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Lipid Peroxidation of Low Density Lipoprotein by Human
Endothelial Cells Modifies its Metabolism in vitro
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Low density lipoprotein (LDL) undergoes qualitative changes when incubated with
endothelial cells. Changes in LDL induced by cultured human endothelial cells were
associated with release of substances reacting to thiobarbituric acid; they were prevent
ed by addition of EDTA. Modification of LDL by human endothelium, therefore,
appears to involve lipid peroxidation. Proneness of LDL to this process was indicated
by its ocurrence, to a smaller extent, on incubation in the absence of endothelium.
Lipid peroxidation of LDL altered its electrophoretic mobility. Modified LDL, but
not native LDL, was readily catabolised by human macrophages. Conditioning by
human endothelium increased the rate of fractional catabolism of LDL in rabbits.
If lipid peroxidation of LDL takes place in vivo it may promote conversion of macro
phages to lipid-laden foam cells in the developing atheromatous plaque.
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Lipid peroxidation may play a causal
role in certain pathological processes (5)
and some authorities have implicated it
more widely, in ageing, cancer, athero
sclerosis and many other diseases (9, 27).
In the course of studies on human ath
erosclerotic plaques and low density lipo
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protein (LDL) extractable from them we
have obtained evidence that lipid peroxi
dation can occur in LDL, both as a lab
oratory artifact and as a consequence
of their exposure to human endothelial
cells.

An important component of the ath
erosclerotic plaque is lipid containing
foam cells derived from macrophages (3).
LDL is believed to be a major source of
the cholesteryl ester present in plaques
(4) particularly in subjects with elevated
levels of this lipoprotein in plasma. Yet
it is unclear by what mechanisms the
macrophages of the plaque acquire LDL
cholesterol; unlike arterial smooth mus
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cle, fibroblasts and many other cells, in
which LDL mediates its uptake, macro
phages do not posses such receptors (7).
However macrophages show avid recep
tor mediated uptake of LDL that has
been modified chemically, and exposure
to altered LDL can lead to their con
version to foam cells (7).

Recently a notable series of papers by
Henricksen et al. (10-12) has drawn
attention to a possible basis for analogous
formation of modified LDL in vivo; in
cubation of native LDL with endothelial
cells yields a product with increased elec
trophoretic mobility that is readily taken
up by macrophages. LDL extracted from
atheromatous plaques has greater elec
trophoretic mobility than plasma LDL
(14); conceivable, therefore, LDL may
be modified by endothelial cells or other
cells in vivo permitting its rapid uptake
by macrophages and leading to foam
cell formation.

In studies directed to the further char
acterisation of human plaque lipopro
teins, the occurrence of lipid peroxida
tion of LDL was noted during incuba
tions in vitro. Related studies have re
cently been presented (26). The present
report confirms those studies which em
ployed rabbit endothelial cells and mouse
macrophages. It extends the findings
by showing similar results when human
cells were used; finally the effect of lip
id peroxidation of LDL on its metabo
lism in laboratory animals in vivo is
herein reported.

Materials and Methods

Human and rabbit LDL were isolated
from plasma at density 1.019-1.063 g/ml
by sequential preparative ultracentrifu
gation (19). They were dialysed against
5.000 volumes of saline solution at pH 7.4
without or with EDTA (1 m’M). Lipo
protein-deficient serum (LPDS) was ob
tained from human plasma by ultracen

trifugation at density 1,21 g/ml; its cho
lesterol concentration was about 0.08
mmol/1. Human and rabbit LDL were
labelled with 125I by the method of Mac-
Farlane(17).

Human endothelial cells were isolated
from umbilical cord veins by the method
described by Jaffe et al. (15). Cells
were cultured in T-25 flasks. The culture
medium was HAM F-10 supplemented
with HEPES, glutamine, penicillin, strep
tomycin and 20 % of fetal calf serum.
After 3-6 days the cells reached con
fluence and were ready for use.

Human monocyte-derived macrophag
es were obtained from whole blood, iso
lated as described by Boyum (2) and
plated in 60 mm Petri dishes at a con
centration of 0.5 X 10° cells per dish.
The medium used was RPMI-1640 sup
plemented with 10% of autologous se
rum. After 5 days they were incubated
for 18 hours in medium containing 10 %
LPDS and used for the experiments.

All culture mediums were purchased
from gib co.

Endothelial cell-conditioned LDL
(EC-LDL) was prepared as described by
Henricksen et al. (11) using a concen
tration range of LDL of 100-200 Mg
protein/ml serum-free HAM F-10 me
dium. LDL was incubated in the pres
ence of human endothelial cells for pe
riods of 6-48 hour, usually 24 hours.
A further aliquot of LDL was incubated
in identical conditions except for the ab
sence of cells. This is referred to as me
dium-incubated LDL (M-LDL). In some
incubation experiments the medium was
supplemented with 10% LPDS or whole
human serum. The procedure was fol
lowed using other culture media with dif
ferent metal ion concentrations (Dulbec-
co’s MEM, RPMI-1640, M-199) and
saline solution. Incubations in presence
of EDTA 0.1-2 mM were also carried
out.

