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Abstract We have previously shown that very low density lip-
oproteins (VLDL, S

 

f

 

 60–400) from subjects with type IV
hyperlipoproteinemia (HTG-VLDL) will induce appreciable
cholesteryl ester accumulation in cultured macrophages
(J774A.1). The present study examined whether copper-
mediated oxidative modification of HTG-VLDL and their
remnants would further enhance cholesteryl ester accumu-
lation in J774A.1 cells. Incubation with oxidized VLDL-
remnants caused the greatest increase in cellular cholesteryl
ester concentrations (54-fold) relative to control cells (

 

P 

 

5

 

0.001). HTG-VLDL and VLDL-remnants each induced simi-
lar increases in cholesteryl ester levels (32.3- and 35.8-fold,
respectively; both 

 

P 

 

5 

 

0.001), whereas incubation with oxi-
dized HTG-VLDL brought about only a 20.6-fold increase
in cholesteryl ester concentrations (

 

P 

 

5 

 

0.014). The in-
crease in cellular cholesteryl ester concentrations induced
by oxidized VLDL-remnants was significantly higher (

 

P 

 

#

 

0.04) than that induced by all other lipoproteins tested in-
cluding low density lipoprotein (LDL) and oxidized LDL
which caused a 6.7- and a 35.1-fold increase (

 

P 

 

# 

 

0.0002 for
both), respectively. Unlike HTG-VLDL and to a lesser ex-
tent VLDL-remnants, uptake of oxidized VLDL and oxi-
dized VLDL-remnants did not require catalytically active,
cell secreted lipoprotein lipase. Co-incubation with poly-
inosine, which blocks binding to the type I scavenger recep-
tor, completely inhibited the cholesteryl ester accumulation
induced by oxidized HTG-VLDL, oxidized VLDL-remnants
and oxidized LDL (

 

P 

 

# 

 

0.02).  We conclude that oxida-
tion of VLDL-remnants significantly enhances macrophage
cholesteryl ester accumulation compared to either HTG-
VLDL, VLDL-remnants, or oxidized LDL. Uptake of oxi-
dized VLDL and oxidized VLDL-remnants does not require
catalytically active lipoprotein lipase, and involves a recep-
tor that can be competed for by polyinosine.—
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Cholesterol-loaded macrophages, morphologically rec-
ognized as foam cells, are characteristic of developing ath-
erosclerotic plaques (1, 2). It has been well established
that incubation of cultured macrophages with native low
density lipoproteins (LDL), does not result in either sig-
nificant cholesteryl ester (CE) deposition or foam cell for-
mation (3). However, oxidation (Ox) of LDL generates a
modified form of these lipoproteins whose uptake by mac-
rophages is markedly enhanced, leading to unregulated
cholesteryl ester accumulation by the macrophage and
foam cell formation (4–6). Unlike native LDL, hypertri-
glyceridemic very low density lipoproteins (HTG-VLDL),
isolated from subjects with type IV hyperlipoproteinemia
(HLP) and possessing receptor competent apolipoprotein
E (apoE), are capable of inducing foam cell formation
without the requirement for oxidation (7–14). However,
the effect of oxidation of HTG-VLDL on macrophage up-
take has not been examined.

We have previously shown that the CE and triglyceride
(TG) components of an HTG-VLDL particle are taken up
by J774A.1 macrophages in a two-step process (8). The
first step requires the interaction between VLDL and cell-
secreted lipoprotein lipase (LPL). During this interaction,
the TG core of HTG-VLDL is hydrolyzed extracellularly by
LPL, with the resulting free fatty acids being subsequently
taken up by the macrophage and re-esterified into TG
within the cell. As lipolysis proceeds, the receptor binding
epitopes of apoE on VLDL become exposed, allowing the
CE-rich VLDL-remnant (VLDL-REM) to be taken up by
the macrophage via a receptor mediated process (8).

Subjects with type IV HLP have elevated plasma levels of

 

Abbreviations: VLDL, very low density lipoproteins; IDL, intermedi-
ate density lipoproteins; LDL, low density lipoproteins; HTG, hyper-
triglyceridemia; HLP, hyperlipoproteinemia; LPL, lipoprotein lipase;
REM, remnant; Ox, oxidation; apo, apolipoprotein; THL, tetrahydro-
lipstatin; CE, cholesteryl ester; FC, free cholesterol; TG, triglyceride;
LPDS, lipoprotein-deficient serum; DMEM, Dulbecco’s modified Ea-
gle’s medium; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis.
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CE- and TG-enriched VLDL due to either an overproduc-
tion of this lipoprotein subfraction by the liver and/or the
inability to efficiently clear these lipoproteins from the
blood circulation (15, 16). Although subjects with type IV
HLP have elevated levels of VLDL and VLDL-REM parti-
cles, they often have normal or reduced levels of LDL (15,
16), a class of lipoprotein whose elevation is normally asso-
ciated with atherogenesis (17). While individuals with type
IV HLP are at an increased risk of developing atheroscle-
rosis (18–20), the basis for this increased risk is not fully
understood. It is known that a proportion of S

 

f

 

 60–400
VLDL in type IV subjects is directly removed from the cir-
culation. In addition, after remnant formation via endo-
thelial cell-bound LPL, the majority of HTG-VLDL rem-
nants (S

 

f

 

 12–60) are cleared, and not converted into LDL
(21–24). Although the liver is the primary tissue-specific
site responsible for the removal of HTG-VLDL and VLDL-
REM from the blood circulation (25), macrophages, resid-
ing within the vascular intima may also facilitate removal
of HTG-VLDL and VLDL-REM once these lipoproteins pass
into the arterial wall. Indeed, lipoproteins in the VLDL
and intermediate density lipoproteins (IDL) density range
have been isolated from human aortic intima (26) and
from aortic atherosclerotic plaque (27).

In the present study, we tested the hypothesis that oxi-
dative modification of HTG-VLDL (S

 

f

 

 60–400) and their
remnants, isolated from subjects with type IV HLP leads to
foam cell formation, in vitro, by a mechanism analogous
to that which occurs with OxLDL. To test this hypothesis,
we examined whether HTG-VLDL and VLDL-REM could
be oxidized in vitro and whether these modified lipopro-
teins could induce CE-loading of cultured macrophages.

