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Abstract We describe a methodology develpped to separate 
different forms of charge-modified low density lipoproteins 
(LEL) using the fast protein liquid chromatography (FPLC) 
system from Pharmacia. Lipoproteins were isolated by sequen- 
tial ultracentrifugation and introduced onto an anion-exchange 
column (Mono Q HR 515). The multistep NaCl gradient elu- 
tion was optimized and the analytical variables were determined 
on copper-oxidized LDL. After oxidation by copper for various 
times (up to 48 h), five forms were obtained (fraqtions A, B, C, 
D, and E). Within-run and day-to-day reproducibility were bet- 
ier than 8.6% and lo%, respectively. Protein and cholesterol 
recovery after the chromatographic separation was good 
(>82%) and the detection limit was about 1 eg. The more 
negative forms of collected LDL were mainly characterized by 
an increase in the lipid peroxidation product content, a deple- 
tion of vitamin E, an alteration of apoB and increased degrada- 
tion by macrophages. The proposed methodology was 
applied to the study of LDL modifications generated by human 
umbilical endothelial cells and the protective effect of antioxi- 
dants (vitamin E and probucol). -Vedie, B., I. Myara, M. A. 
Pech, J. C. Maziere, C. Maziere, A. Caprani, and N. Moatti. 
Fractionation of charge-modified low density lipoprotein by fast 
protein liquid chromatography. J Lipid Res. 1991. 32: 
1359-1369. 
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Modified LDL are now suspected of playing a role in 
the pathogenesis of atherosclerosis (for reviews see refs. 1 
and 2). The uptake of modified bDL by macrophage 
scavenger receptors leads to foam cell formation, an early 
atherosclerotic process. LDL can be rqadified in vitro by 
acetylation, acetoacetylation, malondialdehyde (MDA) 
derivatization, oxidation, etc., or by incubation with the 
three major cell types of the artery wall (endothelial cells, 
smooth muscle cells, and macrophages). Oxidation by 
copper is the in vitro model most often used. Although 
there is no evidence that such chemical modifications oc- 
cur in vivo, certain chemical and physical changes in 
copper-modified LDL are analogous to biological modifi- 

cations generated by cells (3-5). The main structural 
changes during LDL oxidation are a decrease in pdyun- 
saturated fatty acids in the LDL particles, conversion of 
lecithins to lysolecithins and apolipoprotein B (apoB) 
alteration. These modifications are inhibited by antioxi- 
dants such as butylated hydroxytoluene (BHT), probucol, 
and vitamin E. 

Oxidation of LDL leads to an increase in the net 
negative charge of LDL particles. Avogaro, Bittolo Bon, 
and Cazzolato (6) took advantage of this property to 
separate two overlapping LDL sub&actions in human 
plasma by means of low-pressure ion-exchange chromato- 
graphy on DEAE Sepharose. Contrary to other methodo- 
logies used to assess LDL modifications (degradation of 
labeled LDL, electrophoresis, lipid peroxidation product 
content, etc.), chromatographic procedures permit the 
separation and collection of the various modified LDL 
subfractions which can then be tested chemically and 
biologically. We describe a new methodology using a fast 
protein liquid chromatography (FPLC) system from 
Pharmacia which, contrary to the majority of HPLC 
systems, consists of biocompatible material; potential 
alterations of LDL by metal during the chromatographic 
separation are thus avoided. We applied this methodology 
to the investigation of LDL modifications by human um- 
bilical endothelial cells and in vitro pharmacological stud- 
ies. 

Abbreviations: FPLC, fast protein liquid chromatography; LDL low 
density lipoproteins; HDL high density lipoproteins; VLDL, very low 
density lipoproteins; EDTA, ethylenediamine tetraacetic acid; BHT, 
2,6-di-t&-butyl-cresol; MDA-TBA, malondialdehyde-thiobarbituric acid; 
DMSO, dimethyl sulfoxide. 

'Preliminary results of this work were presented at the 55th Annual 
Meeting of the European Atherosclerosis Society (Brugge, 17-19 May, 
1990). 

'To whom correspondence should be addressed. 
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MATERIALS AND METHODS 

Lipoprotein separation 

Blood specimens were collected into EDTA-containing 
VacutainersO and centrifuged at 2,300 g for 10 min at 4OC. 
Lipoproteins were sequentially isolated by ultracentri- 
fugation in a Kontron E A - 5 0  using a TFT 45.6 rotor at 
120,000 g at 4OC. Plasma was adjusted to a density of 
1.019 g/ml with KBr (Merck) and centrifuged for 24 h. 
The top fraction was removed and the remaining plasma 
was adjusted to a density of 1.063 g/ml with KBr and cen- 
trifuged for 24 h to obtain LDL. In some experiments, 
very low density lipoproteins (VLDL) and high density 
lipoproteins (HDL) were also isolated at the density of 
1.006 g/ml and 1.21 g/ml, respectively. Each KBr solution 
contained 1 mM EDTA. All lipoproteins were dialyzed for 
24 h against 0.01 M Tris-HC1 buffer, pH 7.4, containing 
1 mM EDTA, and stored at 4OC under nitrogen. Lipo- 
protein fractions were shown to be free of other lipopro- 
teins by electrophoresis in agarose gel. 

