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SUMMARY: Mild oxidation (<6h) of human high density lipoprotein (HDL)
induced by incubation with copper ions increased its thiobarbituric acid reactivity,
decreased its phospholipid content, increased its free cholesterol to phospholipid
ratio and reduced its ability to mediate cholesterol efflux from cells. While protein
modification did occur with further oxidation (>12h), diminished efflux of cell
cholesterol was apparant for HDL samples without increased electrophoretic
mobility or altered apolipoproteins. Thus, reduced cholesterol efflux to mildly
oxidized HDL may reflect changes in its lipids rather than its apoproteins. By
limiting cholesterol removal from cells, any mild oxidation of HDL which might
occur in vivo could contribute to cellular cholesterol accumulation. ¢ 199¢ academic

Press, Inc.

High density lipoprotein (HDL) is correlated with decreased risk of
atherosclerosis (1,2) and it is believed that this is because of its ability to
stimulate removal of cholesterol from peripheral cells and transport this
cholesterol back to the liver for excretion (reverse cholesterol transport) (3,4).
Cellular cholesterol efflux, the first step in reverse cholesterol transport, is
governed in part by the aqueous diffusion of cholesterol from the plasma
membrane and association with HDL particles in solution (3,4). In certain
systems HDL may associate with a putative receptor, stimulating translocation of
cholesterol from intracellular pools to the cell surface and enhancing efflux (5,6).
In these systems it is the primary apoprotein of HDL, apo Al, which is thought to
mediate the association of HDL with the putative receptor.

HDL has other effects on lipid metabolism as well. For example, HDL
inhibits the oxidation of low density lipoprotein (LDL) when present in a co-
incubation (7) and ameliorates the cytotoxicity of previously oxidized LDL (8,9) in
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vitro. Since it has been widely speculated that oxidized LDL may contribute to the
development of the atherosclerotic plaque (10,11), this is another means by which
HDL may protect against atherosclerosis.

In contrast to oxidized LDL, for which there is evidence that oxidation occurs
in vivo (12,13), there is no evidence as yet that oxidation of HDL occurs in vivo.
However, in in vitro studies, HDL has been reported to be both more and less
resistant to oxidation than LDL (14,15). Extensive copper-induced oxidation or
chemical modification of apo Al reduces efflux of cellular cholesterol to that HDL
(16,17). In addition, oxidized HDL is reported to inhibit de novo cholesterol
biosynthesis in fibroblasts (18) and to induce and promote platelet aggregation
(19).

The present studies are the first to examine the changes in chemical
composition and function of HDL upon mild, copper-stimulated, oxidation. They
show that mild oxidation of HDL alters the lipid composition of the HDL and
reduces its ability to mediate efflux of plasma membrane cholesterol even without
an alteration in its apoproteins.

MATERIALS AND METHODS

Human HDL3 (1.12<d<1.21 g/ml) was isolated by sequential
ultracentrifugation from fresh human plasma as described previously (20). To
oxidize HDL, ethylene diaminetetraacetic acid (EDTA) used during preparation
was removed by overnight dialysis against deaerated phosphate-buffered saline,
then copper sulfate was added to HDL3 (adjusted to 1.5-3 mg protein/ml) to a final
concentration of 4 uM. The reaction was stopped after the indicated times by the
addition of 2 mM EDTA and 50 uM butylated hydroxytoluene (BHT). The relative
electrophoretic mobility was measured using 0.5% agarose gels (Beckman Lipo
gels). The extent of oxidation was monitored by the thiobarbituric acid assay (in
duplicate) as described before (TBARS, 9). HDL lipids were extracted according to
Bligh-Dyer (21), then assayed for phospholipids (in triplicate) by the method of
Sokoloff and Rothblat (22) and total and free cholesterol (in duplicate) according to
Gamble et al. (23), with esterified cholesterol calculated by difference; HDL
protein was measured (in duplicate) by the Markwell modification (24) of the
Lowry method . Apo Al was measured by denaturing polyacrylamide gel
electrophoresis (SDS-PAGE) and by a commercial immunoturbidometric assay
(Raichem TM, Reagents Applications, San Diego, CA).

FubAH cells, a rat hepatoma cell line, were employed to examine the efflux
of plasma membrane cholesterol to HDL3 using procedures established in this
department (25). Several days after plating in 6 well plates, cell cholesterol
(primarily plasma membrane cholesterol, 26) was radiolabelled by exposure to
medium containing 5 % fetal bovine serum and 0.1 pCi/ml {14Clcholesterol (4-
(14C]cholesterol, NEN) followed by equilibration overnight in medium containing
0.2% bovine serum albumin (BSA). In some experiments, the free cholesterol
content of cells was increased by pretreatment of cells for 24 h with lipoprotein-
deficient medium followed by exposure to dispersions of free cholesterol and
phosphatidylcholine in a molar ratio of 2:1 (100 pug phospholipid/ml) with 1 uCi/ml
[14C]cholesterol as described previously (27). Cells were then washed twice with
PBS, and the experimental media containing 0.2% BSA plus the various HDL
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samples, adjusted to a final concentration of 300 or 500 ug protein/ml, were added.
Esterification of cholesterol was inhibited throughout by the presence of Sandoz
compound 58-035 (1 ug/ml). All experiments used triplicate wells per group and
included a control group with no HDL. During incubation at 37°C, samples of the
medium were removed at various times, centrifuged to remove any cell debris and
aliquots were taken for liquid scintillation counting. Cell lipids were extracted by
isopropanol at the end of the incubation and aliquots were taken for liquid
scintillation counting.