EXPERIMENTAL PROCEDURES

 

Subjects

 

Subjects were recruited from the Outpatient Endocrinology
Lipid Clinic at the London Health Sciences Centre, London, On-
tario. Lipoprotein phenotypes of the type IV HLP subjects were
classified according to the criterion of Schaefer and Levy (28).
None of the type IV HLP subjects carried the apoE2 isoform as
determined by isoelectric focussing gel electrophoresis (29, 30).
All type IV HLP subjects had elevated plasma cholesterol (6.68 

 

6

 

0.45 m

 

m

 

, mean 

 

6 

 

SEM) and TG (9.70 

 

6 

 

0.98 m

 

m

 

) levels due to
elevated VLDL cholesterol (4.38 

 

6 

 

0.35 m

 

m

 

) and TG (9.12 

 

6

 

0.83 m

 

m

 

) concentrations. LDL preparations used in these exper-
iments were derived from four subjects: one normolipidemic
subject; one type IV HLP subject; and two type IIa HLP subjects.
These studies were approved by the University of Western On-
tario Health Sciences Standing Committee on Human Research
and all subjects gave informed consent prior to blood sampling.

 

Lipoprotein isolation

 

Sixty to 180 ml of blood was collected from each fasted (12–14
h) subject and placed in tubes containing EDTA at a final con-
centration of 0.15% (w/v). Plasma was isolated by centrifugation
(IEC Centra-8R centrifuge) at 2500 rpm (1000 

 

g

 

) for 25 min at
4

 

8

 

C. The different classes of lipoproteins were collected and
washed, as described previously (31), by ultracentrifugation in a
Beckman L8 ultracentrifuge. The large VLDL (S

 

f

 

 60–400) sub-

class was first isolated using a Beckman 55.2 Ti rotor (1.75 h,
40,000 rpm, 12

 

8

 

C), and subsequently washed using a Beckman
70.1 Ti rotor (16 h, 40,000 rpm, 12

 

8

 

C). After isolation of the
VLDL and IDL fractions (d 

 

, 

 

1.019 g/ml), the LDL (d 

 

5 

 

1.019–
1.063 g/ml) fraction was isolated from the infranatant by ultra-
centrifugation (16 h, 50,000 rpm, 12

 

8

 

C) in a 55.2 Ti rotor and
washed using a 70.1 Ti rotor (16 h, 50,000 rpm, 12

 

8

 

C). Both the
VLDL (S

 

f

 

 60–400) and LDL preparations were extensively dia-
lyzed, in the dark and at 4

 

8

 

C, against a 200-fold excess volume of
phosphate-buffered saline (PBS; 154 m

 

m

 

 NaCl, 8 m

 

m

 

Na

 

2

 

HPO

 

4

 

?

 

7H

 

2

 

O, 1.5 m

 

m

 

 KH

 

2

 

PO

 

4

 

, 2.7 m

 

m

 

 KCl, pH 7.4) contain-
ing 10 

 

m

 

m

 

 EDTA. After dialysis, the lipoprotein samples were
sterilized using 0.45-

 

m

 

m filters and stored at 4

 

8

 

C.
All lipoprotein samples were analyzed for protein content by a

modification of the Lowry method (32), for free fatty acids using
enzymatic reagents (#990-75401) from Wako (Neuss, Germany;
distributed by Immunocorp, Montreal, Quebec) and for TG, free
cholesterol (FC), total cholesterol and phospholipid using enzy-
matic reagents from Boehringer Mannheim GmbH Diagnostica,
Montreal, Quebec (TG: #450032 without free glycerol, FC: #310328,
total cholesterol: #1442350 and phospholipid: #691844). Some lip-
oprotein preparations were analyzed for antioxidant activity,
measured as 

 

a

 

-tocopherol equivalents (Trolox, an 

 

a

 

-tocopherol
analogue), according to the method of Miller et al (33).

 

Bovine milk lipoprotein lipase isolation

 

Bovine skim milk lipoprotein lipase (LPL) was partially puri-
fied by a modification of the method of Socorro and Jackson
(34) as described previously (35). The LPL activity in each eluted
fraction was determined by measuring the amount of free fatty
acids released from a predetermined amount of a commercially
obtained TG emulsion (Intralipid, Pharmacia Inc., Mississauga,
Ontario). The LPL activity assay was conducted in 16 

 

3 

 

100 mm
borosilicate glass tubes (Fisher Scientific, Pittsburgh, PA) by add-
ing, in order, the following: 300 

 

m

 

l LPL buffer (0.15 

 

m

 

 NaCl, 0.2

 

m

 

 Tris, pH 8.2), 5% (w/v) fatty acid-free bovine serum albumin
(FAF-BSA; fraction V, Sigma, St. Louis, MO), 12% (v/v) normo-
lipidemic human plasma (as a source of apoC-II), 10 

 

m

 

l deion-
ized H

 

2

 

O, 10 

 

m

 

l lipase solution and 100 

 

m

 

l Intralipid containing
1.82 

 

m

 

mol of TG. After incubation for 30 min at 37

 

8

 

C in a shak-
ing water bath, the reaction was stopped by adding 2 ml isopro-
pyl alcohol–3 N H

 

2

 

SO

 

4

 

 40:1 (v/v), 1 ml H

 

2

 

O and 2.5 ml hexane,
with vigorous vortexing for 1 min. The phases were allowed to
separate by standing for 20 min at room temperature. The hex-
ane layer was removed into new 16 

 

3 

 

100 mm glass test tubes,
and the hexane extraction step was then repeated once more.
The pooled hexane fractions were evaporated under N

 

2

 

. One ml
of chloroform was added to each tube, and a 100 

 

m

 

l aliquot was
taken for subsequent fatty acid determination. To this aliquot,
750 

 

m

 

l; of a 1% (v/v) Triton X-100 in chloroform solution was
added; the solution was mixed, dried under N

 

2

 

, and the amount
of free fatty acids released was determined using a spectrophoto-
metric based free-fatty acid assay kit (see above). One unit of LPL
activity is defined as 1 

 

m

 

mol of free fatty acid released per ml of
enzyme solution per h. To examine whether oxidation 

 

a

 

) inhib-
ited the ability of HTG-VLDL to serve as a substrate for LPL,
and/or 

 

b

 

) inhibited apoC-II from acting as a cofactor for LPL, we
performed two different in vitro LPL activity assays using a slight
modification of the LPL activity assay described above. In the first
assay we tested the ability of bovine milk LPL to release free fatty
acids from either native HTG-VLDL or OxHTG-VLDL. In this
LPL activity assay, HTG-VLDL and OxHTG-VLDL at concentra-
tions of 500 and 1000 

 

m

 

g TG/reaction were added in place of the
intralipid. In the second in vitro LPL activity assay, HTG-VLDL
and OxHTG-VLDL at concentrations of 18 and 36 

 

m

 

g total pro-
tein/reaction were used in place of human plasma as the source
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of apoC-II. In this second assay, intralipid (1.82 

 

m

 

mol of TG) was
used as the substrate for LPL.