Fast protein liquid chromatography separation 

The chromatographic equipment was manufactured by 
Pharmacia (Uppsala, Sweden) and consisted of an LCC- 
500 programmer controlling two P-500 pumps. Two 
buffers were used: buffer A, 0.01 M Tris-HC1, pH 7.4, 
conlaining 1 mM EDTA; buffer B, 1 M NaCl in buffer A. 
The sample was filtered through a 0.2-hm filter (Flow 
Labs) and introduced via a 0.5-ml loop onto a mono Q 
H R  5/5 column and eluted at 1 ml/min by a linear gra- 
dient of 0-10% buffer B during the first 10 min, followed 
by a multistep gradient: 10 to 15 min, 20% buffer B; 16 
to 20 min, 30%; 21 to 25 min, 40%; 26 to 30 min, 50%; 
31 to 35 min, 60%; 36 to 40 min, 100%; and 41 to 45 min, 
0%. The effluent was monitored by means of a single-path 
ultraviolet monitor at 280 nm and 1-ml fractions were col- 
lected with a Frac-100 fraction collector. Buffers were 
degassed before use and the system was operated at room 
temperature. After FPLC separation, the chromato- 
graphic fractions were dialyzed against buffer A, except 
for the enzymatic determination of cholesterol, trigly- 
cerides, and phospholipids for which the chromatographic 
fractions were dialyzed against EDTA-free buffer A. The 
sodium concentration in the chromatographic fractions 
was determined with a flame photometer (Corning 455, 
Ciba Corning Diagnostic, Le Vksinet, France). 

Copper oxidation of LDL 
LDL were dialyzed against EDTA-free 0.02 M 

phosphate buffer, pH 7.4, containing 0.15 M NaCl. LDL 
were adjusted to a protein concentration of 0.2 mg/ml in 
dialysis buffer, except for chromatographic fraction 
characterization which required a concentration of 2 
mg/ml. CuSO+ was added at a final concentration of 

5pWO.2 mg protein (0.5 mM and 5 mM stock solutions in 
distilled water were used for LDL concentrations of 0.2 
mg/ml and 2 mg/ml, respectively). The vials were then 
placed in a water bath at 37OC for various times. The ox- 
idation was stopped by the addition of 1 mM EDTA (100 
mM stock solution in 0.02 M phosphate buffer, pH 7.4, 
containing 0.15 M NaCl) and 0.02 mM BHT (2 mM stock 
solution in methanol). Oxidized LDL were then di- 
alyzed against 0.01 M Tris-HC1, pH 7.4, containing 
1 mM EDTA. 

Endothelial cell modifications of LDL 

Endothelial cells were isolated from human umbilical 
cords. Cells were detached from the umbilical vein by 
treatment for 20-25 min at 37OC with dispase (Dispase 
grade I1 from Bacillus polymyxa, Boehringer Mannheim). 
After centrifugation, cells were resuspended in 3 ml of 
medium 199 (Boehringer Mannheim) supplemented with 
10% fetal calf serum (FCS) (Bioprogress), 2 mM glu- 
tamine (Boehringer Mannheim), 100 U/ml penicillin, 100 
pg/ml streptomycin (Boehringer Mannheim), and 2.50 
pglml amphotericine B (Boehringer Mannheim). The 
number of cells obtained was determined by duplicate 
Malassez cell counts. The cell pellet was then resuspended 
at lo6 cells/ml with culture medium. Then, lo6 cells were 
plated in 25-cm2 (TZ5) plastic tissue culture flasks (Falcon 
Plastics) containing 4 ml of culture medium and main- 
tained at 37OC in an atmosphere of 76% NP, 19% 02, and 
5% C02.  The culture medium was changed the follow- 
ing day and then every 2 days. When confluent, cells 
were trypsinized, resuspended in medium, and plated in 
1.9-cm2 wells (Nunc). Experiments were conducted at an 
initial cell Ebncentration of 0.15 x lo6 cells/well. After 24 
h, cells were rinsed with Ham-F10 medium (Gibco). LDL 
previously dialyzed against 0.02 M phosphate buffer, pH 
7.4, containing 0.15 M NaCl, were diluted to 0.2 mg/ml 
in FCS-free Ham-F10 medium supplemented with glu- 
tamine and added to the cells. After 48 h, the medium 
containing LDL was removed and oxidation was stopped 
by the addition of EDTA and BHT, as described above. 
After dialysis against buffer A, the sample was filtered and 
injected into the FPLC system. 

LDL degradation by murine peritoneal macrophages 

LDL labeling was performed with Na1251 (13-17 
Ci/mg, Amersham) as described by Bilheimer, Eisenberg, 
and Levy (7). Specific radioactivity was 54-89 dpm/ng of 
LDL protein, and free iodine in the preparation was 
always below 3 7%. Resident peritoneal macrophages were 
harvested from Balb-c mice by peritoneal lavage with 
Dulbecco's phosphate-buffered saline (8). Peritoneal cells 
were resuspended in RPMI 1640 medium (Gibco) con- 
taining 20% of heat-inactivated FCS, 100 U/ml penicillin, 
and 100 pg/ml streptomycin and plated at 2 x lo6 cells 
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per dish. Nonadherent cells were removed 2 h after 
plating and adherent macrophages were used for de- 
gradation studies the following day. To maximize expres- 
sion of LDL receptors, murine peritoneal macrophages 
were precultured for 24 h in lipoprotein-deficient medium 
(DMEM supplemented with 2% of the serum substitute 
Ultroser G). Cells were then incubated for 4 h at 37OC 
with 10 pglml '251-labeled LDL and degradation was 
studied according to Goldstein and Brown (9). The results 
are expressed in ng LDL per mg cell protein. 