Acetylation of LDL was carried out
with acetic anhydride (1).
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Electrophoresis in agarose gel was per
formed by standard methods using Sudan
red to stain (23).

Thiobarbituric acid reacting substanc
es were used as a mesure of lipid per
oxidation and were assayed by the meth
od of Yagi (29).

Degradation of LDL or modified LDL
by macrophages was measured by count
ing 125I-labelled trichloroacetic acid sol
uble radioactivity in the medium after
incubation (6). Macrophages were incu
bated with varying concentrations of la
belled EC-LDL, M-LDL or native LDL
at 37 °C for 4 hours. In competition
studies 25 Mg/ml of unlabelled native
LDL and acetyl-LDL were added along
with 10 Mg/ml of labelled LDL to the
incubation mixture. Cell protein was
measured by the method of Lowry (16).
Results were expressed as ng of LDL
protein degraded/4 h/mg cell protein.

In kinetic studies in male New Zea
land white rabbits the metabolism of na
tive and modified LDL using a double
isotope procedure was compared. Ali
quots of rabbit LDL were labelled with
125I or with 131I respectively. The 125I-
LDL was incubated with endothelial cells
or cell-free culture medium at a protein
concentration of 60 Mg/ml. 131I native
LDL was used as the control. Imme
diately before injection labelled EC-LDL,
M-LDL and native LDL were dialysed
overnight against 2,500 volumes of buf
fered saline at pH 7.4 containing 1 mM
of EDTA. The amounts of thichloroace-
tic acid-soluble radiactivity of the sam
ples before injection were less than 3 %.
Two rabbits were injected with mea
sured amounts of 125I-EC-LDL and 131I-
native LDL at a time and two other rab
bits with 123I-M-LDL and 131I-native
LDL.

Blood samples were drawn at 10 and
30 minutes and at 1.5, 3, 4, 5, 7, 24 and
30 hours. 123I radioactivity was counted
in whole plasma. The fractional catabolic 

rate (FCR) was calculated by the method
of Mattheus (18).

Statistical significance was assessed
using the unpaired t test.

Results

Electrophoretic mobility. Both EC-
LDL and M-LDL showed greater elec
trophoretic mobility than native LDL.
EC-LDL mobility was 119% greater
than that of native LDL and that of M-
LDL was 53 % greater than that of na
tive LDL (fig. 1). No modification oc
curred when EDTA 0.5 mM was added
to the medium. LDL incubated in saline
showed no change. The presence of
LPDS or whole plasma in the medium
also inhibited modification by endothelial
cells or cell-free medium. Similar modi
fications were induced by cell-free Dul-
becco’s MEM and RPMI-1640 media
but not by M-199 medium.

'1 2 3 4 5 6 7 8

Fig. 1. Electrophoretic mobility of native and
modified low density lipoprotein.

LDL electrophoretic mobility in agarose gel
was assayed after 24 h of incubation in dif
ferent conditions. After incubation with endo
thelial cells (2 and 5) LDL run 20.8 ± 1 mm
from origin (mean ± SEM). With cell-free
medium 14.5 ± 0.9 (1, 3 and 6). Control LDL
(4, 7 and 8) run 9.5 ± 0.7 (p < 0.001 versus

EC-LDL and M-LDL).
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Table II. Lipid peroxidation products (TBA-
reacting substances) in the medium of modified
and unmodified LDL, as malondialdehyde equiv

alents (means ± S.E.M.).
Aliquots of human LDL were assayed for lipid
peroxidation products after 24 h incubation in
the presence of endothelial cells and with cell-
free medium (CFM) and with or without EDTA.

* p < 0.02 vs control LDL.

Incubation conditions N nmol/ml

Control 8 1.2 rt 0.40
+ endothelial cells 6 4.1 ± 0.90*
+ cell-free medium 7 2.9 ± 0.30*
+ CFM + EDTA
0.5 mM 2 1.2 dz 0.03

Electrophoretic mobility was studied
after incubation for periods of 6-48
hours; increased mobility appeared at
18 h and increased with duration of in
cubation; it was independent of the pres
ence of antibiotics, fungizone, gluta
mine, HEPES, bicarbonate or glucose in
the medium. No modifications were ob
served when samples were incubated at
4 °C in HAM F-10 medium.

Thiobarbituric acid reacting substanc
es (TBA). EC-LDL and to lesser ex
tend M-LDL had a greater amount of
TBA reacting substances than native LDL
(table I). Formation of TBA reacting
substances was completely inhibited by
the presence of EDTA during the incu
bation.

Density. Less than 30 % of modified
LDL was present in the top fraction fol
lowing ultracentrifugation at a back
ground density of 1.063 g/ml compared
with an average of 97 % for native LDL.

