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Decomposition of lipid hydroperoxides enhances the uptake of
low density lipoprotein by macrophages®
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This study examined the roles of low-density lipoprotein (L.LDL) lipid oxidation and
peroxide breakdown in its conversion to a form rapidly taken up by mouse perito-
neal macrophages. Oxidation of the LDL without decomposition of the hydroperox-
ide groups was performed by exposure to gamma radiation in air-saturated solu-
tions. Virtually complete decomposition of the hydroperoxides was achieved by treat-
ment of the irradiated LDL with Cu>® under strictly anaerobic conditions. No uncon-
trolled LDL uptake by macrophages occurred when the lipoprotein contained less
than 150 hydroperoxide groups per particle. More extensively oxidized LDL was
taken up and degraded by mouse macrophages significantly faster than the native
hpﬂgmwm . The uptake was greatly enhanced by treatment of the oxidized LDL with
cu'. A significant proportion of the LDL containing intact or copper-decomposed
LDL hydroperoxide groups accumulated within the macrop! without further
degradation. Treatment of the radiation-oxidized LDL with Cu”" was accompanied
by aggregation of the particles. Competition studies showed that the oxidized LDL
was taken up by macrophages via both the LDL and the scavenger receptors,
whereas the copper-treated lipoprotein entered the cells only by the scavenger path-
way. Phagocytosis also played an important role in the metabolism of all forms of the
extensively modified LDL. Our results suggest that minimallv-oxidized LDL is not
recognized by the macrophage scavenger receptors unless the lipid hydroperoxide
groups are decomposed to products able to derivatize the apo B protein.
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Modification of human LDL by certain reac-
tive compounds [1-3], oxidation [4-5], or ag-
gregation [6, 7] has been convincingly shown
to convert native LDL into forms, capable of
entering macrophages by their scavenger re-
ceptors and inducing massive accumulation
of cholesterol. In vive, the generation of most
of the modified forms of LDL is believed to de-
pend on oxidation of its unsaturated lipids,
followed by the modification of apo B lysine
residues by aldehydes generated during sub-
sequent peroxide decomposition [8, 9]. The
major source of the oxidants are monocyte
macrophages and smooth muscle and endo-
thelial cells in the arterial walls releasing a
range of reactive molecules and free radicals
which initiate LDL lipid oxidation directly or
with the participation of transition metals
[10].

The process of recognition of modified LDL
by the cellular receptor depends on the altera-
tion of the protein component of the particle,
and there is evidence that oxidation of the apo
B can occur in the absence of lipid oxidation
and is sufficient to generate LDL recognized
by the macrophage scavenger receptors [11].
In practice, it is not usually possible to evalu-
ate the relative contributions of the oxidation
and peroxide decomposition to the formation
of atherogenic LDL; LDL oxidation is simu-
lated in vitro most commonly by incubation
under aerobic conditions with low concentra-
tions of Cu®” or with cells in presence of metal
ions, when both the formation and break-
down of lipid peroxides occur [12]. However,
such differential evaluation may be important
not only for the understanding of the mechan-
ism of LDL modification, but also for poten-
tial selective therapeutic interference with ei-
ther oxidation or peroxide breakdown.

The use of ionizing radiation to oxidize the
LDL offers the opportunity to study lipid oxi-
dation in virtual absence of decomposition.
This approach showed that hydroperoxides
were generated in irradiated LDL most read-
ily by the HO® free radical in the presence of
0s, followed by OH3, with superoxide radical

giving only sufficient oxidation to stimulate
further peroxide formation by Cu®' [13].
However, exposure of the LDL to radiation-
generated radicals did not result in its conver-
sion to the form taken up by the macrophage
scavenger receptors. The authors suggested
that formation of this modified LDL may re-
guire catalytic decomposition of the LDL lipid
peroxides by redox-active metals, but they did
not study this proposition.

The aim of the present study was to examine
separately the effects of LDL lipid oxidation
and hydroperoxide breakdown on its uptake
by macrophages. Oxidation of LDL without
significant peroxide decomposition was
achieved by exposing air-saturated aqueous
solutions of the lipoprotein to hydroxyl radi-
cals generated by gamma radiation. Decom-
position of the hydroperoxides was achieved
by treatment with Cu®' in absence of oxygen,
when no new peroxide groups could be gener-
ated. The results show that peroxide decom-
position does play an important role in forma-
tion of atherogenic forms of the LDL.