 

VLDL-remnant preparation

 

Remnant-like particles of HTG-VLDL (S

 

f

 

 60–400) were formed
in vitro under sterile conditions by incubating the HTG-VLDL
with LPL (0.2 units per 50 

 

m

 

g total lipoprotein cholesterol) in
the presence of a 5% (w/v; final concentration) solution of FAF-
BSA in PBS. TG-hydrolysis was allowed to proceed at 37

 

8

 

C for 8 h.
The VLDL-REM were reisolated by adjusting the reaction buffer
to a final density of 1.019 g/ml followed by ultracentrifugation in
a Beckman 70.1 Ti rotor (16 h, 40,000 rpm, 12

 

8

 

C). The VLDL-
REM preparations were dialyzed and sterilized by filtration as
stated above. Percent TG-hydrolysis was calculated using the fol-
lowing formula:

In all remnant forming assays, the percentage of TG hydrolyzed
ranged from 30% to 40%.

 

Oxidation of lipoproteins

 

The dialyzed and sterile HTG-VLDL, VLDL-REM, and LDL
preparations were oxidized in vitro following a modification of
the protocol described by Steinbrecher, et al. (36). Briefly, reac-
tions were performed under sterile conditions by incubating the
lipoprotein preparation (200 

 

m

 

g protein/ml) with CuSO

 

4

 

 (5.0

 

m

 

M) in EDTA-free PBS for 48 h at 37

 

8

 

C and in the absence of
light. The reactions were stopped by immediately placing the
samples on ice followed by the addition of EDTA (200 

 

m

 

m

 

) and
butylated hydroxytoluene (40 

 

m

 

m

 

). The oxidized lipoprotein
preparations were then reisolated by adjusting the reaction
buffer to a final density of either 1.063 g/ml (OxHTG-VLDL and
OxVLDL-REM) or 1.10 g/ml (OxLDL), followed by ultracentrif-
ugation using a Beckman 70.1 Ti rotor spun for 16 h at 50,000
rpm and 12

 

8

 

C. The OxHTG-VLDL, OxVLDL-REM, and OxLDL
preparations were dialyzed and sterilized by filtration as stated
above. Filtration of the oxidized preparations also served to re-
move any aggregated lipoproteins.

The lipoprotein-oxidation reactions were monitored by assay-
ing for conjugated diene formation. The conjugated diene assays
were conducted in parallel with the oxidation reactions by fol-
lowing the protocol of Kleinveld et al. (37). The conjugated di-
ene curves were produced by incubating (37

 

8

 

C) the lipoprotein
preparations (50 

 

m

 

g protein/ml) with CuSO

 

4

 

 (5.0 

 

m

 

m

 

) in EDTA-
free PBS and continuously monitoring the changes in absor-
bance at 234 nm for 20 h.

Some of the native and oxidized HTG-VLDL, VLDL-REM, and
LDL preparations were dialyzed against ammonium bicarbonate,
lyophilized and delipidated as described previously (38). Apolipo-
proteins were resolubilized and separated by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) on 3%-15% acrylamide gels con-
taining 

 

b

 

-mercaptoethanol (39). Gels were stained with Coo-
massie blue R-250.

 

Cell culture

 

J774A.1 cells, a murine macrophage-like cell line that secretes
LPL but not apoE (40, 41), were used in this study. The J774A.1
cells were obtained from the American Type Culture Collection
(Rockville, MD) and were maintained in culture as outlined pre-
viously (8). For all experiments in the present report, J774A.1
cells were plated in six-well (35 mm) culture plates (Falcon,
VWR, Mississauga, Ontario.) in 2.0 ml of Dulbecco’s modified
Eagle’s medium (DMEM) (low glucose) (Gibco, Burlington, On-
tario) containing 10% fetal bovine serum (Sigma) and grown for
2–3 days. When the monolayers had become 70–80% confluent,

% hydrolysis 100 TG CE of VLDL-REM⁄ 100×( ) ⁄[–=

TG CE of native-VLDL⁄( ) ]

 

the media were replaced with DMEM containing 5% lipoprotein-
deficient serum (LPDS, prepared as outlined previously (8)); the
LPDS was assayed for apoC-II and apoE (21) and found to be
free of these apolipoproteins. The final albumin concentration
in the media was 0.13%. For each lipoprotein preparation, be-
tween 50 and 300 

 

m

 

g of total lipoprotein cholesterol per ml me-
dia was added to duplicate wells of cells which were then incu-
bated for 16 h at 37

 

8

 

C. The LPL inhibitor tetrahydrolipstatin
(THL) (brand name: orlistat™; provided by Hoffmann-LaRoche
Pharmaceuticals Ltd, Montreal, Canada) was used at a concen-
tration of 1.0 

 

m

 

m

 

. At this concentration, THL inhibited the activ-
ity of 0.25 units of bovine milk LPL by greater than 95% (data
not shown). Previous studies demonstrated that J774A.1 mac-
rophages secrete 0.25 units of LPL/24 h (8). The THL stock so-
lution was made up in dimethyl sulfoxide (DMSO) and then di-
luted with DMEM media plus LPDS prior to being added to the
cells. Control dishes received an equal volume (not exceeding 10

 

m

 

l/well) of DMSO alone. In experiments in which the polynucle-
otides polyinosine and polycytosine (Pharmacia Biotech, Missis-
sauga, Canada) were used, various concentrations (5 

 

m

 

g to 100 

 

m

 

g/
ml media) of the polynucleotides in deionized H

 

2

 

O were added in
volumes no greater than 40 

 

m

 

l. Control dishes received polynucle-
otide (100 

 

m

 

g/ml media) in the absence of any lipoprotein.

