimate as the colored thiobarbituric 
acid end-product is not formed by all aldehyde species; 
as a result, the actual aldehyde concentration may be 
somewhat higher). This estimate of 2.3 PM, however, is 
much lower than the concentration (160 PM) of 4-hy- 
droxynonenal required to achieve comparable levels of 
LCAT inhibition (29). Thus, our new findings suggest 
that, in addition to aldehydes, there may be other oxi- 
dation products associated with minimally oxidized LDL 
that are capable of inhibiting LCAT activity. These 
inhibitory compounds may very well include oxidized 
phospholipids and oxysterols, as well as a variety of other 
oxidized lipid products that may have been present in 
the lipid fractions we isolated by TLC. At this time, we 
cannot rule out the possibility that oxidized phos- 
pholipids possessing aldehydic functional groups may 
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have participated in the inhibition of LCAT activity. 
LCAT utilizes phosphatidylcholine and unesterified 

cholesterol for cholesteryl ester formation on HDL. The 
active site of LCAT is bounded by two cysteine residues 
(37) and contains a catalytic triad of aspartic acid, histid- 
ine, and serine residues (9). The reaction mechanism 
involves transfer of the sn-2 fatty acid of phosphatidyl- 
choline to the active site serine to form a transient fatty 
acyl intermediate (38); cholesteryl esters are generated 
upon the transfer of the serine-bound fatty acid to the 
3-hydroxyl of cholesterol. As LCAT activity was rapidly 
inhibited by minimally oxidized LDL, it seems reason- 
able to speculate that oxidation of LCAT substrates 
yields products that modify the active site to produce 
inhibition of enzymatic activity. As stated above, we 
observed an inhibition of LCAT activity with both phos- 
pholipid and sterol fractions isolated from oxidized 
LDL. The oxidation of LDL yields a variety of frag- 
mented phospholipids (25) with sn-2 short-chain aldehy- 
dic and carboxyl groups which could conceivably react 
with LCAT’s active site residues to produce an inhibition 
of enzymatic activity. In addition, modification of non- 
catalytic amino acids could produce conformational 
changes in the enzyme and/or sterically block the active 
site to produce an inhibition of enzymatic activity. With 
regard to sterols obtained from oxidized LDL, it has 
been previously shown that numerous oxysterols that 
are generated by copper oxidation of LDL (i.e., 25-hy- 
droxycholesterol, 27-hydroxycholesterol, 7-keto- 
cholesterol, and a- and P-epoxycholesterols) can be 
esterified by LCAT (39, 40). The fact that we observed 
an inhibition of LCAT activity with sterol fractions 
isolated from oxidized LDL suggests that a unique oxys- 
terol may have been, in part, responsible for the inhibi- 
tion of LCAT activity. The identification of specific polar 
lipid species that are effective inhibitors of LCAT activity 
and the quantification of these compounds in human 
plasma and/or atherosclerotic plaques may help estab- 
lish whether the inhibition of LCAT activity that we 
observed can occur in vivo as a consequence of LDL 
oxidation. 

Crosslinking of apoA-I molecules by oxidized LDL 

In addition to inhibiting LCAT activity, we found that 
oxidized LDL possessing as few as 6.3 TBARS induced 
crosslinking of apoA-I molecules on HDL. As BHT and 
EDTA were present, it is unlikely that the crosslinking 
resulted from direct, copper-mediated free radical for- 
mation during reconstituted plasma incubations. It  is far 
more likely that apoA-I crosslinking was induced by 
reactive lipid- and/or protein-breakdown products gen- 
erated as a result of LDL oxidation. Because in the 
present study we did not identify specific lipid- or pro- 
tein-breakdown products from our copper-oxidized 

LDL, we can only speculate as to the chemical species 
involved in these crosslinking reactions. In this regard, 
it has been demonstrated that apoA-I on HDL can be 
crosslinked by specific aldehydes known to be generated 
during the oxidation of LDL (29). Whether other lipid 
peroxidation products generated as a consequence of 
LDL oxidation induce crosslinking of HDL-apolipopro- 
teins remains to be determined. 