MATERIALS AND METHODS

All chemicals were of analytical grade and
purchased from BDH Chemicals (Sydney,
Australia), Sigma (St. Louis, MO, U.S.A)),
AJAX Chemicals (Sydney, Australia), or
Merck (Darmstadt, Germany). Cell culture
medium, fetal calf serum, penicillin, strepto-
mycin and heparin were obtained from Gibeo
Lahoratories (Grand Island, NY, U.5.A.). Cy-
tochalasin B was purchased from Sigma (St.
Louis, MO, U.8.A.). Na!®*I was obtained from
Amersham (U.K.).

Lipoprotein preparation. Whole blood
was obtained from healthy subjects by
venipuncture and collected in tubes with
EDTA (1 mg/ml) as anticoagulant. LDL was
isolated from the freshly drawn plasma using
a Spinco-Beckman ultracentrifuge equipped
with SW-41 rotor, according to the method of
Redgrave et al [14]. After separation, the
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lipoprotein samples were dialyzed for 24 h at
4°C against three changes of 200 volumes of
0.15 M NaCl buffered with 2 mM phosphate
pH 7.4, deoxygenated by continuous bubbling
with argon. EDTA, 1 mg/ml, was present
throughout the isolation procedure except for
the last change of the dialysis buffer. After di-
alysis, the lipoprotein samples were sterilized
by filtration through a 0.45 gm membrane
and stored until use for not longer than one
week. Acetylation of the LDL was performed
by sequential addition of acetic anhydride [1].
The LDL was labeled with 2’1 to a specific ac-
tivity 200-300 c.p.m./ng protein by the io-
dine monochloride procedure [15].

LDL oxidation and peroxide decomposi-
tion. The lipoprotein solution containing 1
mg/ml protein in buffered 0.15 M NaCl was
exposed to y radiation from a ¥°Co source at a
dose rate of 50 Gy/min at room temperature
(1 Gy = 1J of energy absorbed per kg). Imme-
diately following irradiation the LDL samples
were incubated with catalase (0.02 mg pro-
tein/ml) for 10 min to remove radiolytically
generated H90y. Decomposition of the LDL
hydroperoxides was performed as follows.
The irradiated LDL (0.91 mg/ml) solution
was flashed with argon for 3-5 min. CuCly
was then added to a final concentration of 20
uM, the mixture immediately flashed with ar-
gon for 20 min and then incubated under ar-
gon atmosphere for 10-19 h. The incubation
was stopped by the addition of EDTA, to 100
4M final concentration and cooling on ice.
When required, prior to the addition of the
oxidized LDL to macrophages, the samples
were concenirated by ultrafiltration in
Centricon-30 microconcentrator (Amicon,
Danvers, MA, U.S.A.) to 2-3 mg/ml and ster-
ilized by filtration through 0.45 um filter.
Measurement of the hydroperoxides was per-
formed by a modification of the tri-iodide as-
say [16], adapted for aerobic conditions as de-
scribed elsewhere [17]. All measurements
were made in duplicates which differed by
less than 5%.

Uptake and accumulation of LDL cho-
lesterol by macrophages. Mouse resident
macrophages were isolated by peritoneal la-
vage, and 1.5 X 108 cells were put into each
well of 24-well dishes in Dulbecco’s modified
Eagle medium containing 100 units/ml peni-
cillin, 100 units/ml streptomycin, and 10
units/ml heparin. After 2 h incubation, non-
adherent cells were removed by washing the
wells four times with the medium without
heparin. All incubations of the LDL with
macrophages were carried out in 0.5 ml of the
medium which contained the antibiotics and
either 5% of LDS and 100 ug/ml LDL (in cho-
lesterol accumulation experiments), or 10%
fetal calf serum and 20 ug/ml of 1%°Llabeled
LDL (for the determination of LDL uptake).
At the end of incubations (15 h in cholesterol
accumulation and 20 h in experiments with
125L1DL) the medium was removed and the
cells were washed 3 times with phosphate-
buffered saline. Free and esterified choles-
terol was extracted from the cells by isopropa-
nol and measured by enzymatic assay [18].
No detectable amounts of cholesterol were
found in cell-free parallel control incubations.
In experiments with '**LLDL, 0.4 ml of the
culture medium was removed, mixed with
0.08 ml of BSA (30 mg/ml) and 0.8 ml of ice-
cold 3 M trichloroacetic acid and centrifuged
at 1600 g for 10 min at 4°. AgNO4 (0.2 ml, 0.7
M) was then added to the samples and the
centrifugation step was repeated. A 0.5 ml
sample of the iodidefree acid-soluble super-
natant was removed and its radioactivity de-
termined. The washed macrophages were
lysed in 0.5 ml of 0.2 M NaOH for at least 20
min and assayed for protein and radioactivity
content.