 

Quantitative analysis of cellular lipids

 

The cell–lipoprotein incubations were terminated by two washes
of Tris buffer (0.15 

 

m

 

 NaCl, 50 m

 

m

 

 Tris, 0.2% (w/v) FAF-BSA, pH
7.4) and two additional washes with Tris buffer without FAF-BSA.
The lipids were extracted in situ with two 30-min incubations us-
ing 1.0 ml of hexane–isopropanol 3:2 (v/v). The solvents from
each extraction were pooled for analysis. To each dish, 1.0 ml of
0.1 N NaOH was added and incubated overnight at room tem-
perature to digest the cells. Cell protein was determined by a
modification of the Lowry method (32). Cellular total choles-
terol, FC, and TG mass were determined spectrophotometrically
by a modification of a method described previously (42), using
enzymatic reagents from Boehringer Mannheim (see above),
and a 

 

V

 

max

 

 Kinetic 96 multi-well microplate reader (Molecular
Devices, Mississauga, Ontario). Briefly, each hexane–isopropanol
sample was evaporated to dryness under N

 

2

 

, and resuspended in
1.2 ml of a chloroform–Triton mixture (0.5% Triton v/v). The
solvent was evaporated again under N

 

2

 

, and finally resolubilized
in 300 

 

m

 

l of deionized H

 

2

 

O (final sample concentration, 2% tri-
ton). Two 50-

 

m

 

l aliquots of each sample were then pipetted into
individual wells of a 96 multi-well, flat-bottom, microtiter plate
(Nunc, Gibco) and assayed for total cholesterol mass at 490 nm.
Two more 50-

 

m

 

l aliquots of each sample were also pipetted into
individual wells of a second 96 multi-well microtiter plate and as-
sayed for FC mass at 490 nm. CE mass was calculated by taking
the difference between the total and FC mass values. To deter-
mine the TG-mass of each sample, 75 

 

m

 

l of each sample was first
mixed with 50 

 

m

 

l of a 2% triton (in deionized H

 

2O) (v/v) solu-
tion and then two 50-ml aliquots were pipetted into individual
wells of a third 96 multi-well microtiter plate and assayed for TG-
mass at 490 nm. Cholesterol and triglyceride standards (range
between 1 and 20 mg/well) used to generate standard curves
were processed in a fashion identical to that of the experimental
samples. Cellular lipid results are reported as mg of cellular lipid
(CE, TG, or FC) per mg of cell protein.

Statistical analysis
In each experiment, duplicate cell culture wells were used for

each specific lipoprotein preparation, with the resulting values
combined to give a mean value for that particular experiment.
Mean values from separate experiments were then used to calcu-
late a group mean 6 SEM for each condition. The “n” referred
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to for each experiment indicates the number of different pa-
tients’ samples used to determine each experimental parameter.
Statistical significance between control and experimental group
mean values was assessed using a Student’s t-test. A two-tailed P #
0.05 was considered statistically significant.

RESULTS

HTG-VLDL, like LDL, was susceptible to oxidative mod-
ification after exposure to CuSO4 as assessed by the forma-
tion of conjugated dienes (Fig. 1). The conjugated diene
curves for HTG-VLDL (n 5 7), VLDL-REM (n 5 7), and
LDL (n 5 4) were analyzed for lag time, diene formation
rate, maximal diene formation, and the time between the
initiation of oxidation and maximal diene formation.
HTG-VLDL (compared to LDL) was found to have a 4-
fold longer lag time (262 6 49 vs 64 6 12 min, P 5 0.004),
took 6-fold longer to reach maximal diene production

(740 6 26 vs 134 6 15 min, P 5 0.0001), and produced a
2-fold greater amount of dienes (974 6 27 vs 524 6 29
nmol/g of lipoprotein protein, P 5 0.0001) but at half the
rate (5.40 6 0.65 vs 9.33 6 1.39 nmol/g/min, P 5 0.02).
Oxidation of VLDL-REM produced a conjugated diene
curve that had a very similar lag time (261 6 46 vs 262 6
49 min, P 5 0.5) and took the same time to reach maxi-
mal diene production (745 6 38 vs 740 6 26 min, P 5
0.5) as that of HTG-VLDL. However, compared to HTG-
VLDL, oxidation of VLDL-REM produced a similar amount
of conjugated dienes (1053 6 6 vs 974 6 27 nmol/g) but
at 1.5-fold the rate (8.36 6 1.39 vs 5.40 6 0.65 nmol/g/
min, P 5 0.02).

HTG-VLDL, VLDL-REM, and LDL were prepared from
plasma obtained from three different type IV hypertriglyc-
eridemic patients and analyzed for total antioxidant activity
(33). The mean antioxidant activities (nmol/mg of lipo-
protein protein) were: HTG-VLDL, 213 6 86; VLDL-REM,

Fig. 1. Conjugated diene curves generated from the
oxidation of HTG-VLDL, VLDL-REM, and LDL. Line
graph shows conjugated diene formation curves gener-
ated from the oxidation of HTG-VLDL (solid symbols)
and corresponding VLDL-REM (open symbols), with
each symbol (.,, j u, d s, mn) representing a lipopro-
tein preparation from one subject (HTG-VLDL and the
corresponding VLDL-REM; n 5 4 for each). The four
curves generated from the oxidation of LDL (open dia-
mond symbols, e) were derived from plasma obtained
from four subjects, which were distinct from the sub-
jects used to obtain HTG-VLDL. The conjugated diene
curves were produced by incubating (378C) the lipopro-
tein preparations (50 mg protein/ml) with CuSO4 (5.0
mm) in EDTA-free PBS and continuously monitoring
the changes in absorbance at 234 nm for 20 h.