Our observation that apoA-I on HDL can be 
crosslinked by oxidation products generated on mini- 
mally oxidized LDL may have some far reaching meta- 
bolic consequences. It has been demonstrated that alde- 
hyde-induced crosslinking of apoA-I impairs the ability 
of HDL to promote the efflux of cholesterol from 
macrophage-derived foam cells (41). In addition, 
crosslinked apoA-I on HDL appears to impair the ability 
of HDL to interact with LCAT (42) and to increase the 
rate of clearance of HDL from the plasma compartment 
(43, 44). These experimental observations suggest that 
conditions, in vivo, that predispose individuals to LDL 
oxidation may also negatively affect HDL-mediated cho- 
lesterol transport. 

Physiological significance 

LDL is thought to be sequestered in the vascular 
subendothelial space. During the early stages of 
atherosclerosis, oxidative bursts from inflammatory 
cells present in the developing atherosclerotic lesion can 
promote the oxidation of LDL resulting in the forma- 
tion of lipid hydroperoxides and their aldehydic break- 
down products (12, 13). Evidence for the presence of 
oxidized LDL has been obtained from both humans and 
experimental animals (19, 20, 45, 46). While the reten- 
tion of LDL in the arterial wall and its subsequent 
oxidation may contribute to the development of 
atherosclerosis (477, HDL and its associated LCAT are 
thought to more readily enter and exit subendothelial 
spaces and protect against the development of 
atherosclerosis (48). This protection is often attributed 
to HDL-mediated reverse cholesterol transport. Recent 
experimental evidence suggests that, in addition to its 
reverse cholesterol transport function, HDL may specifi- 
cally transport oxidized lipid products that arise from 
the oxidation of LDL (24-27). Thus, HDL may protect 
against the accumulation of oxidized lipids in the arte- 
rial wall by acting as a sink for lipid peroxidation prod- 
ucts. Although the transport of oxidation products by 
HDL is thought to be a protective and beneficial proc- 
ess, the present study suggests that this process may 
actually compromise HDL-mediated reverse cholesterol 
transport. 

The noteworthy feature of the present study is that 
minimally oxidized LDL produced substantial reduc- 
tions in LCAT activity and crosslinking of HDL-apolipo- 
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TABLE 1. Comparisons between the present study and other published studies regarding extent of LDL oxidation and associated 
atherogenic response 

Atherogenic Response Method(s) of Oxidation TBARS' Reference 

Inhibition of LCAT activity copper (or AAPH) 2.3 f 0.1 present study 

Monocyte migration iron 4.2 to 10.56 50 

Monocyte/endothelial cell interactions iron 10.5b 
iron (or storage at 4'C) 
endothelial cells and human monocytes 

4.2 to 7.86 
4.0 

Cytotoxicity dialysis in absence of EDTA 
iron 
UV irradiation plus copper 

5.6b 
10.16 

4.0 to 6.0 

14 
51 
52 

16 
17 
18 

Crosslinking of apoA-I copper 6.3 present study 

Enhanced uptake and degradation of rabbit aortic macrophages 
endothelial cells oxidized LDL by macrophages 

40 
45 

20 
53 

TBARS values are nmol MDA eq./mg LDL protein. 
TBAW were originally reported as nmol MDA eq./mg LDL cholesterol; for comparisons, these values were normalized to LDL protein by 

multiplying by 2.1. This conversion factor was used as the cholesterol content of LDL is approximately twice the protein mass (i.e., total cholesterol 
= 45% and protein = 21% of LDL particle weight, ref. 54). 

proteins. These alterations to key components of the 
putative antiatherogenic reverse cholesterol transport 
system have not yet been considered in relationship to 
the degree of LDL oxidation nor have they been placed 
in context with other molecular and cellular events 
known to be affected by oxidized LDL. Table 1 relates 
responses of LCAT activity and apoA-I structure to the 
degree of LDL oxidation and compares it with responses 
of other proatherogenic parameters such as monocyte 
migration and cytotoxicity. Minimally modified LDL, 
generally in the range of 2 to 5 nmol MDA eq./mg LDL 
cholesterol, is a chemoattractant of circulating human 
monocytes (13, 49, 50), stimulates endothelial cells to 
bind monocytes (14, 51, 52), and is cytotoxic towards 
fibroblasts, endothelial cells, and vascular smooth mus- 
cle cells (15-18). To facilitate comparisons between 
reported studies and the present one, the TBARS values 
originally reported were normalized to LDL protein 
instead of cholesterol. As a result, these TBARS are 
approximately 2-fold higher than the originally reported 
values (Table 1). In our system, inhibition of LCAT 
activity and changes in apoA-I structure were obtained 
at 2 and 6 nmol MDA eq./mg LDL protein, respectively, 
suggesting that reductions in LCAT activity and changes 
in HDL-structure are sensitive indices of LDL oxidation 
and that modifications in these parameters may reflect 
some of the earliest responses to LDL oxidation (Table 
1). As discussed above, crosslinking of HDL-apolipopro- 
teins is associated with a hypercatabolism of such parti- 
cles, suggesting that oxidative modifications of HDL 
may result in decreased concentrations of circulating 
HDL. Moreover, inhibition of LCAT activity and 
crosslinking of apoA-I may limit the ability of HDL to 
promote cholesterol efflux from arterial wall cells. 