Other methods. For the determination of
thiobarbituric acid reactive substances
(TBARS), 100 ul of the LDL sample was
mixed with 300 ul of 20% trichloroacetic acid
and 300 ul of 0.67% thiobarbituric acid. After
incubation at 80° for 1 h, the samples were
centrifuged and the absorbance of the super-
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natant read at 532 nm. Freshly prepared ma-
lonaldehyde tetramethyl acetal solution was
used as a standard and the results were ex-
pressed in units of malondialdehyde equiva-
lents. Agarose gel electrophoresis was carried
out in a Titan Gel Chamber, using Titan Gel
Lipoprotein Kit (Helena Laboratories, Aus-
tralia) according to the manufacturer’s in-
struction manual. Protein was determined by
the Lowry method [19] with BSA as standard.
Electron microscopy of LDL samples, nega-
tively stained by phosphotungstic acid, was
performed as described by Forte and Nord-
hausen [20].

RESULTS

In agreement with numerous previous stud-
ies, we confirmed that aerobic incubation of
human LDL with 20 M Cu®' resulted in its
oxidation, with formation of hydroperoxides,
TBARS and an increase in anodic electropho-
retic mobility (not shown). The yields of hy-
droperoxides and TBARS reached a maxi-
mum after approx. 15 h of incubation and
then gradually decreased. In the course of oxi-
dation, the LDL progressively acquired the
ability to induce cholesterol accumulation in
mouse macrophages. Irradiation of LDL with
gamma rays also led to its oxidation, assayed
by the reaction with iodide [16], and increase
in TBARS content, as reported earlier [13).
We found considerable variability in the oxi-
dizability of LDL samples isolated from differ-
ent individuals, but in each case the TBARS
values were proportional to the length of irra-
diation and to the amount of authentic perox-
ide generated. However, the ratios of TBARS
to hydroperoxides in each irradiated sample
were 10-20 times lower than the correspond-
ing values for LDL oxidized by Cu?*, suggest-
ing that the metal induced significant perox-
ide breakdown as well as formation.

The effect of LDL hydroperoxide breakdown
on LDL modification was studied by incubat-
ing LDL oxidized by irradiation with Cu®* un-

der anaerobic conditions. This prevented the
formation of new peroxides. The results (Fig.
1) show that the metal greatly accelerated the
loss of the hydroperoxide groups when com-
pared to copper-free controls. The decomposi-
tion was retarded by low temperatures and
EDTA.

The relationship between the amount of ra-
diation energy absorbed and the formation of
LDL hydroperoxides and TBARS before and
after anaerobic Cu®* treatment are shown in
Fig. 2A. Since the radiation dose was directly
proportional to the length of the irradiation,
these experiments provided kinetic data. The
results do not allow estimation of the usual
lag period in hydroperoxide formation [17]
because relatively large radiation doses were
employed. High TBARS readings were ob-
tained in the presence of both high and low
peroxide levels, showing that TBARS values
are not a valid assay of hydroperoxide levels
when the conditions favor peroxide break-
down. The results also show the very high effi-
ciency of Cu?' as catalyst of hydroperoxide
breakdown. Although significant amounts of
hydroperoxides formed in the LDL immedi-
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Figure 1. Spontaneous and catalyzed anaerobic
decomposition of LDL hydroperoxides.

The initial hydroperoxide concentration generated by
gamma radiation was 0.19 gmol/mg protein. The lines
show: W, 0.1 mM EDTA, 4°C; A, 37°C; @, 20 uM
Uu2+. arc.
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Figure 2. The effect of radiation on the formation and uptake of ox-LDL by macrophages.