TABLE 1. Characteristics of lipoproteins used in the cell studies

Lipoprotein
Class C/TG TG/CE C/Protein TG/Protein PL/Protein FFA/Protein

ratio

Type IV HTG-VLDL
Native (n 5 7) 0.16 6 0.04 13.39 6 2.06 2.10 6 0.20 14.06 6 1.82 2.85 6 0.48 0.82 6 0.33
Oxidized (n 5 7) 0.16 6 0.02 23.42 6 6.85 2.38 6 0.14 15.48 6 1.96 3.38 6 0.34 0.75 6 0.29

Type IV VLDL REM
Native (n 5 7) 0.18 6 0.02 8.44 6 1.33a 1.95 6 0.31 11.34 6 2.47a 2.09 6 0.53 2.98 6 1.74
Oxidized (n 5 7) 0.19 6 0.04 11.66 6 1.07b 3.18 6 0.34b 18.30 6 1.87b 4.10 6 0.47b 4.81 6 2.48

LDLc

Native (n 5 4) 5.84 6 1.21 1.87 6 0.12 0.32 6 0.05 0.97 6 0.06
Oxidized (n 5 4) 1.24 6 1.33 0.97 6 0.09d 0.78 6 0.05 0.98 6 0.12

Values are expressed as means 6 SEM; C, cholesterol; TG, triglyceride; PL, phospholipid; FFA, free fatty acids;
CE, cholesteryl ester; VLDL, very low density lipoprotein (Sf 60–400); VLDL-REM, 30–40% TG-hydrolysis; LDL,
low density lipoprotein. The value for n refers to the number of different patients’ lipoprotein samples used in the
determination of each parameter.

aSignificantly different from HTG-VLDL P # 0.03.
bSignificantly different from VLDL-REM P # 0.003.
cLDL was isolated from one normolipidemic, one Type IV, and two Type IIA subjects.
dSignificantly different from LDL P # 0.015.



1012 Journal of Lipid Research Volume 39, 1998

202 6 85, and LDL, 54 6 13. The corresponding lag times
(min), obtained from the conjugated diene curves, for these
lipoprotein preparations were: HTG-VLDL, 493 6 157;
VLDL-REM, 444 6 95, and LDL, 84 6 5. The lag times
were correlated with the total antioxidant activity (r 5 0.98,
P 5 0.0001).

The compositions of the lipoproteins used in the pre-
sent study are summarized in Table 1. The process of in
vitro remnant formation resulted in a 38.4% reduction (P 5
0.003) in the TG to CE ratio and a 19.4% reduction (P 5
0.03) in the TG to protein ratio (Table 1). Oxidation of
HTG-VLDL caused no significant change in any of the
compositional characteristics measured (Table 1). Oxida-
tion of VLDL-REM caused a 38% increase (P 5 0.0007) in
the TG to CE ratio, a 63% increase (P 5 0.001) in the total
cholesterol to protein ratio, a 61.4% increase (P 5 0.002)
in the TG to protein ratio, and a 96.4% increase (P 5
0.003) in the phospholipid to protein ratio (Table 1). Oxi-
dation of LDL caused a significant decrease in the total
cholesterol to protein ratio (p 5 0.015; Table 1). The lat-
ter observation has been reported previously by other lab-
oratories (36, 43).

Incubation of J774A.1 cells with HTG-VLDL resulted in
up to a 32.3-fold increase in cellular CE concentrations
relative to control cells incubated in lipoprotein-deficient
media (P 5 0.001; Fig. 2A). In contrast, oxidation of HTG-
VLDL induced a smaller increase in cellular CE concen-
trations when compared to its native counterpart (20.6-
fold compared to control cells, P 5 0.014; Figure 2A). The
difference in cellular CE accumulation between HTG-
VLDL and OxHTG-VLDL was significant at each of the
concentrations tested (P # 0.044; Figure 2A).

Incubation of cells with HTG-VLDL resulted in as high
as an 8.5-fold increase in cellular TG concentrations when
compared to control cells (Fig. 2B, P 5 0.0002). This
finding is consistent with observations reported previ-
ously by this laboratory (8). Incubation of cells with
OxHTG-VLDL also resulted in up to a 6.9-fold increase in
cellular TG concentrations (P # 0.0007; Fig. 2B). The dif-
ference between TG levels induced by HTG-VLDL and
OxHTG-VLDL was statistically significant at the lowest and
two highest incubation concentrations examined (P # 0.05;
Fig. 2B) and could not be explained by any differences in
TG content of the lipoprotein preparation (Table 1).

Incubation of J774A.1 cells with VLDL-REM induced up
to a 35.8-fold increase in cellular CE concentrations when
compared to control cells (P 5 0.001; Fig. 2A). This level of
cellular CE accumulation was found to be similar to that in-
duced by HTG-VLDL (P 5 0.10; Fig. 2A). Oxidative modifi-
cation significantly enhanced (up to a 54-fold increase) the
cellular CE loading by VLDL-REM (P 5 0.0002; Fig. 2A).
This enhanced uptake was statistically significant (P # 0.03)
at the higher concentrations (200 and 300 mg total lipopro-
tein cholesterol/ml media) examined (Fig. 2A).

VLDL-REM were found to induce up to an 8.7-fold in-
crease in cellular TG concentrations when compared to
control cells (P 5 0.0005; Fig. 2B). OxVLDL-REM caused
up to a 6.9-fold increase in cellular TG concentrations (P 5
0.0007; Fig. 2B), however, this increase was significantly

less than that induced by VLDL-REM. The difference be-
tween VLDL-REM and OxVLDL-REM was statistically sig-
nificant at all of the incubation concentrations examined
(P # 0.02). Again, this difference could not be explained
by differences in the incubation conditions based on TG
concentrations between VLDL-REM and OxVLDL-REM
(Table 1). Incubation of macrophages with increasing
concentrations of HTG-VLDL, VLDL-REM, OxHTG-VLDL,

Fig. 2. Esterified cholesterol, triglyceride and free cholesterol con-
tent of J774A.1 cells incubated with HTG-VLDL, VLDL-REM,
OxHTG-VLDL, or OxVLDL-REM. Esterified cholesterol (A), tri-
glyceride (B), and free cholesterol (C) content of J774A.1 macro-
phages exposed for 16 h to HTG-VLDL ( d), VLDL-REM (j),
OxHTG-VLDL (s), and OxVLDL-REM (h) (50–300 mg lipoprotein
cholesterol/ml media; n 5 4 for each preparation). The value of n
refers to the number of different patients’ lipoprotein samples ana-
lyzed. Each lipoprotein preparation from each patient was analyzed
in duplicate. The values represented by each symbol are the mean 6
SEM, for all patients’ lipoprotein preparations. *, P # 0.05 relative
to HTG-VLDL; #, P # 0.05 relative to VLDL-REM. CuSO4-mediated
oxidation of the lipoproteins was performed as described under
Methods. Cellular CE, FC, and TG levels were determined as de-
scribed under Methods.
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and OxVLDL-REM did not change the cellular FC con-
centrations (P $ 0.07; Fig. 2C).