Taken together, these observations suggest that, in ad- 
dition to other atherogenic mechanisms (Table l), the 
oxidation of LDL in the arterial wall may predispose to 
the development of atherosclerosis by reducing HDL- 
cholesterol concentrations and impairing HDL-medi- 
ated reverse cholesterol transp0rt.m 
The excellent technical assistance of Zarghoona Rahim and 
Michael Villadelgado is greatly appreciated. This work was 
supported by funds provided by the Cigarette and Tobacco 
Surtax Fund of the state of California through the Tobacco- 
Related Disease Research Program of the University of Cali- 
fornia (grant number 2RT95), NRSA Training Grant 
HL07279, and NIH Program Project Grant HL18574. Re- 
search was conducted at Lawrence Berkeley National Labora- 
tories (Department of Energy Contract DE-AC03-76SF00098). 
Manuscript received 6 October 1995 and in revised form 12 F e b w l y  1996. 

REFERENCES 

1. Gordon, T., W. P. Castelli, M. C. Hjortland, W. B. Kannel, 
and T. R. Dawber. 1977. High density lipoprotein as a 
protective factor against coronary heart disease: The 
Framingham Study. Am. J. Med. 62: 707-714. 

2. Rifkind, B. M. 1990. High density lipoprotein cholesterol 
and coronary artery disease: survey of the evidence. Am. 
J. Cardiol. 66: 3A-6A. 

3. Wilson, P. W. F. 1990. High density lipoprotein, low 
density lipoprotein and coronary artery disease. Am. J. 
Cardiol. 66: 7A-10A. 

4. Glomset, J. A. 1968. The plasma 1ecithin:cholesterol acyl- 
transferase reaction. J. Lipid Res. 9: 155-167. 

5. Tall, A. R. 1990. Plasma high density lipoproteins: meta- 
bolism and relationship to atherogenesis. J. Clin. Invest. 

6. Rothblat, G. H., and M. C. Phillips. 1991. Cholesterol 
efflux from arterial wall cells. Cum Opin. Lipidol. 2: 

86: 379-384. 

Bielicki, Forte, and McCall Inhibition of LCAT activity by minimally oxidized LDL 1019 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


288-294. 
7. Johnson, W. J., F. H. Mahlberg, G. K. Chacko, M. C. 

Phillips, and G. H. Rothblat. 1988. The influence of 
cellular and lipoprotein cholesterol contents on the flux 
of cholesterol between fibroblasts and high density lipo- 
protein.]. Biol. Chem. 263: 14099-14106. 

8.  Aron, L., S. Jones, and C. J. Fielding. 1978. Human plasma 
lecithin-cholesterol acyltransferase: characterization of 
cofactordependent phospholipase activity.J. Biol. Chem. 

9. Jonas, A. 199 1.  Lecithin-cholesterol acyltransferase in the 
metabolism of high density lipoproteins. Biochzm. Biophys. 
Acta. 1084: 205-220. 

10. Ohta, T., R. Nakamura, Y. Ikeda, M. Shinohara, A. Mi- 
yazaki, S. Horiuchi, and I. Matsuda. 1992. Differential 
effect of subspecies of lipoprotein containing apolipopro- 
tein A-I on cholesterol efflux from cholesterol-loaded 
macrophages: functional correlation with 1ecithin:choles- 
terol acyltransferase. Biochim. Biophys. Acta. 1165: 
119-128. 

11 .  Vaisman, B. L., H-G. Klein, M. Rouis, A. M. Berard, M. R. 
Kindt, G. D. Talley, S. M. Meyn, R. F. Hop,  S. M. Mar- 
covina, J. J. Albers, J. M. Hoeg, H. B. Brewer, and S. 
Santamarina-Fojo. 1995. Overexpression of human leci- 
thin:cholesterol acyltransferase leads to hyperalphalipo- 
proteinemia in transgenic mice. J. Biol. Chem. 270: 

12. Quinn, M. T., S. Parthasarathy, L. G. Fong, and D. Stein- 
berg. 1987. Oxidatively modified low density lipoprote- 
ins: a potential role in recruitment and retention of 
monocyte/macrophages during atherogenesis. Proc. Natl. 
Acad. Sci. USA. 84: 2995-2998. 

