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Cross-linking of apolipoproteins is involved in a loss of the ligand activity
of high density lipoprotein upon Cu**-mediated oxidation
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A recent study demonstrated that Cu**-mediaied oxidation of high density hpoprotein (HDL) resulted in a loss of the capacity to reduce chalesterol

from macrophage foam cells [(1991) Proe. Natl, Acad. Sci. USA 8B, 6457-64611 In the present study we characterized the physicochemeal

properties of oxidized HDL and correlated them with the ligand activity towdrd the HDL receptor. Amoug them. the cross-linking of apolipopro-

1eins and an inerease in hpid peroxides were eharactenstic and closely similar to those of letranitrometharne-treated HDL, an abortwe ligand for

the HDL receptor. Cellular experiments with murine peritoncal masrophages revealed that both the cellular bindingactivity of HDL and ns capacily

to enhance cholesterol elflux from macrophage foam cells were murkedly reduced upon oxidation These results suggest that cross-inking of HDL
dpolipoproiens 1s involved in the loss of the ligand acuvity of oxidized HDL.

Hiah densily lipopiotein; Apolipoprolein; Chemical modificaiion; Cholesterol efflux; Oxidation

1. INTRODUCTION

The early lesions of atherosclerotic plaques are char-
acterized by macrophage-derived foam cells {1]. Recent
immunohistochemical studies demonstrated the pres-
ence of chemically modified low density lipoprotein
(LDL) in atherosclerotic plaques in vivo [2], and oxi-
dized LDL isolated in situ from human lesions could
induce cholesteryl ester (CE)-accumulation in human
monocyte macrophages in vitre [3], suggesting that an
oxidative mechanisrn may be operative in the develop-
ment of atherosclerosis [4). In contrast to oxidized L.DL,
no evidence is available for the existence of oxidatively
modified high density lipoprotein (HDL) in vivo, How-
ever, it was recently reported that Cu?-mediated oxida-
tion of HDL reduced its capacity to ¢enhance cholesterol
efflux from macrophage foam cells [5]. Although studies
are needed to demonstrate oxidized HDL in vivo, it
would be interesting to know how oxidative modifica-
tion of HDL could affect the capacity of cholesterol
efflux.

Although the HDL receptor is being characterized
{6-8], the most crucial issue is whether the receptor, or
the specific ligand binding is functionally correlated
with the cholesterol efflux phenomenum [9-11]. To an-
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swer this, chemically modified HDLs with no or a re-
duced ligand activity for the HDL receptor would be
desirable. Among several modifications tested, treag-
ment with tetranitromethane {TINM) [12,.3] and chemi-
cal cross-linkers [14,15] successfully led to a loss of the
ligand activity. Qur previous experiments using rat mac-
rophage foam cells showed that the capacity of HDL to
reduce cellular CE was markedly weakened upon treat-
ment with TINM or a chemical cross-linker, dithiobis-
succinimidyl propionate, suggesting a functional link of
the specific binding to the HDL.-mediated cholesterol
effiux [L1].

During the course of our study on this issue we en-
counterad the above mentioned report that the cholest-
erol efflux capacity of HDL was significantly reduced
upon Cu**-mediated oxidation {5]. Since previous stud-
ies indicate that the cross-linking of HDL apolipopro-
teins is important in the loss of its ligand activity [12-
15), we reasoned that similar cross-linking of apelipo-
proteins might also be inveolved in Cu**-mediated oxida-
tion of HDL, The present study was undertaken io
characterize the physicochemical features of oxidized
HDL and correlate them with the ligand activity of
HDL. The results support our contention.

2. MATERIALS AND METHODS

2.1, Lipoprotewn modyfication

Human LDL (d == 1 019-1.063) and HDL (d = 1.063-1.21) were
wolaled by sequential ultracentsrifugation and traces ol apolipoprolein
B and E were removed from HDL by a hepanin-agarose column [16]
Afer exlensive dialysis against PBS to remove EDTA, HDL (0.1
mg/ml) was incubated for 24 h at 37°C with 5 g M CuS0Q,. The reaction
was termunated both by | mM EDTA dnd cooling, followed by dialysis
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Fig. 1. Agarose (left) and SUS-polyacrylamide gel (right) electrophoresis of oxidized HDL. (Left panel) HDL (A), oxidized MDL (B) and

TNM-HDL (C) (5 ug) were electrophoresed on an agarose gel The arrowhead shows ihe origin and the arrow s.1ows the direction. (Rl panel)