Protective effect of antioxidants 

Vitamin E (Cat. No. T3634, Sigma) and probucol (a 
gift from Merrel Dow France S.A) were dissolved in 
DMSO and added to the LDL solution (0.2 mg pro- 
tein/ml) prior to the initiation of cell-mediated or copper 
oxidation for 24 h. The final concentration of DMSO was 
1% in LDL solutions. 

Agarose gel electrophoresis 

Universal electrophoresis film agarose was used in the 
Ciba Corning electrophoresis system (Le VCsinet, 
France)'. The sample size was 1.0 p1 and the time chosen 
for electrophoresis migration was 35 min. 

Lipid composition 

Total and free cholesterol (Boehringer Mannheim), 
triglycerides, and phospholipids (bioMCrieux, Marcy- 
l'Etoile, France) were determined with enzymatic test kits 
according to the manufacturers' recommendations. 
Lecithins and lysolecithins were separated by means of 
thin-layer chromatography. A 1-ml sample was mixed 
with 15 ml of chloroform-methanol 2:l (vlv) for 2 min. 
After centrifugation, the supernatant was removed and 
the infranatant was evaporated under nitrogen at 50OC. 
The dried extracts were reconstituted with 0.1 ml of 
chloroform and applied to Merck 60 silica gels. Two sol- 
vent systems were used for the separation. The first run 
was performed in acetone-petroleum ether 1:3 (vlv) and 
the second in chloroform-methanol-acetic acid-water 
100:60:25:10 (v/v). After evaporation of the solvents, the 
lipids were visualized with iodine vapor. Lysolecithins and 
lecithins were scraped into separate tubes. The samples 
were extracted in 13 ml chloroform-methanol 2:l (vlv) 
and dried under nitrogen. The final amounts of lecithins 
and lysolecithins were determined using the bioMCrieux 
phospholipid kit. 

Lipid peroxidation products 

Malondialdefyde-thiobarbituric acid (MDA-TBA) adduct. 
The MDA-TBA content of chromatographic fractions was 
determined fluorimetrically using a modified version of 
Yagi's assay (10). Briefly, 0.5 ml of 10% phosphotungstic 
acid, 1.3 ml of 0.083 M H2SOt, and 1 ml of 0.335% TBA 
in 0.1 M NaOH were added to 0.2 ml of lipoprotein solu- 

tion. The mixture was vortexed and incubated at 90°C for 
45 min. After cooling, 4 ml of n-butanol was added to ex- 
tract the color which was measured in a Jobin-Yvon 3-D 
spectrofluorimeter with excitation and emission wave- 
lengths of 534 and 551 nm, respectively. The concentra- 
tion of lipid peroxide was expressed in terms of malon- 
dialdehyde (nmollmg protein) using MDA (Merck) as 
standard. 

Conjugated dienes. After mixing a 0.5-ml sample with 3 
ml of chloroform-methanol 2:l (vlv) for 1 min, 1 ml of 
0.05 M KC1 was added. After agitation and centrifuga- 
tion, the supernatant was removed. The infranatant was 
desiccated with Na2SOr (1 g), filtered, and evaporated 
under nitrogen at 37OC in a water bath. The dried extract 
was reconstituted with 2 ml of hexane. The samples were 
read at 233 nm using a 100-80 Hitachi spectropho- 
tometer (Jobin-Yvon, Longjumeau, France). A blank was 
run under the same conditions. Values of conjugated 
dienes were expressed in absorbance units per mg protein. 

Vitamin E. The sample (0.5 ml) and 0.1 ml D-a- 
tocopherol acetate (50 pglml) (Sigma) as internal stan- 
dard were mixed with 0.2 ml hexane. After centrifugation, 
the supernatant was evaporated under nitrogen and the 
dried extract was reconstituted with 0.1 ml methanol. 
Vitamin E was evaluated by means of HPLC (Kipp Ana- 
lytica). A 20-81 aliquot was injected onto a Merck LiChro- 
sorb RP-18 (5 pm) column with a methanol mobile phase. 
The detector was set at 292 nm. DL-a-tocopherol (Sigma) 
was used as a standard. 

Delipidation of LDL 

Native and oxidized LDL solutions (800 pl) containing 
less than 0.250 mg of LDL protein were extracted by ad- 
dition of 5 ml of ether. After vortexing, the mixture was 
centrifuged at 1,800 g for 10 min to separate the two 
phases and the supernatant was removed. The extraction 
was carried out twice. ApoB was then dialyzed against 
0.01 M Tris-HC1, pH 7.4, containing 1 mM EDTA. 

Polyacrylamide gel electrophoresis 

Aliquots of the dialyzed chromatographic fractions 
were delipidated as above and diluted (13) in 10 mM Tris- 
HC1 buffer, pH 8.0, containing 1 mM EDTA and 
2.5 % sodium dodecyl sulfate. Before electrophoresis, the 
samples were heated for 5 min in boiling water. After 
cooling, 0.01% bromophenol blue was introduced. The 
different forms of delipidated LDL were separated by 
SDS-PAGE electrophoresis using the Pharmacia Phast 
system with Phastgel gradient 4-15. We used the separa- 
tion technique and silver staining method given by the 
manufacturer, 

Protein assay 

Total protein was measured using Peterson's method 
(11) with bovine serum albumin as standard. ApoB was 
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determined by means of immunonephelemetry using 
polyclonal antiserum from Behring (Rueil-Malmaison, 
France). 