13. Steinberg, D., S. Parthasarathy, T. E. Carew, J. C. Khoo, 
and J. L. Witztum. 1989. Beyond cholesterol: modification 
of low density lipoprotein that increases its atherogenic- 
ity. N. Engl. J. Med. 320: 915-924. 

14. Berliner, J. A., M. C. Territo, A. Sevanian, S. Ramin, J. A. 
Kim, B. Bamshad, M. Esterson, and A. M. Fogelman. 
1990. Minimally modified low density lipoprotein stimu- 
lates monocyte endothelial interactions.]. Clin. Invest. 85: 

15. Hodis, H. N., D. M. Kramsch, P. Avogaro, G. Bittolo-Bon, 
G. Cazzolato, J. Hwang, H. Peterson, and A. Sevanian. 
1994. Biochemical and cytotoxic characteristics of an in 
vivo circulating oxidized low density lipoprotein (LDL-). 
J. Lipid Res. 35: 669-677. 

16. Hessler, J. R., D. W. Morel, L. J. Lewis, and G. M. Chisolm. 
1983. Lipoprotein oxidation and lipoprotein-induced cy- 
totoxicity. Artm’osc1erosi.s. 3: 215-222. 

17. Kosugi, K., D. W. Morel, P. E. DiCorleto, and G. M. 
Chisolm. 1987. Toxicity of oxidized low-density lipopro- 
tein to cultured fibroblasts is selective for S phase of the 
cell cyc1e.J Cell. Physiol. 130: 311-320. 

18. Schmitt, A., A. NPgreSalvayre, M. Troly, P. Valdiguie, and 
R. Salvayre. 1995. Phospholipid hydrolysis of mildly oxi- 
dized LDL reduces their cytotoxicity to cultured endothe- 
lial cells: potential protective role against atherogenesis. 
Biochim. Biophys. Acta. 1256: 284-292. 

19. Palinski, W., M. E. Rosenfeld, S. Ma-Herttuala, G. C. 
Gurtner, S. S. Socher, S. W. Butler, S. Parthasarathy, T. 
E. Carew, D. Steinberg, and J. L. Witztum. 1989. Low 
density lipoprotein undergoes oxidative modification in 
vivo. Proc. Natl. Acad. Sci. USA. 8 6  1372-1376. 

20. Rosenfeld, M. E., J. C. Khoo, E. Miller, S. Parthasarathy, 
W. Palinski, and J. L. Witztum. 1991. Macrophage-derived 

253: 7220-7226. 

12269- 12275. 

1260- 1266. 

foam cells freshly isolated from rabbit atherosclerotic 
lesions degrade modified lipoproteins, promote oxida- 
tion of low density lipoproteins, and contain oxidation- 
specific lipid-protein adducts.J. Clin. Invest. 87: 90-99. 

21. Goldstein, J. L., Y. K. Ho, S. K. Basu, and M. S. Brown. 
1979. Binding site on macrophages that mediates uptake 
and degradation of acetylated low density lipoprotein, 
producing massive cholesterol deposition. Proc. Natl. 
Acad. Sci. USA. 76: 333-337. 

22. Mahley, R. W., T. L. Innerarity, K. H. Weisgraber, and S. 
Y .  Oh. 1979. Altered metabolism (in vivo and in vitro) of 
plasma lipoproteins after selective chemical modification 
of lysine residues of the apopr0teins.J. Clin. Invest. 64: 
743-750. 

28. Henriksen, T., E. M. Mahoney, and D. Steinberg. 1981. 
Enhanced macrophage degradation of low density lipo- 
protein previously incubated with cultured endothelial 
cells: recognition by receptors for acetylated low density 
lipoprotein. Proc. Natl. Acad. Sci. USA. 78: 6499-6503. 