Native LDL (300 mg total cholesterol/ml media) caused
only a 6.7-fold increase in cellular CE concentrations rela-
tive to control cells (P 5 0.0002; Fig. 3A). Although the
LDL preparations used were derived from four subjects
with different lipid phenotypes, no significant difference
was found in cellular CE uptake between preparations. In
contrast to native LDL, OxLDL (300 mg total cholesterol/
ml media) caused a 35.1-fold increase in cellular CE con-
centrations (P 5 0.0001; Fig. 3A). Although the increase
in cellular CE levels induced by OxLDL was very large, it
was significantly lower than that induced by OxVLDL-
REM (P 5 0.039; Fig. 3A). In addition, no significant dif-

ference was seen between the amount of cellular CE accu-
mulation induced by OxLDL versus VLDL-REM (P 5
0.47, Fig. 3A) and HTG-VLDL (P 5 0.36, Figs. 2A and 3A).
Incubation with OxLDL was found to cause a 1.8-fold in-
crease in cellular FC concentrations compared to control
cells (P 5 0.0001; Fig. 3B). There was no change in cellu-
lar FC with any of the other lipoproteins examined.

The polynucleotide polyinosine, but not polycytosine,
has been shown previously to inhibit type I scavenger
receptor-mediated binding, uptake, and degradation of
chemically modified LDL by both cultured mouse perito-
neal macrophages (44) and cultured CHO cells (45) and of
copper OxLDL and b-VLDL by liver Kupffer cells in vivo
(46, 47). A dose–response relationship for the effect of
polyinosine (5–100 mg/ml of media) on lipid accumulation
in J774A.1 cells by OxHTG-VLDL, OxVLDL-REM, and Ox-
LDL was examined. A significant reduction in both cellular
CE and TG concentrations was observed at all concentra-
tions and maximal inhibition was achieved at 100 mg/ ml of
media (data not shown). Co-incubation of polyinosine (100
mg/ml of media) with OxHTG-VLDL, OxVLDL-REM, and
OxLDL inhibited (72%–95%) the ability of these oxidized
lipoprotein preparations to induce cellular CE accumula-
tion in cultured J774A.1 macrophages (P # 0.02; Fig. 4A).
In addition, polyinosine also inhibited (66%–81%) the abil-
ity of OxHTG-VLDL and OxVLDL-REM to induce cellular
TG accumulation (P # 0.03; Fig. 4B). In contrast to the oxi-
dized lipoproteins, co-incubation of polyinosine with HTG-
VLDL, VLDL-REM, and LDL had no effect on the ability of
these native lipoprotein preparations to induce either cellu-
lar CE or TG accumulation (P $ 0.3; Figs. 4A and 4B).

Co-incubation of various concentrations of polycytosine
with OxHTG-VLDL, OxVLDL-REM, OxLDL, or their na-
tive counterparts had no significant effect on the ability of
these lipoprotein preparations to induce cellular CE and
TG accumulation (P $ 0.14; Figs. 4C and 4D, respectively).

As described previously, LPL-mediated TG-hydrolysis is
an important initial step in the uptake of both the TG and
CE components of HTG-VLDL (8). We therefore exam-
ined whether a similar two-step mechanism was required
for the uptake of OxHTG-VLDL and OxVLDL-REM. In
these experiments THL, a potent competitive inhibitor of
LPL, was used to inhibit the catalytic activity of LPL se-
creted by the J774A.1 macrophages. Co-incubation of HTG-
VLDL with THL inhibited the accumulation of HTG-VLDL-
CE (by 91%) and HTG-VLDL-TG (by 100%) by the cultured
macrophages (P 5 0.0001 for both; Figs. 5A and 5B). Co-
incubation of partially hydrolyzed (30–40% TG-hydrolysis)
VLDL-REM with THL caused a smaller but significant re-
duction in cellular CE (by 49%) and TG levels (by 75%,
P # 0.003 for both; Figs. 5A and 5B). In contrast, co-incu-
bation of OxHTG-VLDL and OxVLDL-REM with THL did
not affect the ability of these modified lipoproteins to in-
duce increases in both cellular CE and TG concentrations
(P 5 0.6; Figs. 5A and 5B).

To examine whether oxidation a) inhibited the ability
of HTG-VLDL to serve as a substrate for LPL, and/or b)
inhibited apoC-II from acting as a cofactor for LPL, we
performed two different in vitro LPL activity assays. In the

Fig. 3. Esterified cholesterol and free cholesterol content of
J774A.1 cells incubated with VLDL-REM, OxVLDL-REM, LDL, or
OxLDL. Esterified cholesterol (A) and free cholesterol (B) content
of J774A.1 macrophages exposed for 16 h to VLDL-REM, OxVLDL-
REM, LDL, and OxLDL (300 mg lipoprotein cholesterol/ml media;
n 5 4). The value of n refers to the number of different patients’ lip-
oprotein samples analyzed. Each lipoprotein preparation from
each patient was analyzed in duplicate. The values represented by
each bar are the mean 6 SEM, for all patients’ lipoprotein prepara-
tions. (A) *, P # 0.018 relative to its native counterpart; #, P 5 0.039
relative to OxLDL. (B) *, P # 0.0003 relative to LDL, VLDL-REM,
and OxVLDL-REM. CuSO4 mediated oxidation of the lipoproteins
was performed as described under Methods. Cellular CE and FC
levels were determined as described under Methods.
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first assay we tested the ability of bovine milk LPL to re-
lease free fatty acids from either native HTG-VLDL or
OxHTG-VLDL. An exogenous source of apoC-II (normal

plasma) was added to fully activate LPL. Compared to
HTG-VLDL, OxHTG-VLDL at concentrations of 500 and
1000 mg TG/reaction reduced the rate of LPL-mediated