bitrarily chose the physiological value (7.4). The addition 
of 1 mM EDTA'improved the preservation of the LDL in 
chromatographic fractions. We chose a flow rate of 1 

Density gradient fractionation 

The density of the native LDL and oxidized LDL was 
first raised to 1.040 g/ml by addition of solid KBr. Discon- 
tinuous density gradients were then made at room tem- 
perature in the RPS 40 T LKB 2333-206 rotor. KBr (4.5 
ml of 1.125 g/ml solution) was placed in the bottom of 
12.5-ml Beckman tubes (ref. 331374). The following solu- 
tions were then layered continuously: 3 ml of LDL con- 
taining up to 0.6 mg of protein at d = 1.040 g/ml, 2.5 ml 
of KBr solution at d = 1.024 g/ml, and finally 2.5 ml of 
KBr solution at d = 1.019 g/ml. Immediately after gra- 
dient construction, the tubes were centrifuged at 120,000 
g for 44 h at 4OC in a Kontron TGA 50 ultracentrifuge. 
All salt solutions contained 1 mM EDTA and their den- 
sities were verified with a precision densitymeter (Digital 
Densitymeter DMA 35, Instrulab, Austria). The gra- 
dients were fractionated with a density gradient fractiona- 
tor (Model 185, Isco, Lincoln, USA) by puncturing the 
bottom of the tube and upward displacement of the solu- 
tion using Fluorinert FC-40 liquid (Isco). The fractiona- 
tor was coupled to an LKB 2238 UVICOR 0511 detector 
and to an LKB 2212 HELIRAC fraction collector. Fifteen 
successive fractions of 0.75 ml were isolated from each 
gradient tube. To establish the density profile obtained, 
the concentration of potassium was determined with a 
flame photometer. Solutions of known density were used 
to draw a calibration curve. 

RESULTS AND DISCUSSION 

FPLC separation 

Under the described chromatographic conditions, five 
forms of LDL (fractions A, B, C, D, and E) were resolved 
after oxidation by copper for various times (Fig. 1). NaCl 
concentrations determined in collected fractions were 
lower than the theoretical NaCl concentration given by 
the elution program. The respective NaCl concentrations 
measured were as follows: fraction A (m = 145 mM, 
SEM = 0.9, n = 5); fraction B (m = 213 mM, SEM = 

1.3, n = 5); fraction C (m = 309 mM, SEM = 0.9, n = 

5); fraction D (m = 403 mM, SEM = 5.8, n = 5); frac- 
tion E (m = 498 mM, SEM = 3.6, n = 5). 

The chromatographic behavior of LDL was mainly due 
to apoB protein, because when LDL were delipidated the 
chromatographic pattern was qualitatively unchanged. 
No change in terms of retention time was observed when 
0.01 M Tris-HC1 buffer, pH 7.4, was replaced by 0.01 M 
phosphate buffer, pH 7.4. However, we preferred the 
former, since phosphate buffer accelerates LDL oxida- 
tion. We also investigated the influence of pH on the chro- 
matographic analysis. As pH (6.8, 7.4, and 8.0) did not 
affect the retention time of different LDL fractions, we ar- 

ml/min as the best compromise between the shortening of 
the analytical procedure and the quality of chromato- 
graphic separation. As the FPLC equipment does not 
have a column oven, the influence of temperature could 
not be studied. 

Analytical variables 

Precision. Within-day precision was assessed by replicate 
analysis (n = 10) of a mixture of native and copper- 
oxidized LDL. Coefficients of variation were calculated 
for each peak and the highest value was 8.6%. Day-to-day 
precision over a period of 15 days (10%) was only estab- 
lished using copper-oxidized LDL, because native LDL 
was observed as easily damaged. 

Selectivity. Fractions A and B overlapped on the chroma- 
tographic patterns obtained with HDL and VLDL, show- 
ing that it is essential to perform agarose gel electro- 
phoresis to verify the quality of LDL after ultracentri- 
fugat ion. 

Recovey. Levels of protein and cholesterol were com- 
pared before and after the chromatographic separation of 
both native and copper-oxidized LDL. Recoveries of na- 
tive LDL were 97% and 83%, respectively. After oxida- 
tion by copper (5 pM for 24 h at 37OC), recoveries were 
91% for protein and 82% for cholesterol. 

Detection limit. Absorbance was monitored with the 
same UV detector and recorded at the same time with 
both the FPLC integrator and the recorder. With a full 
scale of 0.020 on the UV detector, 1 pg apoB in a 0.5-ml 
injection can be integrated by the FPLC system. The de- 
tection limit, calculated as three times the height of the 
background signal determined with the recorder, was 0.5 
CLg. 

Linearzy. The response of the FPLC integrator re- 
mained linear in the range of 0.15-6.0 mg LDL pro- 
tein/ml for a 0.5-ml injection with a full scale from 0.02 
to 2.0 on the UV detector. Concentrations above 6 mg/ml 
were not studied. 

C a p a c i ~ .  The mono Q HR 5/5 column accepts about 20 
mg protein per injection and up to 2 ml of sample can be 
introduced via the loop. 