Degradation of LDL by macrophages
(fig. 2). Degradation of EC-LDL was
considerably greater than that of native
LDL; M-LDL showed an intermediate
rate of degradation. The degradation of
EC-LDL was inhibited by the presence
of acetyl-LDL (—45 %, —49 % respec
tively) but less by unlabelled native LDL
(—11 %, —10% respectively).

Kinetic studies in the rabbit. It was
confirmed that rabbit LDL underwent
modification during incubation in the
presence of endothelial cells and in the
presence of cell free HAM F-10 medium;
rabbit EC-LDL and M-LDL increased
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Fig. 2, Degradation by monocyte-derived ma
crophages of endothelial cell-modified low den
sity lipoprotein (EC-LDL), culture medium —
modified low density lipoprotein (M-LDL) and

native low density lipoprotein.

Table II. Fractional catabolic rate (FCR) of
,:SI-EC-LDL and Uil-M-LDL compared with u,l-
native LDL (Mean±S.E.M.) of two experiments).
Two rabbits were injected with “I-EC-LDL
plus “lI-native LDL and other two with “I-
M-LDL plus H1I-native LDL. FCR was cal
culated from the plasma radioactivity decay

curve.

FCR (pools/h) % change

Rabbits 1 and 2
EC-LDL
Natlve-LDL

Rabbits 3 and 4
M-LDL
Native-LDL

0.152 ziz 0.019
0.126 ± 0.006

0.160 ziz 0.009
0.147 ± 0.013

-J- 21

+ 9
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their electrophoretic mobility by 63 %
and 37 % respectively after 22 h of in
cubation. After injection into rabbits, the
FCR of EC-LDL was 21 % greater, and
that of M-LDL was 9 % greater than
that of native LDL (table II). Comparing
the disappearance curves, the major dif
ference was seen to be the steeper slope
of the first of two exponentials.

Discussion

The studies suggest that human endo
thelial cells can modify the composition
of LDL by a mechanism involving lipid
peroxidation. They confirm and extend
observations recently reported by Stein-
brecher et al. (26), using rabbit endo
thelium. The significance of these quali
tative changes in LDL is the possibility
that they underlie one of the characteris
tic features of the atherosclerotic plaque,
namely the formation of lipidladen foam
cells when modified LDL is taken up
by macrophages (3). LDL was shown to
be susceptible to lipid peroxidation by
Schuh et al. (25), which was supported
in the present study by occurrence of this
reaction even when the lipoprotein was
incubated with culture media such as
HAM F-10 in the absence of cells. How
ever the extent of lipid peroxidation
was considerably enhanced in the pres
ence of human or rabbit endothelium
(26); but unlike plasma LDL the endo
thelium-modified product readily under
went receptor —mediated uptake by hu
man macrophages.

Modification of LDL by endothelial
conditioning was shown to involve lipid
peroxidation by the generation of thio
barbituric acid reacting substances; fur
ther evidence was the inhibition of the
reaction by chelation of divalent metalic
ions by addition of NaEDTA to the me
dium. HAM F-10 induced e greater lipid
peroxidation possibly because of its great
Fe2t and Cu2+ concentration. Lipid per

oxidation involves the reaction of polyn-
saturated fatty-acids with a free radical
initiator, forming a lipid —free radical
intermediated that reacts in turn with
oxygen (28). The process is catalyzed
by Fe2* and Cu2+ (8). It is involved in
physiological conditions (27). Among dis
orders that predispose to atherosclerosis,
diabetes has been associated with abnor
mal lipid peroxidation (22); and plasma
obtained from men immediatly after
smoking is citotoxic for cultured meso
thelial and endothelial cells, producing
morphological changes very similar to
those caused by lipid peroxidation (24).

LDL cytitoxicity has been attributed
to lipid peroxidation (13, 20).

These results suggest that modification
of rabbit LDL accelerated its catabolism
in rabbits, possibly reflecting its uptake
by a selective pathway other than those
by which LDL is cleared. Modified LDL
injected into rats shows an enhanced
fractional catabolic rate (21).

If lipid peroxidation is found to occur
in vivo the present findings, like those
of Steinbrecher et al. (11) suggest that
this process may play a role the devel
opment of the atherosclerotic plaque.
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Resumen

Cuando se incuban lipoprotelnas de baja
densidad (LDL) en presencia de celulas cndo-
teliales humanas se producen cambios cuali-
tativos asociados a la liberaci6n de sustancias
quo rcaccionan con ftcido tiobarbiVurico, no
produciendosc si sc anade EDTA al medio
de cultivo, sugiriendo quo sc produce pcroxL
dacion lipidica de las particulas durante el
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proceso. La tendencia de las LDL a su pero-
xidacion se demuestra porque el mismo fen6-
meno ocurre, en menor grado, con su incuba-
ci6n en ausencia de cSlulas. La peroxidaci6n
lipidica de las LDL incrementa su movilidad
electrofor6tica. Las LDL modificadas son r&-
pidamente captadas y metabolizadas por los
macrdfagos no ocurriendo as! con las norma
les. Las LDL condicionadas por endotelio tam-
bi6n muestran un aumento de su fracci6n
catabolica en conejos.
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