The results were normalized to 1 mg LDL protein per ml of solution. A. LDL was oxidized by radiation and the hy-
droperoxides assayed by two methods before and after anaerobic decomposition with Cu®'. Line A, iodide assay, no
copper; line B, TBARS, no copper; line C, TBARS, 20 uM copper; line D, iodide assay, 20 M copper. B. The uptake
of total and esterified cholesterol by macrophages from ox-LDL. Line E, total cholesterol from ox-Cu-LDL; line F,
total cholesterol from ox-LDL; line G, free cholesteral from ox-Cu-LDL: line H, free cholesterol from ox-LDL.

ately on irradiation, it required radiation
doses of 700-1000 Gy to convert it to a form
causing cholesterol accumulation in macro-
phages (Fig. 2B). These doses generated
300-400 nmol hydroperoxide and 15-17
nmol TBARS per mg of LDL protein. Large
radiation doses, in excess of 1000 Gy, were
able to cause the LDL to be taken up by
macrophages at increasing rates even in the
absence of copper. However, for any given hy-
droperoxide concentration, the uptake of both
free and esterified cholesterol was greatly en-
hanced by treatment with the metal (Fig. 2B).
The incubation of ox-LDL with Cu®* produced
ultimately a fourfold increase in cholesterol
accumulation.

An attempt was made to establish the mini-
mum amount of hydroperoxide whose decom-
position converted the LDL into the form av-
idly taken up by the macrophages. Results ob-
tained with LDL samples from three different
subjects are shown in Fig. 3. The amounts of
decomposed peroxides were estimated from
the difference between peroxide levels before
and after incubation with copper. Each sam-

ple showed an initial period in which there
was no enhanced macrophage uptake, fol-
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Figure 3. The effect of sample origin on LDL cho-
lesterol accumulation.

Mouse macrophages were incubated with modified
LDL isolated from 3 different subjects. The LDL was
oxidized by radiation and 80-100% of the hydroperox-
ides decomposed by treatment with Cu”" in the absence
of oxygen.
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lowed by a rapid increase at when higher
amounts of copper-decomposed hydroperox-
ides were present. The results also show a
large variability between the samples in the
length of the lag and in the amount of LDL
cholesterol accumulated by the cells exposed
to a given amount of decomposed hydroperox-
ides. For these and other samples studied, no
increase in LDL uptake was ever observed un-
til the level of decomposed peroxides reached
at least 0.3 ymol/mg of LDL protein, Study of
the processing of the ox-LDL by macrophages
showed that a considerable proportion of the
1251 Jabeled ox-LDL and ox-Cu-LDL taken up
by the cells was present as undegraded, cell-
associated lipoprotein (Fig. 4). In agreement
with the results obtained from measurements
of cell cholesterol accumulation (Fig. 2B), the
ox-LDL was taken up by the cells at much
higher rates after exposure to the Cu®’. In the
40 h incubation, some of the native LDL was
degraded by the macrophages, but no accu-
mulation could be detected. The process of ox-
Cu-LDL uptake was apparently saturable.
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Figure 4. Processing of native, ox- and ox-Cu-LDL
by macrophages.

The ox-LDL contained initially 0.63 gmol hydroperox-
ide/mg LDL protein; this was decomposed by 20 uM
Cu®* to form ox-CuLDL. Open symbols, degraded
LDL; closed symbels, cell-associated LDL. Lines A and
B, 0x-Cu-LDL; lines C and D, ox-LDI; lines E and F, na-
tive LDL.

We observed that the copperinduced an-
aerobic decomposition of LDL hydroperox-
ides was accompanied by aggregation of the
particles. This was quantitated by measuring
the absorbance of the lipoprotein solution at
680 nm (Fig. 5A). Although the Aggo in-
creased only slightly in the course of irradia-
tion, subsequent incubation with Cu?* pro-
duced significant increase of absorbance val-
ues for any radiation dose absorbed. This rise
was closely reflected by increasing cholesterol
accumulation in the macrophages (Fig. 5B).
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Figure 5. Correlation of the aggregation and up-
take of oxidized LDL.