Fig. 4. Esterified cholesterol and triglyceride content
of J774A.1 cells incubated with HTG-VLDL, VLDL-
REM, LDL, OxHTG-VLDL, OxVLDL-REM, or OxLDL
in the absence and presence of polyinosine or polycy-
tosine. Esterified cholesterol (A, C) and triglyceride
(B, D) content of J774A.1 macrophages exposed for 16
h to OxHTG-VLDL, OxVLDL-REM, OxLDL, or their
native counterparts (50 mg lipoprotein cholesterol/ml
media; n 5 4) in the absence (h) or presence (j) of ei-
ther polyinosine (A, B) or polycytosine (C, D)(100 mg
of polynucleotide/ml of media). The value of n refers
to the number of different patients’ lipoprotein sam-
ples analyzed. Each lipoprotein preparation from each
patient was analyzed in duplicate. The values repre-
sented by each bar are the mean 6 SEM for all pa-
tients’ lipoprotein preparations. In (A) and (B) poly-
inosine significantly (*) inhibited the increases in
cellular CE (P # 0.02) and TG (P # 0.03) concentra-
tions induced by OxHTG- VLDL, OxVLDL-REM, and
OxLDL. In (C) and (D) polycytosine had no effect on
cellular CE and TG concentrations induced by any of
the lipoprotein preparations (P $ 0.14). CuSO4-medi-
ated oxidation of the lipoproteins was performed as
described under Methods. Cellular CE and TG levels
were determined as described under Methods.
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free fatty acid release by 53% and 47%, respectively (both
P 5 0.001, Fig. 6A). In the second in vitro assay, HTG-
VLDL and OxHTG-VLDL were used as the source of
apoC-II for the LPL-mediated release of free fatty acids
from a TG emulsion. As shown in Fig. 6B, using OxHTG-
VLDL as the source of apoC-II (16 and 36 mg protein/
reaction) resulted in a 67% and a 60% reduction, respec-
tively, in the rate of LPL-mediated free fatty acid release (P 5
0.001) compared to HTG-VLDL. Native and oxidized
HTG-VLDL, VLDL-REM, and LDL preparations from
three type IV hypertriglyceridemic patients were delipi-
dated and the apolipoproteins were separated by SDS-

PAGE. As shown in Fig. 7, compared to their native coun-
terparts, oxidized HTG-VLDL and VLDL-REM showed a
marked depletion in apoC as well as apoE. ApoB-100 for
OxHTG-VLDL, OxVLDL-REM, and OxLDL was depleted
in each sample and fragmentation of apoB was observed
as described previously for rabbit b-VLDL (46) and nor-
mal human VLDL (48).

DISCUSSION

In this present study, we tested the hypothesis that oxi-
dative modification of HTG- VLDL (Sf 60–400) and their

Fig. 5. Esterified cholesterol and triglyceride content of J774A.1
cells incubated with HTG-VLDL, VLDL-REM, OxHTG-VLDL, or
OxVLDL-REM in the absence and presence of the lipoprotein li-
pase inhibitor tetrahydrolipstatin. Esterified cholesterol (A) and
triglyceride (B) content of J774A.1 macrophages exposed for 16 h
to HTG-VLDL, VLDL-REM, OxHTG-VLDL, and OxVLDL-REM (50
mg lipoprotein cholesterol/ml media; n 5 3) in the absence (h) or
presence (j) of tetrahydrolipstatin (THL; 1 mm), a competitive in-
hibitor of lipoprotein lipase. The value of n refers to the number of
different patients’ lipoprotein samples analyzed. Each lipoprotein
preparation from each patient was analyzed in duplicate. The val-
ues represented by each bar are the mean 6 SEM for all patients’ lip-
oprotein preparations. (A) *, P 5 0.0001 relative to HTG-VLDL in
the absence of THL; #, P 5 0.003 relative to VLDL-REM in the ab-
sence of THL. (B) *, P 5 0.0001 relative to HTG-VLDL in the
absence of THL. #, P 5 0.001 relative to VLDL-REM in the absence
of THL. CuSO4 mediated oxidation of the lipoproteins was per-
formed as described under Methods. Cellular CE and TG levels
were determined as described under Methods.

Fig. 6. In vitro activity assay used to examine whether OxHTG-
VLDL can act as a substrate for bovine milk lipoprotein lipase. (A)
The release of free fatty acids from either native HTG-VLDL or
OxHTG-VLDL (n 5 4 for each) after incubation with bovine milk
LPL using an exogenous source of apoCII (normal plasma) to fully
activate LPL. Compared to HTG-VLDL, OxHTG-VLDL at concen-
trations of 500 and 1000 mg TG/reaction reduced the rate of LPL-
mediated free fatty acid release by 53% and 47%, respectively (*P 5
0.001). (B) The release of free fatty acids from 1.82 mmol of a TG
emulsion by bovine milk LPL using HTG-VLDL and OxHTG-VLDL
(n 5 4 for each) as the source of apoC-II. Using OxHTG-VLDL as
the source of apoC-II (16 and 36 mg protein/reaction) resulted in a
67% and a 60% reduction, respectively, in the rate of LPL-mediated
free fatty acid release (*P 5 0.001) compared to HTG-VLDL. The
value of n refers to the number of different patients’ lipoprotein
samples analyzed. Each lipoprotein preparation from each patient
was analyzed in duplicate. The values represented by each bar are
the mean 6 SEM for all patients’ lipoprotein preparations. 



1016 Journal of Lipid Research Volume 39, 1998

remnants, isolated from subjects with type IV HLP, would
lead to foam cell formation, in vitro, by a mechanism anal-
ogous to that which occurs with OxLDL. Our findings
demonstrate for the first time that OxVLDL-REM are
more effective than OxLDL at inducing CE accumulation
in cultured macrophages. In addition, we also found that
native HTG-VLDL and their remnants are equally as effec-
tive as OxLDL at inducing macrophage CE accumulation.
This study is also the first to directly compare the suscepti-
bility of human HTG-VLDL, VLDL-REM, and LDL to oxi-
dation in vitro. Our findings clearly show that oxidative
modification of TG-hydrolyzed HTG-VLDL resulted in sig-
nificantly greater macrophage CE accumulation than any
other human (native or oxidized) lipoproteins examined. 

Copper-induced oxidation of LDL results in the modifi-
cation of apoB-100 (3, 36, 49), which reduces its affinity
for the LDL receptor and increases its affinity for the scav-
enger receptor. Unlike the LDL receptor, the scavenger
receptor is not down-regulated by increases in cellular CE
concentrations (49, 50), and therefore the uptake of OxLDL
by this pathway results in unregulated accumulation of cel-
lular CE and subsequent foam cell formation. The early
stages of the oxidative process can be monitored by assay-
ing for the formation of conjugated dienes, which are
transiently formed during the conversion of polyunsatu-
rated fatty acids to reactive aldehydes (37). In this study
we showed that both HTG-VLDL and their remnants, like
LDL, can undergo oxidation. However, the kinetics of oxi-
dation are different for the various lipoprotein prepara-
tions examined. LDL underwent oxidation much sooner

than both HTG-VLDL and VLDL-REM, although, once
oxidation was initiated, the rate of conjugated diene for-
mation in VLDL-REM proceeded at the same rate as the
oxidation of LDL, which was twice as fast as for HTG-
VLDL. During oxidation of both HTG-VLDL and VLDL-
REM a greater number of conjugated dienes (and hence
reactive aldehydes) were generated than during the oxida-
tion of LDL, with the mean number of conjugated dienes
generated being greater for the VLDL-REM than for HTG-
VLDL and LDL.