RESULTS

Table 1 shows the time course of HDL oxidation and resulting changes in
chemical composition (up to 12h exposure to 4uM copper at room temperature). In
initial experiments, the extent of oxidation per particle generated by this oxidation
protocol was less for HDL samples than for comparably treated LDL samples
(data not shown). With increasing time of oxidation, there was a slight decrease
in total cholesterol content (6% in 12 h), with minimal change in the free
cholesterol content; phospholipid content decreased by 44% over the same time
period, leading to almost a doubling in the free cholesterol or total cholesterol to
phospholipid ratio. Only the oxidized HDL exposed to copper for 12 h showed an
increase in electrophoretic mobility or polymerization of apo Al by SDS-PAGE

TABLE 1. HDL oxidation and changes in its chemical composition

Time of oxidation (h)
0 3 6 12

TBARS (nmol/mg chol) 0.0 0.3 1.7 3.6
Electrophoretic Mobility 1.0 1.0 1.0 1.2
CONCENTRATIONS (ug/ml)

Protein 1520 1490 1500 1470

Phospholipid 625 630 420 348

Total Cholesterol 510 516 500 480

Free Cholesterol 151 149 150 146
RATIOS (w:w)

TC:PROTEIN 0.34 0.35 0.32 0.31

PL:PROTEIN 041 0.42 0.28 0.24

FC:PL 0.24 0.24 0.36 0.42

TC:PL 0.82 0.82 1.20 1.40

HDL was oxidized for the times indicated as described in Methods then assayed
for TBARS, electrophoretic mobility on agarose relative to non-oxidized HDL,
protein, phospholipid and free and total cholesterol contents as described in
Methods. Data are representative of three such experiments.
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TABLE 2. Phospholipid content in HDL lipid extracts

Lipoprotein Extract phase Phospholipid Content
(ug phosphorous/ml)
HDL organic 40845
aqueous 516
oxidized HDL (12h) organic 27347
aqueous 12716

HDL was oxidized as described in Methods and the lipids, in triplicate samples
before and after oxidation, were extracted. Phosphorous content was determined
in both the organic phase (phospholipid) and in the aqueous phase of the extracts.
Data are means £ S.D. for the triplicate samples.

(data not shown). Samples oxidized for < 6h, i.e., "mildly" oxidized HDL, exhibited
no increase in electrophoretic mobility, apo Al polymerization and unaltered
immunoreactive apo Al (data not shown). In other experiments, when BHT (20
uM) was added to HDL prior to exposure to copper, no change in cholesterol or
phospholipid content was detected (data not shown).

The most dramatic compositional change detected during the mild oxidation
of HDL was the apparent loss of phospholipid and this was enhanced in HDL
oxidized for 12 h. Since the phospholipid assay measures inorganic phosphorous
content, to account for the apparent loss in phospholipid, the phosphorous content
in both the organic and aqueous phases of the lipid extract of oxidized (12 h) and
non-oxidized HDL samples was measured. As shown in Table 2, the phosphorous
apparently lost in oxidized HDL was recovered in the aqueous phase of the lipid
extract, presumably due to conversion of phospholipid to a more polar form.