24. Parthasarathy, S., J. Barnett, and L. G. Fong. 1990. High- 
density lipoprotein inhibits the oxidative modification of 
lowdensity lipoprotein. Biochim. Biophys. Acta. 1044: 

25. Watson, A. D., M. Ndvab, S. Y. Hama, A. Sevanian, S. M. 
Precott, D. M. Stafforini, T. M. McIntyre, B. N. La Du, A. 
M. Fogelman, and J. A. Berliner. 1995. Effect of platelet 
activating factor-acetylhydrolase on the formation and 
action of minimally oxidized low density lipoprotein. J. 
Clin. Invest. 95: 774-782. 

26. Matsuda, Y., K. Hirata, N. Inoue, M. Suematsu, S. 
Kawashima, H. Akita, and M. Yokoyama. 1993. High 
density lipoprotein reverses inhibitory effect of oxidized 
low density lipoprotein on endotheliumdependent arte- 
rial relaxation. Circ. Res. 72: 1103-1 109. 

27. Bowry, V. W., K. K. Stanley, and R. Stocker. 1992. High 
density lipoprotein is the major carrier of lipid hydroper- 
oxides in human blood plasma from fasting donors. Proc. 
Natl. Acad. Sci. USA. 89: 10316-10320. 

28. Bielicki, J. K., M. R. McCall, J. J. M. van den Berg, F. A. 
Kuypers, and T. M. Forte. 1995. Copper and gas-phase 
cigarette smoke inhibit plasma lecithinxholesterol acyl- 
transferase activity by different mechanisms.]. Lipid Res. 

29. McCall, M. R., J, Y. Tang, J. K. Bielicki, and T. M. Forte. 
1995. Inhibition of 1ecithin:cholesterol acyltransferase 
and modification of HDL-apolipoproteins by aldehydes. 
Arterioscler. Thromb. Vasc. B id .  15: 1599-1606. 

30. Lindgren, F. T., L. C. Jensen, and F. T. Hatch. 1972. The 
isolation and quantitative analysis of serum lipoproteins. 
In Bloods, Lipids, and Lipoproteins: Quantitation, Com- 
position, and Metabolism. G. J. Nelson, editor. Wiley-In- 
terscience, New York. 181 -274. 

31. Kosugi, H., T. Kojima, and K. Kikugawa. 1991. Charac- 
teristics of the thiobarbituric acid reactivity of oxidized 
fats and oils. J. Am. Oil Chem. SOC. 68: 51-55. 

32. Markwell, M. K., S. M. Haas, L. L. Bieber, and N. E. 
Tolbert. 1978. A modification of the Lowry procedure to 
simplify protein determination in membrane and lipopro- 
tein samples. Anal. Biochem. 87: 206-210. 

33. Nichols, A. V., R. M. Krauss, and T. A. Musliner. 1986. 
Nondenaturing polyacrylamide gradient gel electropho- 
resis. Methoak Enqmol. 128: 417-431. 

34. Chen, C., and J. J. Albers. 1982. Characterization of 
proteoliposomes containing apoproteinA-I: a new sub- 
strate for the measurement of 1ecithin:cholesterol acyl- 

275-283. 

36: 322-331. 

1020 Journal of Lipid Research Volume 37, 1996 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


transferase activity. J. Lipid Res. 23: 680-69 1. 
35. Bligh, E. G., and W. J. Dyer. 1959. A rapid method of total 

lipid extraction and purification. Can. J. Biochem. 37: 

36. Bamberger, M., S. Lund-Katz, M. C. Phillips, and G. H. 
Rothblat. 1985. Mechanism of the hepatic lipase-induced 
accumulation of highdensity lipoprotein cholesterol by 
cells in culture. Biochemistry. 24: 3693-3701. 

37. Francone, 0. L., and C. J. Fielding. 1991. Effects of 
sitedirected mutagenesis at residues cysteine-31 and cys- 
teinel84 on lecithin-cholesterol acyltransferase activity. 
Proc. Natl. Acad. Sci. USA. 88: 1716-1720. 

38. Francone, 0. L., and C. J. Fielding. 1991. Structure-func- 
tion relationships in human lecithin-cholesterol acyltrans- 
ferase. Site-directed mutagenesis at serine residues 
181-216. Biochemistry. 30: 10074-10077. 

39. Tanaka, M., and S. Kanamaru. 1993. Capillary gas chroma- 
tography quantification of cholesterol in copper-oxidized 
lowdensity lipoprotein. Biol. Phann. Bull. 1 6  538-543. 