LDL was peroxidized to different levels by radiation
and the ox-Cu-LDL derived from it by copper treat-
ment. Particle aggregation was monitored at 680 nm.
Panel A: circles, absorbance readings; squares, hydro-
peroxide levels in ox-LDL (filled squares) and in ox-Cu-
LDL (open squares). Panel B: cholesterol esters accu-
mulated in macrophages incubated with ox-Cu-LDL
(filled triangles} and ox-LDL (open triangles).
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Figure 6. Aggregation of oxidized LDL,

Negatively stained native (A), ox-LDL (B) and ax-Cu-
LDL (). The ox-LDL received 2000 Gy of gamma ra-
diation and its hydroperoxide content was (.9
pumol/mg protein. In ox-Cu-LDL the hydroperoxides
were decomposed with 20 uM Cu”'. The bar corre
sponds to 100 nm.
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Table 1. The mode of uptake of oxidized LDL
by macrophages.

The ox-LDL and ox-Cu-LDL (20 tg/ml) were added to
the macrophages alone (control samples) or in the
presence of 200 ug/ml native LDL (n-LDL), 200 j¢g/ml
acetylated LDL, or 10 ug/ml of cytochalasin B. The ox-
LDL contained 0.8 4M lipid hydroperoxide. The re-
sults are averages of two sets of measurements,

Sample U et
ox-LDL + nLDL 54
ox-Cu-LDL + n-LDL 100
ox-LDL + ac-LDL 4
ox-Cu-LDL + ac-LDL 36
ox-LDL + eytochalasin B 45
ox-Cu-LDL + eytochalasin B 48

Under the electron microscope, the negatively
stained ox-Cu-LDL was seen as aggregates of
relatively heterogeneously sized particles
(Fig. 6). The proportion of aggregated mate-
rial and size of the aggregates progressively
increased with the dose of radiation and de-
gree of oxidation of the LDL. The radiation
oxidized LDL did not aggregate significantly
if not exposed to Cu?”, although some forma-

tion of particles larger than the native LDL
could be observed.

To investigate the routes of uptake of ox-
LDL and ox-Cu-LDL, we measured the ability
of native or acetylated LDL to inhibit their
degradation by the macrophages (Table 1).
Native LDL was unable to inhibit the degrada-
tion of ox-Cu-LDL, whereas a 10-fold excess of
acetylated LDL inhibited by 656%. In the same
set of experiments the role of phagocytosis in
the uptake process was tested by the addition
of eytochalasin B to the macrophage culture
medium, This led to a 50% reduction of the ox-
Cu-LDL uptake, The degradation of ox-LDL
was inhibited by both the native and acety-
lated LDL and by cytochalasin B. Separate
tests showed that the dimethylsulfoxide used
as a solvent for cytochalasin B had no effect
on the lipoprotein degradation.

The ability of Cu®* to decompose LDL hy-
droperoxides with concomitant generation of
its high uptake form suggested that iron could
produce similar effect. The results (Table 2)
demonstrate that free and chelated iron in-
duced the decomposition of radiation-
peroxidized LDL with varying effectiveness.
The extent of LDL modification, as shown by
cholesterol accumulation in macrophages,

Table 2. Ox-LDL breakdown and conversion to the high uptake form by iron.

LDL oxidized by radiation was incubated with the reagents listed in absence of oxygen for 17 h at 37°C. Results of
uptake by macrophages are from triplicate experiments. The hydroperoxide and TBARS concentrations were nor-
malized to mg LDL protein; cholesterol esters concentrations are given per mg of cell protein.

LDL sample Hydmp_eruxide TBARS _ Cholesterol esters taken up
(umol/mg) (nmol/mg) (ug/mg)
Native LDL 0.0 0.8 32+04
Ox-LDL 0.704 16.0 2.3 0.7
Ox-LDL incubated with:
20 M FeS0, 0.97 14.2 115.2 + 204
FeS50, + 80 uM EDTA 0.533 10.1 4.1+ 0.6
FeSO, + 80 uM citrate 0.266 14.4 13.8 + 1.8
FeSO, + 80 uM ADP 0.192 13.0 63.1+ 39
2 uM FeS0, + 10% LDS 0.540 7.2 34:08
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was even greater than that produced by Cu®".
Free Fe’* was the most effective form of the
metal. Lipoprotein deficient serum (LDS) or
EDTA added to the incubation solution con-
taining peroxidized LDL and Fe?* inhibited
LDL modification almost completely and
greatly reduced the decomposition of the hy-
droperoxides.