HDL (A), oxidized HDL (B) and TNM-HDL (C) (10 tg) were clecirophoresed on a pradient (4-20%) SDS-polyacrylanmide gel. Molecular mass
(arrowheads) 15 mdicated in kDa,

against 0.15 M MaCl and | mM EDTA {pH 7.4) (17]. To prepare
TNM-HDL. 1.5 mg/ml of DL was treated with 3 mM TNM [13].
Acelyl-LDL wuas prepared as described [16] Thiobarbituric acid reac-
tive substuances (TBARS) levels of modified HDLs were measured [17].
ledination of HDL by '**I was performed as deseribed [15),

22, Cellelar assayps

Peritonenl macrophages were collected Irom non-stimulaied female
DDBY mice (25-30 g) and suspended in Dulbeceo’s modified Eagle’s
medium contaiming 3% bovine serim albumin, streptomyein (O 1 mg/
ml} and penicillin (100 U/ml) (obufler A) [15], For uptake siudies, cells
(! x 10°) in suspension were incubated at 37°C for 90 mjn 1n 0.1 ml
of buffer A with 5 ug/ml of {'*IJ{DL in the absence or presence of
the unlabeled HDL or modified HDLs 1o be tested. The cells were
waslied and the cell-assecinted radioactivity was determined [15}, The
cholesterol eflux from macrophuges was assayed as described previ-
ausly [11]. Periteneal cells (3 » 10%) were dispersed to each culture dish
and macrophage monolayers thus obtained were used for the stdy.
Cells were fiLst converied Lo foam cells by mcubating far 12 h with 50
upg/ml acetyl-LDL. After a 6-h equilibration with buffer A, cells were
further incubated for 24 h with 250 yg/ml of HDL, oxidized HDL or
TNM-HDL, and cellula: lipids were extracted as deseribed 11,15}
The hipid extracts were determined both for CE and total cholesterol
mass levels by a modification [1 1] of the enzymic fluorometric methad
of Hewder und Boyeit [18]. The cells after lipid extraction were dis-
solved in 0.1 M NaOH to deterimine cell proteins [11],

3. RESULTS

The mobility of oxidized HDL significantly increased
upon agarose gel electrophoresis (Fig. 1, left). A parallel
run of TNM-HDL also showed an almost similar in-
crease in electrophoretic mobility, suggesting that an
increase in net negative charge is a common feature
araong oxidized HDL and TNM-HDL. Upon SDS5-
PAGE, unmodified HDL exhibited a major apolipopro-
win A-I band, with minor apelipoprotein A-1I and
apolipoprotein C bands (Fig. 1, right). When HDL was
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treated with Cu*" or TNM, the apolipoprotein A-l
bands disappeared but broad bands of high molecular
weight emerged, suggesting that intermolecular ¢ross-
linking occurred Lo HDL apolipoproteins (Fig. 1, right).
TBARS levels of oxidized HDL and TNM-HDL simi-
larly increased 4.5-fold and 6.4-fold higher than that of
unmodified HDL, respectively (Fig. 2), suggesting that
frec radical intermediates may play an important role
in the modification of HDL with TNM and Cuy** as
well. Thus, these results taken together indicate that
TNM-HDL and oxidized HDL share common physico-
chemical properties.

The ligand activity of oxidized HDL was determined
by its effect on the cell association of ['*[)JHDL to per-
itoneal macrophages. Excess unlabeled HDL competi-
tively inhibited the association of ["*IJHDL to these
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Fig. 2. TBARS level of oxidized HDL and TNM-HDL. The amounis
of lipid peroxides were determined with 0.5 mg of each lipoprotein.
Duta represent the mean value = 3.D. (n = 3).
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Fig. 3. Effect of oxidized HDL ou celluiar association of [‘®1)HDL

Mouse macrophages (1 = 10° cells) were incubated at 37°C for 90 min

with 5 0 gg/ml of ['"*IJHDL with or without the indicated concentra-

tions ol unbibeled HDL, oxidized HDL or TNM-HDL, and the cell-

assacialed radioactivity was determined. The 100% value was 10.9
nmolf10° cells. The deviation was less than 555.

cells (>70%), whereas TNM-HDL had no effect on it,
suggesting that the binding capacity of HDL might be
abolished by treatment with TMM (Fig. 3). Oxidized
HEDL also did not exhibit an inhibitory effect on the cell
association of ["**IJHDL. Thus, it is evident that Cu**-
mediated oxidation of HDL leads to reduction of the
ligand activity for the HDL receptor, as was abserved
with TNM-HDL [12,13].