Practicabili+ More than a hundred samples can be ana- 
lyzed with the same column, with no significant change 
in the retention times. This method requires small sample 
quantities and takes less than 1 h for chromatographic 
separation. Nevertheless, only one sample at a time was 
chromatographed. Lipoproteins represent a major group 
of biomolecules that are likely to contaminate ion- 
exchange columns. It is thus necessary to wash the col- 
umn frequently with a detergent in acid solution (0.5% 
solution of Triton X 100 in 3 M acetic acid, overnight 
washing at a flow rate of 0.1 ml/min. Residual detergent 
can be removed by washing with 10 ml of 80% ethanol). 
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Fig. 1. Chromatographic patterns of LDL oxidized with 5 IM copper for various times. LDL were dialyzed against 0.02 M phosphate buffer, pH 
7.4, containing 0.15 M NaCl and adjusted to a protein concentration of 0.2 mglml. Vials containing 1 ml of LDL solution were placed at 37OC in 
a water bath and 5 WM of CuSO, was added. The oxidation was stopped at various times (numbers on right refer to time in hours) by addition of 
1 mM EDTA and 0.02 mM BHT (final concentrations). Oxidized LDL were then dialyzed against 0.01 M Tris-HC1 buffer, pH 7.4, containing 1 mM 
EDTA, and injected into the FPLC system. Numbers under chromatogram are percentages and letters refer to LDL fractions. 

Efect of sample collection and storage on LDL. We used 
plasma pools to prepare LDL in order to limit variations 
in the amounts of antioxidants present in the LDL 

samples. Indeed, Esterbauer, Quehenberger, and Jiirgens 
* (12) have shown that the sensitivity of native LDL to ox- 

idation varies greatly from donor to donor. Serum was not 
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used because free radical production during clotting can 
modify LDL. Preliminary studies showed that the percen- 
tage of fraction B was higher in native LDL when the pool 
was prepared from serum. We also observed a slight in- 
crease in fraction B both when the temperature during 
ultracentrifugation was too high and after dialysis against 
phosphate buffer in the absence of EIYTA. When LDL 
were immediately ultracentrifuged and chromatograph- 
ed, less than 5% of fraction B was recovered from most 
of the plasma pools used. No significant modification was 
observed when the plasmas were treated with 0.02 mM 
BHT, 0.04 mM 4-bromophenacyl bromide (phospho- 
lipase A2 inhibitor), or with complex preservatives such as 
those used by Avogaro et al. (6) and Yla-Herttuala et al. 
(13). All these preservatives were studied on LDL 
prepared immediately after sample collection. Doubts 
have been raised about lipophilic antioxidants (e.g., 
BHT) because they can remain partly bound to LDL 
molecules even after extensive dialysis, and thus disturb 
oxidation by copper or endothelial cells. We did not study 
storage of plasma before ultracentrifugation. The stability 
of concentrated native LDL (4-6 mg/ml) was very good 
(several weeks) in Tris-HC1 buffer, pH 7.4, at 4°C in 
darkness under nitrogen with 1 mM EDTA as sole preser- 
vative, contrary to diluted native LDL (0.2 mg/ml) which 
had to be chromatographed immediately. The stability of 
diluted oxidized LDL was better (up to 2 weeks). This 

may be because native LDL still contained unsaturated 
fatty acids susceptible to lipid peroxidation. 

Analysis of collected fractions 

Electrophoretic mobility on agarose gel (Table 1) and 
density distribution (Fig 2) increased progressively from 
fraction A to fraction E. The alteration of electrophoretic 
mobility could be due to an increase in the net negative 
charge of apoB, resulting from both the binding of lipid 
peroxidation products to the €-amino groups of lysine 
residues in apoB (neutralization of positive charges) and 
the opening of the heterocycle of proline and histidine by 
reactive oxygen species into glutamate and aspartate, 
respectively (2). The increase in the density of oxidized 
fractions was due to an altered lipid/protein ratio (14). 
This ratio decreased twofold from fraction A to fraction 
E (Table 1) as a result of the extensive loss of lipids in the 
oxidized fractions. There was a correlation ( 7  = 0.96) 
between the lipid/protein ratio and the density of the frac- 
tions. A decrease in total cholesterol content, significant 
from fractions C to E, was observed in the oxidized frac- 
tions. This loss was due to esterified cholesterol in fraction 
C and to both free and esterified cholesterol in the most 
electronegative fractions (D and E). The drop in choles- 
terol content could be due to the formation of oxidized 
sterols, recently studied by Zhang, Basra, and Stein- 
brecher (15), and not detected by our enzymatic assay. 

TABLE 1. Composition of modified LDL in chromatographic fractions 

Chromatographic Fractions 

Component A B C D E 

Total cholesterol" 3.24 f 0.13 3.11 + 0.21 2.55 f 0.21' 
Esterified cholesterol",* 2.34 f 0.11 2.18 f 0.18 1.78 f 0.18' 
Triglycerides" 0.51 f 0.11 0.40 f 0.05 0.43 f 0.22 
Phospholipids" 0.94 f 0.05 0.90 f 0.05 0.81 f 0.10 
Lipid/protein ratio' 2.48 + 0.15 2.38 f 0.18 1.94 f 0.25 
Lecithin/lysolecithin ratio 1.87 f 0.17 1.63 f 0.17 1.31 f 0.26 

Conjugated dienes' 0.43 f 0.06 1.42 + 0.15' 1.49 i 0.12* 
M D A ~  1.98 f 1.43 6.25 f 1.83 6.16 f 2.90 
REMS 1 1.70 f 0.24' 2.40 f 0.13' 

Vitamin Ed 9.38 f 0.11 0' 0' 

1.84 f 0.24. 1.51 f 0.21' 
1.31 + 0.26' 1.09 f 0.21' 
0.43 f 0.18 0.54 f 0.20 
0.58 f 0.11* 0.47 f 0.08* 
1.60 f 0.24* 1.36 f 0.09* 
0.77 i 0.20* 0.87 f 0.30' 

O* O* 
1.56 f 0.37' 0.56 f 0.34* 
6.49 f 1.40 3.00 f 2.00 
2.80 * 0.17* 2.90 f 0.35. 