40. Szedlacsek, S. E., E. Wasowicz, S. A. Hulea, H. I. Nishida, 
F. A. Kummerow, and T. Nishida. 1995. Esterification of 
oxysterols by human lecithin-cholesterol acyltransferase. 
J. Biol. Chem. 270: 11812-11819. 

41. Nagano, Y., H. Arai, and T. Kita. 1991. High density 
lipoprotein loses its effect to stimulate efflux of choles- 
terol from foam cells after oxidative modification. Proc. 
Natl. Acad. Sci. USA. 88: 6457-6461. 

42. Maziere, J. C., I. Myara, S. Salmon, M. Auclair, J. Haigle, 
R. Santus, and C. Maziere. 1993. Copper- and malondial- 
dehyde-induced modification of high density lipoprotein 
and parallel loss of 1ecithin:cholesterol acyltransferase 
activation. Atheroschosis. 104: 2 13-2 19. 

43. Senault, C., F. H. Mahlberg, G. Renaud, A. Girard-Globa, 
and G. K. Chacko. 1990. Effect ofapoprotein cross-linking 
on the metabolism of human HDLs in rat. Biochim. Bzo- 
phys. Acta. 1046: 81-88. 

44. Lui, R., K. Saku, B. Zhang, K. Hirata, M. Shiomi, and K. 
Arakawa. 1993. In vivo kinetics of oxidatively modified 
HDL. Biochem. Med. & Metab. Biol. 4 9  392-397. 

45. Avogaro, P., G. Bittolo Bon, and G. Cazzolato. 1988. 
Presence of modified low density lipoprotein in humans. 

91 1-917. 

A I ~ O ~ O S C ~ ~ ~ O S ~ S .  8: 79-87. 
46. Habedand, M. E., D. Fong, and L. Cheng. 1988. Malon- 

dialdehyde-altered protein occurs in atheroma of watan- 
abe heritable hyperlipidemic rabbits. Science. 241: 

47. Williams, K. J., and I. Tabas. 1995. The response-to-reten- 
tion hypothesis of early atherogenesis. Arterioscler. 
Thromb. Vasc. Biol. 15: 551-560. 

48. Nordestgaard, B. G., and' L. B. Nielson. 1994. 
Atherosclerosis and arterial influx of lipoproteins. Cum 
Opin. Lipidol. 5: 252-257. 

49. Navab, M., S. S. Imes, S. Y. Hama, G. P. Hough, L. A. Ross, 
R. W. Bork, A. J. Valente, J. A. Berliner, D. C. Drinkwater, 
H. Laks, and A. M. Fogelman. 1991. Monocyte transmi- 
gration induced by modification of low density lipopro- 
tein in cocultures of human aortic wall cells is due to 
induction of monocyte chemotactic protein 1 synthesis 
and is abolished by high density 1ipoprotein.J. Clin. Invest. 

50. Cushing, S. D., J. A. Berliner, A. J. Valente, M. C. Territo, 
M. Navab, F. Parhami, R. Gerrity, C. J. Schwartz, and A. M. 
Fogelman. 1990. Minimally modified low density lipopro- 
tein induces monocyte chemotactic protein 1 in human 
endothelial cells and smooth muscle cells. Proc. Nutl. Acad. 
Sci. USA. 87: 5134-5138. 

51. Liao, F., J. A. Berliner, M. Mehrabian, M. Navab, L. L. 
Demer, A. J. Lusis, and A. M. Fogelman. 1991. Minimally 
modified low density lipoprotein is biologically active in 
vivo in mice. J. Clin. Invest. 87: 2253-2257. 

52. Frostegard, J., A. Haegerstrand, M. Gidlund, and J. 
Nilsson. 1991. Biologically modified LDL increases the 
adhesive properties of endothelial cells. Atherosclerosis. 90: 

53. Steinbrecher, U. P., S. Parthasarathy, D. S. Leake, J. L. 
Witztum, and D. Steinberg. 1984. Modification of low 
density lipoprotein by endothelial cells involves lipid per- 
oxidation and degradation of low density lipoprotein 
phospholipids. Proc. Natl. Acad. Sci. USA. 81: 3883-3887. 

54. Shen, B. W., A. M. Scanu, and F. J. Kezdy. 1977. Structure 
of human serum lipoproteins inferred from composi- 
tional analysis. Proc. Natl. Acad. Sci. USA. 74: 837-841. 

215-218. 

88: 2039-2046. 

119-126. 

Bielicki, Forte, and McCall Inhibition of LCAT activity by minimally oxidized LDL 1021 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