DISCUSSION

The use of ionizing radiation to generate
LDL lipid hydroperoxides and metals to de-
compose them has allowed us to study sepa-
rately the role of each in the formation of
atherogenic forms of LDL. This approach ex-
tended the work of Bedwell et al. [13] on the
action of defined free radicals on LDL, which
showed that formation of hydroperoxides is
not sufficient to produce uncontrolled uptake
of the lipoprotein by macrophages. Other
studies have shown that irradiation of LDL in
agqueous solutions leads to lipid oxidation
which inereases linearly with radiation dose,
after an initial lag period imposed by the pres-
ence of antioxidants [13, 17]. No significant
peroxide decomposition occurs during the ir-
radiation, providing the system contains no
transition metals able to react with organic
hydroperoxides. Many studies have con-
firmed that the exposure of unoxidized LDL
to Cu®" is insufficient to change it to a form
avidly taken up by macrophages [12]. Reac-
tions between the hydroperoxide groups and
the radiation-generated HO® free radicals
causing the lipid oxidation have very low
probability because of the huge excess of
other potentially reactive groups in the LDL
particles. Experimental proof of this is pro-
vided by the linear relationship between ra-
diation dose and the amount of oxidation
[17]; any peroxide breakdown during irradia-
tion would be detected as a gradual decrease
in its rate of formation.

The standard TBARS assay detects princi-
pally one lipid peroxide decomposition prod-

uct formed before or during the assay [21]. In
absence of metal ions, the stability of the LDL
hydroperoxides was shown by the 10-20
times lower levels of TBARS in samples per-
oxidized by radiation when compared with
LDL oxidized to similar extent by Cu®*. The
TBARS found in irradiated samples were
probably formed by thermal decomposition of
LDL lipid peroxides, mainly during the assay
procedure, The ability of Ccu®' to decompose
LDL hydroperoxides (Fig. 1) agrees with
other reports demonstrating rapid break-
down of organic peroxides in the presence of
cupric ions [22]. However, even a relatively
brief incubation of the peroxidized LDL with
no added Cu®" at 37° produced significant hy-
droperoxide breakdown. In these incubations
no confusion could arise from simultaneous
generation of new hydroperoxides, because
oxygen was excluded. Both ox-LDL and ox-Cu-
LDL induced cholesterol accumulation in
macrophages, although the former was much
less effective. This result can be reconciled
with the report that LDL oxidized by radia-
tion in the absence of Cu®" is not taken up by
macrophages at higher rate than native LDL
[13] by the much larger (approx. 10-fold)
amounts of LDL peroxides initially present in
our irradiated samples. It is unlikely that the
radiation doses employed in this study di-
rectly modified the apo B protein, causing the
LDL to be converted to the high-uptake form.
Although the protein is located largely at the
particle surface, it constitutes only 20% of its
mass., The hydroxyl free radicals responsible
for the peroxide formation [13] attack the
LDL randomly, with little chance of inducing
the highly specific changes to the apo B amino
acids required for recognition by the macro-
phage scavenger receptors [12].
Experiments with LDL isolated from several
subjects demonstrated that the degree of
modification of the ox-Cu-LDL depended not
only on the radiation dose and peroxide con-
centration, but also varied significantly be-
tween individuals. Thus, in vivo the formation
of atherogenic LDL may not depend solely on
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the extent of decomposition of its hydroperox-
ides. Presumably the crucial step is modifica-
tion of the apo B amino acids by aldehydes re-
leased in peroxide breakdown [8). This is
likely to depend on the initial composition of
the LDL lipids, effectiveness of the antioxi-
dants present, the spectrum of aldehydes pro-
duced, and structural features of the particles
which may facilitate or inhibit reactions be-
tween the aldehydes and amino acids. Aggre-
gation of the oxidized LDL may play an im-
portant role in these events (Fig. 5). Which-
ever of these variables will be ultimately
shown to play a decisive role, the results
shown in Fig. 3 suggest that at least 150 hy-
droperoxide groups per LDL particle had to
be formed in order to render it recognizable
to the scavenger receptors of the macro-
phages.