LDL prepared by ultracentrifugation were dialyzed against 0.02 M phosphate buffer, pH 7.4, containing 0.15 
M NaCl and adjusted to a protein concentration of 2 mg/ml. CuSO+ was then added to a final concentration of 
50 PM (5 p ~ / O . 2  mg protein) and the vials were placed in a water bath at 37OC for various times. Oxidation was 
stopped by the addition of 1 mM EDTA and 0.02 mM BHT (final concentrations). Fraction B was isolated from 
oxidized LDL for 1.30-2 h, fraction C 6-7 h, fraction D 13-16 hand fraction E for 48 h. Fraction A did not undergo 
copper oxidation. LDL were then dialyzed against 0.01 M Tris-HCI, pH 7.4, containing 1 mM EDTA and injected 
into the FPLC system. Each isolated fraction was collected and analyzed; *P < 0.05 versus fraction A (Student's 
t test). Values given as mean i SEM, n = 5. 

"mmol/mg protein. 
'Esterified cholesterol was calculated as the difference between total and unesterified cholesterol. 
'Lipids are expressed in mg and calculated as the sum of total cholesterol, triglycerides and phospholipids. 
dnmoI/mg protein. 
'Absorbance/mg protein. 
'nmoI/mg protein. 
'Relative electrophoretic mobility (REM) was determined as the ratio of migration distance of oxidized LDL to 

native LDL. 
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Fig. 2. Density distribution of LDL in chromatographic fractions. For 
construction of the density gradient, the following solutions were layered 
in 12.5-ml tubes: 4.5 ml of KBr solution at density 1.125 g/ml. 3 ml of 
LDL fraction (raised to density 1.040 g/ml by addition of KBr), 2.5 ml 
of KBr solution at density 1.024 g/ml, and 2.5 ml of the same solution 
at density 1.019 glml. The tubes were immediately centrifuged at 
120,OOOg for 44 h at 4OC. The LDL forms were fractionated by punctur- 
ing the tube and collected. The potassium concentration was determined 
in the collected fractions to determine the density profile. The density 
values of LDL in chromatographic fractions were the following: fraction 
A, density: 1.031 glml; fraction B. density: 1.050 g/ml; fraction C, densi- 
ty: 1.068 g/ml; fraction D, density: 1.078 g/ml; fraction E, density: 1.086 
g/ml. 

The phospholipid content was also decreased, whereas the 
triglyceride content remained relatively steady. This can 
be explained by the fact that triglyceride assay only 
measures glycerol released by lipase activity and not fatty 
acids. The loss of these fatty acids present in triglycerides 

can be indirectly estimated by the lecithin/lysolecithin 
ratio which was decreased as early as fraction B and 
became significant from fraction D on. All these altera- 
tions concerning copper-oxidized LDL are well estab- 
lished and modify the biological properties of LDL (1, 2). 
With regard to lipid peroxidation products, the MDA- 
TBA content increased in oxidized fractions and a virtual 
plateau was reached with fraction B. The increase in 
MDA-TBA content in oxidized fractions was not signifi- 
cant relative to the fraction A value because the variability 
of MDA-TBA values was high. Concomitantly, vitamin E 
was entirely depleted as early as fraction B and values 
of conjugated dienes expressed in absorbance units at 233 
nm were significantly increased in all oxidized fractions. 
It is surprising that absorbance at 233 nm did not 
decrease, given the well-known lability of conjugated 
dienes. After prolonged oxidation, the 233 nm absorbance 
values would be due to the generation of degraded com- 
pounds showing UV absorbance in the 210-240 nm range 
via a number of extremely complex consecutive reactions 
(16). These compounds would then undergo a degrada- 
tion that could explain the significant decrease in UV ab- 
sorbance in fraction E. 

1 

Fig. 3. SDS-PAGE electrophoresis of LDL in chromatographic frac- 
tions. The LDL fractions were delipidated and heated under non- 
reducing conditions. Electrophoretic separation was carried out with 
Phast Gel gradient 4-15. The gel was silver-stained. Samples were ap- 
plied as follows: lane 1, fraction A; lane 2, fraction B; lane 3, fraction 
C; lane 4, fraction D; lane 5, fraction E. Each lane contained 7 pg pro- 
tein, except lane 5 which contained 3 pg protein. The arrow indicates 
the position of native apoB. Native apoB disappeared from lane 2, and 
higher molecular weight fragments appeared. Aggregated apoB was seen 
in the stacking gel (chiefly in lane 1) because fraction A was more sen- 
sitive to damage by the heating required for sample preparation. 
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Fig. 4. Degradation by murine peritoneal macrophages of '251-labeled 
LDL in chromatographic fractions. Murine peritoneal macrophages 
were incubated for 4 h at 37OC with 10 Fglml 1251-labeIed LDL and 
degradation was studied according to Goldstein et al. (8). Fractions R, 
C, D were, respectively, 1.3, 4.7, and 5.7 times more degraded than frac- 
tion A. Degradation of LDL in fraction E was not studied because the 
protein concentration in this chromatographic fraction was too low to 
allow labeling. Degradation is expressed in ng of labeled-LDLlmg cell 
protein. Values were the mean of duplicate determinations for each ex- 
periment. All the values were significantly different (P < 0.05) from the 
fraction A value (Student's f test). 