The rat FuSAH hepatoma cell line was used to study the effect of mild
oxidation of HDL on its ability to mediate cholesterol efflux; these cells were
chosen because the characteristics of cholesterol efflux in this cell line have been
studied extensively (20,25,28). Figure 1 shows the effect of oxidation time on the
ability of HDL3 samples to stimulate cholesterol efflux from cells to the media. As
the time (and degree, see Table 1) of HDL oxidation increased, the rate and extent
of [14C]cholesterol release from the cells decreased. In other experiments, when
BHT was included during the oxidation protocol , cholesterol efflux to that HDL
remained unchanged (data not shown). Even though HDL oxidized for 6 hours
exhibited no increase in electrophoretic mobility or degradation of apo Al, it did
stimulate less cholesterol efflux than non-oxidized HDL. What did change in
oxidized HDL was its phospholipid content (33% decrease, Table 1) and the
cholesterol to phospholipid ratio. Reduced cholesterol efflux to mildly oxidized
HDL was also observed in L cells, a mouse embryonic fibroblast cell line (data not
shown).
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To further examine the effect of mild oxidation of HDL on its ability to
mediate cholesterol efflux from cells, FuSAH cells were enriched with cholesterol
as described in methods. Since esterification was inhibited (by 58035), this
incubation produced an enrichment in cellular free cholesterol; this cholesterol is
presumed to be primarily in the plasma membrane (26). Efflux of cholesterol from
cholesterol-rich cells to BSA alone (0.2%) or to BSA plus either HDL or mildly
oxidized HDL (oxidized for either 3 or 6 h) was measured. The ratios of free
cholesterol to phospholipid in HDL, HDL oxidized for 3h and HDL oxidized for 6h
were 0.17, 0.18 and 0.24, respectively. A more severely oxidized HDL (oxidized for
24 h) added at the same concentration (500 pg protein/ml) was cytotoxic (data not
shown), similar to the observation of Nagano et al. (16). Figure 2A shows the
percent of cellular 14C-cholesterol which accumulated in the medium after nine
hours of efflux. Efflux of {14C]cholesterol to BSA alone was negligible whereas
70% of the [14C]cholesterol was removed from the cells by HDL, Efflux of
[14Cj]cholesterol to the mildly oxidized HDL was significantly reduced. Figure 2B
shows the cellular free cholesterol content prior to enrichment, at the start of the
efflux period (t=0) and after nine hours efflux. Cellular cholesterol was
approximately doubled by the enrichment protocol. After incubation with HDL
the cellular cholesterol content was reduced to the level observed prior to
enrichment. In contrast, cells incubated with mildly oxidized HDL remained
enriched with cholesterol, although those incubated with HDL oxidized for 3h did
show a significant decrease in cell cholesterol mass (p<0.02). Cellular protein
increased slightly during the enrichment protocol and remained constant during
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the efflux period (data not shown). Thus, mild oxidation of HDL also limited its
ability to remove cholesterol mass from cholesterol-enriched cells.

DISCUSSION

Since covalent modification of HDL apoproteins reduces cholesterol efflux to
that HDL (16,17), the observation that both apoprotein polymerization and
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reduced efflux occur with oxidation of HDL (17) has been used to infer cause and
effect. As described herein, however, there are other compositional changes in
HDL which occur during oxidation that may explain the reduced efflux, namely
oxidation of phospholipids with a marked increase in the free cholesterol to
phospholipid ratio. This change was the earliest compositional change detected
and was associated with the observed reduction in cholesterol effiux, Moreover,
the reduced cholesterol efflux occurred in the absence of discernible apoprotein
modification.

That the loss of phospholipids due to oxidation and the concomitant increase
in the free cholesterol to phospholipid ratio of the particle might produce the
observed reduction in efflux to oxidized HDL is consistant with the studies of
Johnson et al. (28) in which the net movement of free cholesterol between cells and
HDL was shown to occur by mass-action effects. Cholesterol molecules diffuse
through the aqueous phase between the cell plasma membrane and the HDL
particle; HDL may act as a net acceptor or donor of cellular cholesterol to cells
depending on its cholesterol to phospholipid ratio relative to that of the cell
plasma membrane. This idea is also consistent with the findings of Oram et al.
(29) in which the HDL subclasses with higher densities (i.e., HDL3 and VHDL)
displayed greater ability to remove cholesterol from cells; these fractions also
exhibited lower cholesterol to phospholipid ratios than HDL9. Furthermore, in
other studies, HDL depleted of phospholipid by treatment with phospholipase A2
(with a resulting increase in cholesterol:phospholipid) also exhibited decreased
ability to mediate cholesterol efflux (30). The rationale for conversion of HDL to a
less effective cholesterol acceptor due to its altered lipid composition is seen more
clearly in the experiment using cholesterol-enriched cells (Fig. 2A and 2B). Unlike
HDL, oxidized HDL did not stimulate the net removal of cholesterol mass, despite
the appearance of radiolabelled cholesterol in the medium. HDL removed from
the cells 16 ug cholesterol/well, increasing its ratio of free cholesterol to
phospholipid from 0.17 to 0.23, similar to that of HDL oxidized for 6h (0.24).
Thus, it is not surprising that HDL oxidized for 6h (with higher free cholesterol to
phospholipid ratio) did not stimulate the net removal of cholesterol mass; the
medium radiolabel in this case most likely reflects equilibration between oxidized
HDL and the cell plasma membrane.

Whereas oxidized LDL may occur in vivo (12,13), no such evidence is
available yet for the existence of oxidized HDL in vivo. The possibility that HDL
can oceur in vivo is suggested by the studies of Nishigaki et al. (31) in which
increased levels of lipid peroxides were found in plasma from diabetic patients,
with the greatest increase found in the HDL fraction; no functional studies,
however, were done by these workers. Since reduced ability to mediate cholesterol
efflux is observed prior to apoprotein modification, it may be that detection of
oxidized HDL in vivo will require identification and detection of the oxidized
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lipids. If oxidized HDL does occur in vivo it could contribute to the development of
atherosclerosis by limiting removal of cholesterol from cells, particularly lipid-
laden cells, and exacerbating the lipid accumulation in foam cells.
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