Fig. 4 shows the effect of oxidized HDL on macro-
phage foara cells. Cells were first converted to feam cells
with acetyl-LDL and then incubated with oxidized
HDL. The CE level of foam cells was reduced by 47%
by unmodified HDL, whereas the reducing effects of
oxidized HDL and TNM-HDL were less than 5% (Fig.
4A). On toial cholesterol mass (free cholesterol plus
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CE), HDL. also showed a significant reducing effect (by
429), whereas both oxidized HDL and TNM-HDL had
much weaker effects (by less than 109%), indicating that
the capacity of HDL to enhance net cholesterol efflux
from macrophage foam cells was markedly diminished
when modified with Cu®* or TNM. This result is consis-
tent with previous reporis on oxidized HDL [5] and
TNM-HDL [i1]. When non-loaded macrophages were
incubated with 250 ug/ml oxidized HDL or TNM-
HDL, an increase in cellular CE levels was less than 10
nmol/mg cell protein (data not shown), indicating that
these modified HDLs per se were unable to induce CE
accumulation. Since the ligand activity for the HDL
receptor was abolished both with oxidized HDL and
TNM-HDL (Fig. 3), it was suggested that the specific
binding of HDL might be functionally correlated with
the capacity of cholesterol efflux from macrophage
foam cells.

4. DISCUSSION

The present study demonstrated that the significant
loss of the ligand activity of HDL towards the HDL
receptor upon Cu**-mediated oxidation is due to cross-
linking of HDL apolipoproteins, particularly of upoA.-
I. This notion was supported by previous reports that
cross-linking of apolipoproteins observed with oxidized
HDL was extremely similar tc TNM-HDL., an abortive
ligand for the HDL receptor [12,13}. The capacity of
HDL to promote cholesierol efflux from macrophage
foam cells was significantly reduced upon oxidation, a
similar behavior to HDL when modified with TNM
(Fig. 4). Thus, the finding that both oxidized HDL and
TNM-HDL share these physicochemical and biological
properties is taken as strong evidence for the presence
of a functional link between the HDL receptor and
cholesterol efflux from macrophage foam cells.

Nagano et al. observed that a 24-h incubation of 2.5
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Fig. 4. Chelesterol efflux by oxidized HDL from macrophage foam ceils. Mouse macrophages (3 » 10° cells) were incubated for 12 h with 50 ug/ml
acotyl-LDL. Alter a 6-h equilibration in buffer A, celly were further wncubated for 24 h with 250 zg/mit of HDL, oaidized HDL or TNM-HIDL.
Cellular CE mass (A) and total cholesterol mass (B) were determined.
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mg/m) of HDL with 5 gM of Cu*" resulted in the total
disappearance of apoA-I bands [5]. In the present study,
apoA-l bands indeed disappeared but cross-linking
products of high molecular weight became visible,
whereas the complete fragmentation of HDL apoiipo-
proteins could not be observed (see Fig. 1). Thus, it is
likely that the ligand inactivation of HDL by Cu**-
mediated oxidation could not simply be ascritod to
fragmentation per se, but largely to cross-linking of
apolipoproteins. The finding that HDL did not undergo
complete fragmentation with CuSQO, suggests that HDL
might be more resistant to oxidative modification than
LDL. In this context, we have previously reported that
HDL particles containing apoA-1 but not apoA-ll
(LpA-I} had a strong inhibitory effect on the Cu*-medi-
ated oxidation of LDL, suggesting the pos:ibility that
HDL might inhibit generation of atherogenic lipopro-
teins in vivo [17].

It is well known that oxidized LDL is recognized and
endocytosed by the macrophage scavenger receptor [2].
If this was the case with oxidized HDL, it could supply,
rather than remove, cholesterol from foam cells, so that
a reducing effect on CE could be weakened. However,
when non-loaded macrophages were incubated for 24 h
with 250 ug/ml of oxidized HDL, the increase in the
cellular CE level was less than 10 nmol/img cell protein
{data not shown), which would largely be explained by
the non-specific cell association of oxidized HDL. Thus,
it is unlikely that oxidized HDL could induce a signifi-
cant CE accurnulation in macrophages. This notion
would be supported by the observation by Martha-
sarathy et al. [19] that oxidized HDL did not apparently
behave as a ligand for the scavenger receptor. Thus, the
loss of the capacily of oxidized HDL to reduce cellular
CE might be attributable to the reduction in cholesterol
efflux capacity rather than to an increase in CE accumu-
lating capacity. Although TNM-HDL was reported to
be recognized by the scavenger receptor of rat liver
endothelial cells [20], its contribution to CE accumula-
tion in macrophages was also negligible [11].

During preparation of Lhis manuseript, the HDL
binding protein or a putative HDL receptor was cloned
[21]. Further characterization of this protein would pro-
vide a functional insight into the mechanism for the
HDL receptor-mediated chelesterol effiux from cells.
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