Investigation of chromatographic fractions by SDS- 
PAGE (Fig. 3) showed a main band of apoB in native 
LDL (lane 1). The bands observed below apoB may have 
arisen during LDL isolation. These bands did not appear 
with Coomassie blue coloration (data not shown). We 
observed a disappearance of native apoB from lane 2 and 

Fig. 5.  Typical chromatographic pattern of LDL modified by cultured 
endothelial cells in Ham-F10 medium. Cells (0.15 x lo6) were plated in 
1.9-cm2 wells. After 24 h, they were rinsed with Ham-F10 medium. LDL 
were dialyzed against 0.02 M phosphate buffer, pH 7.4, containing 0.15 
M NaCI, diluted to 0.2 mg proteinlml in FCS-free culture medium and 
added to the cells (1 ml of medium per well). After 24 or 48 h (the time 
of cell culture appears in upper left of figures), the medium containing 
LDL was removed and oxidation was stopped by the addition of 1 mM 
EDTA and 0.02 mM BHT (final concentrations). After dialysis, the 
sample was filtered and injected into FPLC system. LDL (cells - ) were 
diluted in culture medium and placed in cell-free wells in the same work- 
ing conditions as for endothelial cells. Control LDL were LDL dialyzed 
against 0.02 M phosphate buffer, pH 7.4, containing 0.15 M NaCl and 
stored for 24 or 48 h at 4OC. Because of LDL alterations in culture 
medium at 37OC, LDL (cells - ) was used for comparison. Cell oxidative 
activity was exhibited by a decrease in level of the least electronegative 
fraction and by an increase in the level of the most electronegative one. 
Numbers under chromatogram are percentages and letters refer to LDL 
fractions. 
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TABLE 2. Chromatographic modifications of LDL generated by 
cultured endothelial cells 

Chromatographic Fraction W 

Time n A B C 
~~ ~ ~ 

24 h 
LDL (cells - )  7 28.7 (10.6) 71.3 (10.6) 
LDL (cells + )  7 2.7 (2.7)' 96.4 (2.7)' 0.9 (0.6) 

48 h 
LDL (cells - )  9 97.3 (1.6) 2.7 (1.6) 
LDL (cells + ) 9 49.1 (10.8). 50.9 (10.8)' 

Working conditions were as described in the legend of Fig. 5. All con- 
trol LDL (LDL dialyzed against 0.02 M phosphate buffer, pH 7.4, con- 
taining 0.15 M NaCl and stored for 24 or 48 h at + 4%) used as native 
LDL contained more than 90% of fraction A. Values given as 
mean i SEM. 
*P < 0.05 versus LDL (cells - ) (Student's paired f test). 

the appearance of fragments of higher molecular weight. 
It is well known that during exposure of LDL to copper 
oxidation, lipid peroxidation products lead to self- 
aggregation of apoB (17, 18). During copper oxidation 
apoB also undergoes fragmentation (5, 19-21). Low mole- 
cular weight fragments were not apparent in Fig. 3 for at 
least two reasons: I) before SDS-PAGE, chromatographic 
fractions were dialyzed, and 2) the gel gradient used for 
electrophoresis did not allow these small fragments to be 
kept. However, loss of apoB fragments may have occurred 
because staining of oxidized fractions (lanes 4 and 5) was 
less intense. 

LDL fractions were also assayed for their rate of 
degradation by cultured mouse peritoneal macrophages. 
Fractions B, C, and D were degraded by macrophages, 
respectively, 1.3-, 4.7-, and 5.7-fold more than fraction A. 
(Fig. 4). 

Given the alterations observed in the lipid peroxidation 
product content, the SDS-PAGE electrophoresis pattern 
and LDL degradation by macrophages, form B cor- 
responded to a thoroughly oxidized form. This form 
would appear when endogenous vitamin E (and possibly 
other antioxidant molecules) is exhausted in LDL, as 
shown by Jessup et al. (22) during both macrophage- 
mediated and cell-free oxidation. However, our FPLC 
methodology did not allow us to determine the presence 
or absence of this oxidized form in vivo because ultracen- 
trifugation is a potential cause of oxidative alteration. 
However, if an oxidized LDL form is indeed present in 
vivo, its level would be lower than that reported by 
Avogaro et al. (5-20%) (6). 

Applications to the study of LDL modifications by 
cultured endothelial cells and the protective effect of 
antioxidants 

We studied LDL modifications in the presence and 
absence of endothelial cells in five different culture media 

(Ham-F10, M199, Hank's, RPMI 1640, and a MEM) and 
at various times (24 and 48 h) to establish optimal condi- 
tions. Maximal transformations were obtained with 
Ham-F10 medium after 48 h incubation. A typical chro- 
matographic pattern of LDL modified by cultured en- 
dothelial cells in Ham-F10 is presented in Fig. 5 .  It is well 
known that lipoprotein modifications are promoted by 
micromolar concentrations of copper or ion in the culture 
medium and that this process is ion concentration- and 
time-dependent (23). Among the five media tested, only 
Ham-F10 and M199 contain metal ions. In M199, LDL 
modifications generated by endothelial cells were less 
marked than in Ham-F10, because the former contains 
various antioxidant molecules (glutathione, ascorbic acid, 
and vitamin E). The type of cell culture medium was not 