The oxidized LDL, whether treated with
Cu®* or not, stimulated mainly the accumula-
tion of esterified rather than free cholesterol
(Fig. 2B). Copper-oxidized LDL is more resis-
tant to intracellular degradation by macro-
phages than acetylated LDL [23]. Our data on
the kinetics of ?°I-ox-LDL and 2%Lox-Cu-
LDL uptake by the cells demonstrated that
these modified lipoproteins are metabolized
similarly, with a large proportion of the inter-
nalised '2°1abeled LDL accumulating with-
out further degradation (Fig. 4). Oxidation of
LDL by irradiation and subsequent treatment
with Cu®" converted the lipoprotein into the
more negatively charged form (data not
shown). This is a common observation with
LDL oxidized in presence of metal ions and is
due to the loss of charges on lysine residues
reacting with aldehydes released by lipid hy-
droperoxide breakdown [24]. Aggregation has
also been reported for radiation-oxidized LDL
[13]. Formation of most of these aldehydes
does not require the presence of oxygen [25].
Aggregation of the ox-Cu-LDL particles can be
due to several causes. Free radicals generated
during decomposition of lipid peroxides can
damage proteins [26]. The anaerobic condi-
tions employed here would favor crosslinking

rather than scission of the polypeptide chains
[27], generating inter- and intraparticle
bonds. Direct damage to the protein compo-
nent of the LDL during irradiation can lead to
denaturation and exposure of hydrophobic
residues on the protein surface, further facili-
tating aggregation [28]. The oxLDL was
taken up by macrophages via both the LDL
and the scavenger receptors, whereas the ox-
Cu-LDL uptake involved only the latter (Table
1). Phagocytosis also played an important
role in the metabolism of both forms of the
modified lipoproteins. For ox-Cu-LDL this
was consistent with its aggregation. The in-
volvement of the native LDL receptor in ox-
LDL uptake can be explained by the compara-
tively low degree of modification induced in
the early stages of the LDL oxidation. It is in-
teresting to note that macrophages incubated
with minimally peroxidized LDL or ox-Cu-
LDL consistently contained slightly less cho-
lesterol than cells incubated with native the
LDL (Figs. 2, 5). A similar effect was reported
previously [13]. It seems likely that low levels
of oxidation produced a heterogeneous popu-
lation of particles, some largely unaltered,
and others modified to some extent. The
modified population might no longer be rec-
ognized by the LDL receptor, so that the
macrophages would take up overall a smaller
amount of cholesterol. Further oxidation
would produce more extensive LDL modifica-
tion with a population of particles increas-
ingly recognized by the macrophage scaven-
ger receptors. Iron (Fe2* and Fe®') was more
efficient than Cu®" in modifying the ox-LDL,
but not in decomposing the LDL hydroperox-
ides (Table 2). Differences in the localization
and number of binding sites for Cu®* and iron
could explain these observations. The high ef-
ficieney of hydroperoxide decomposition
shown by Cu®" (Figs. 1 and 2A) indicates that
the reactive groups generated by the irradia-
tion are located at sites readily accessible to
the metal, near the surface of the particles.
This is not surprising, because the hydroxyl
radicals responsible for the oxidation are too
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reactive to penetrate below the LDL surface.
The inhibition of the hydroperoxide decompo-
sition and ox-LDL modification by EDTA and
LDS (Table 2) is consistent with the known
ability of these agents to prevent LDL modifi-
cation [12].

Taken overall, our results confirm that sev-
eral variables determine the rate of uptake of
oxidized LDL by macrophages. One is the de-
gree of oxidation of the particles, and another
the extent of hydroperoxide decomposition.
LDL, oxidized to the small extent of 150 hy-
droperoxide groups or less on average, is not
taken up by the cells any more readily than
native LDL, regardless of the presence of
Cu®'. In fact, the uptake is slightly reduced.
Higher levels of oxidation lead to increased
uptake which is dramatically enhanced by de-
composition of the hydroperoxide. However,
even in the absence of added metals, some
peroxide decomposition occurs and the modi-
fied LDL is taken up. Extensively modified
LDL populations are likely to contain a mix-
ture of particles whose relative abundance de-
pends on the history of the sample: unaltered
LDL, LDL characterized by high anodic mo-
bility, and particle aggregates. Thus, for more
extensively modified LDL samples, the up-
take of cholesterol by macrophages involves
the LDL receptors as well as the scavenger re-
ceptors, and phagocytosis. These observa-
tions may be relevant to ischemic events in
vivo, where oxygen may be largely absent, es-
pecially if chelated transition metals able to
decompose lipid hydroperoxides are avail-
able.

We acknowledge gratefully the advice and
practical help with labeling experiments
given by Dr. Wendy Jessup.
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