TABLE 3. Protective effect of vitamin E and probucol on 
chromatographic LDL modifications generated by different 

cultured endothelial cell lines 

Concentration, p~ 
~ ~ ~ 

0 1 5 10 25 

Vitamin E 

A" 
B 27 44 37 65 82 
C 73 56 63 35 18 

A 40 58 
B 41 82 90 60 42 
C 69 18 10 

A 
B 10 17 48 100 100 
C 90 83 52 

Cell line 1 

Cell line 3 

Cell line 4 

Probucol 
Cell line 2 

A 
B 64 79 95 94 
C 100 36 21 5 6 

A 
B 10 25 40 71 81 
C 90 75 60 29 19 

A 
B 34 41 75 89 90 
C 66 59 25 11 10 

Cell line 4 

Cell line 5 

Concentrated solutions of vitamin E and probucol were freshly pre- 
pared in DMSO (final concentration 10 mM). Ten p1 of antioxidant so- 
lution at various concentrations was added to the LDL solutions (0.2 mg 
proteinlml) in the presence of endothelial cells (0.15 x lo6 ceUs/well) in 
Ham-F10 medium. After 48 h incubation, the reaction waa stopped by 
the addition of 1 mM EDTA and 0.02 mM BHT (final concentration). 
Oxidized LDL were then dialyzed against 0.01 M Tris-HCI, pH 7.4, con- 
taining 1 mM EDTA and injected into the FPLC system. The protec- 
tive effect of antioxidants was estimated by the decrease in the level of 
the most electronegative fraction and by increase in the least negative one. 
All control LDL (LDL dialyzed against 0.02 M phosphate buffer, pH 7.4, 
containing 0.15 M NaCl and stored for 24 or 48 h at + 4OC) used as na- 
tive LDL contained more than 90% of fraction A. Values represent the 
percentage of each fraction. 

"Letters (A, B and C) refer to the chromatographic fractions. 
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Fig. 6. Typical chromatographic pattern of LDL modified by copper 
in presence of probucol. A concentrated solution of probucol was freshly 
prepared in DMSO (final concentration 10 mM). Ten pl of probucol 
solution at various concentrations was added to the LDL solutions (0.2 
mg proteinhl; final concentration of DMSO: 1%) prior to the initia- 
tion of oxidation by copper (final concentration 5 pM). After 24 h in- 
cubation at 37OC, the reaction was stopped by the addition of 1 mM 
EDTA and 0.02 mM BHT (final concentrations). Control LDL were 
LDL dialyzed against 0.02 M phosphate buffer, pH 7.4, contain- 
ing 0.15 M NaCl and stored for 24 h at 4OC. A protective effect was 
observed at a concentration of 10 p ~ .  Numbers under chromatogram 
are percentages, letters refer to LDL fractions, and numbers in top right 
refer to final concentration of probucol in PM. 

the only source of variations in LDL modifications. Table 
2 gives data obtained with several endothelial cell lines 
treated under the same culture conditions. The variability 
observed may be due to the proportion and nature of an- 
tioxidant components in native LDL and the capacity of 
each cell line to promote modifications. In all our cell ex- 
periments, the modified LDL forms were fractions B 
andlor C. We never observed the appearance of fractions 
D and E, even when fraction C was introduced into the 
culture medium as native LDL. Lastly, because of the 
small quantity of LDL incubated with cells and the sam- 
ple dilution due to the chromatographic system, the pro- 
posed FPLC methodology was not suitable for the 
analysis of collected fractions. 

We also determined the ability of vitamin E and probu- 
col to protect LDL from oxidation by 5 p M  copper (24 h) 
and by cultured endothelial cells (48 h). The protective 
effect was estimated by the appearance of forms less elec- 
tronegative than in controls. A variability was also ob- 
served in the ability of antioxidants to protect LDL from 
oxidation by endothelial cells (Table 3). A protective 
effect against endothelial cell oxidation was perceptible at 
concentrations lower than in cell-free oxidation of LDL by 
copper for 24 h. In the latter conditions, vitamin E (up to 
25 p ~ )  had no protective effect, whereas probucol was 
protective at concentrations as low as 10 pM (Fig. 6) .  The 
better protective effect against cell-oxidation could be 
because endothelial cell-mediated oxidation was less 
strong than copper oxidation. Indeed, the more elec- 
tronegative forms (fractions D and E) were never ob- 
served after cell-mediated oxidation, and vitamin E had 
a protective effect when the cell-free oxidation lasted only 
6 h (data not shown). 

CONCLUSION 

The Pharmacia FPLC system has previously been used 
to analyze plasma lipoproteins. For example, the frac- 
tionation of total lipoproteins to VLDL, LDL, and HDL 
(24, 25), as well as HDL subpopulations (26) and 
isoforms of Lp[a] (27) has been performed using a gel 
permeation column. Based on anion-exchange chromato- 
graphy, the FPLC procedure described here provides a 
new methodology for the separation of several forms of 
charge-modified LDL. Contrary to most HPLC systems, 
the FPLC system consists of biocompatible material that 
avoids potential alterations of LDL by metals during the 
chromatographic separation. Our methodology is faster 
(less than 1 h for chromatographic separation) and re- 
quires small sample quantities and is thus particularly 
suitable for cellular investigations, as well as in vitro phar- 
macological studies. I 

T h e  authors thank Mrs. D. Pierre for her expert technical 
assistance. 
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