The difference between VLDL and LDL lag times in the
conjugated diene kinetic curves was most likely due to the
fact that the larger VLDL particles contained more antiox-
idant molecules, such as a-tocopherol, per lipoprotein
particle than did LDL (51, 52). The magnitude of the lag
phase of a typical conjugated diene curve for LDL has
been shown to be directly proportional to the amount of
antioxidants present within the target lipoprotein (52–
54). Of the various antioxidants in a given lipoprotein sub-
class, a-tocopherol has been shown to be among the most
potent (52–54). In the present study we found that the lag
times for HTG-VLDL and HTG-VLDL remnants were 4- to
5-fold longer than for LDL and that the lag times were di-
rectly correlated with the lipoprotein antioxidant content
(r 5 0.98). These results indicate that the greater number
of antioxidant molecules per particle would protect both
HTG-VLDL and VLDL-REM to a greater extent than LDL
against the initiation of oxidation.

More conjugated dienes were produced during the oxi-
dation of HTG-VLDL and VLDL-REM than during oxida-
tion of LDL. VLDL and their remnants are physically
larger than LDL, and therefore contain more polyunsatu-
rated fatty acids, the substrate for oxidation, than LDL.
One explanation to account for the observation that con-
jugated dienes were formed at twice the rate in LDL com-
pared to HTG-VLDL is that the surface phospholipid
monolayer of the smaller, denser, LDL particles had an
enhanced vulnerability to oxidation by the external agent
CuSO4. This idea of an enhanced susceptibility to oxida-
tion based on size and density has been shown to exist be-
tween different LDL subfractions (55) and is consistent
with the observation that the rate of conjugated diene for-
mation of VLDL-REM was greater than that observed for
HTG-VLDL and found not to be significantly different
from that of LDL.

OxLDL has received considerable attention with respect
to its ability to induce foam cell formation (56). However,
in the last decade several groups have examined the
atherogenic potential of OxVLDL. These studies have
used either human VLDL isolated from normolipidemic
(48, 51, 57–59) and hypercholesterolemic (Type IIa) sub-
jects (58), or b-VLDL isolated from hypercholesterolemic
rabbits (46, 60, 61). Human VLDL is capable of being oxi-
dized in vitro as assessed by increases in VLDL electro-
phoretic mobility (57), the formation of thiobarbituric
acid-reactive substances (TBARS) (57–59), and/or the
formation of hydroperoxides (51, 57). Jurgens, Ashy, and
Esterbauer (57) were the first to examine both VLDL and
LDL, isolated from normolipidemic subjects, under simi-

Fig. 7. SDS-PAGE analysis of native and oxidatively modified
HTG-VLDL, VLDL-REM, and LDL. Sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis of HTG-VLDL, OxHTG-VLDL,
VLDL-REM, OxVLDL-REM, LDL, and OXLDL apolipoproteins (n 5
4 patients’ samples) as described under Methods. Gels were stained
with Coomassie blue. A representative gel containing samples from
one patient is shown. Various bands were identified according to
molecular weight markers. Lane 1, oxidized (Ox) LDL; lane 2, na-
tive LDL; lane 3, molecular weight markers; lane 4, OxHTG-VLDL,
lanes 5 and 6, native HTG-VLDL; lane 7, OxVLDL-REM, and lane 8,
VLDL-REM. B-100, B-48, E, and C refer to apolipoproteins B-100, B-
48, E, and C. Molecular weight markers, phosphorylase b (94,000),
albumin (67,000), ovalbumin (43,000), carbonic anhydrase (30,000),
trypsin inhibitor (20,000), and a-lactalbumin (14,400).
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lar oxidative conditions (exposure to CuCl2). In their
study, OxVLDL and OxLDL were found to have very simi-
lar electrophoretic mobilities and levels of TBARS. To
date, only one human study has directly examined whether
OxVLDL could be taken up more avidly by cultured macro-
phages than native VLDL (48). In that study CuSO4 medi-
ated oxidation of VLDL, isolated from normolipidemic
subjects, resulted in a 4-fold increase in degradation of the
radioiodinated lipoprotein by mouse peritoneal macro-
phages when compared to native VLDL (48).

b-VLDL from cholesterol-fed rabbits has also been
shown to undergo both cell- mediated and copper-mediated
oxidative modification (46, 60–62). Endothelial cell-
mediated oxidation of b-VLDL significantly enhanced its
degradation by both macrophages (60) and smooth mus-
cle cells (SMC) (61). Copper-mediated oxidation of b-
VLDL was also shown to enhance its degradation by both
macrophages (60) and liver Kupffer cells (46). In two sep-
arate studies, the ability of oxidized b-VLDL (60) and oxi-
dized IDL (62) to be degraded by cultured macrophages
was compared to that of OxLDL. In the first study
Parthasarathy et al. (60) showed that even though copper-
mediated oxidation of b-VLDL (d , 1.006 g/ml) en-
hanced its rate of degradation by mouse peritoneal mac-
rophages 2.5-fold compared to native b-VLDL (d , 1.006
g/ml), its rate of degradation was still less than that of Ox-
LDL (reported previously by this group to be up to 10-fold
greater than native LDL (4, 55, 63)). In the second study,
Haratz et al. (62) showed that SMC-induced oxidation of
hypercholesterolemic rabbit IDL (d 1.006–1.019 g/ml)
enhanced its degradation by J774A.1 macrophages up to
2.4-fold greater than SMC-modified LDL. Although the
findings of Haratz et al. (62) contrast with those of
Parthasarathy et al. (60), we feel that both of these previ-
ous studies are consistent with the findings of the present
study. Like Parthasarathy et al. (60), we found that
OxHTG-VLDL caused significantly less cellular CE accu-
mulation than OxLDL, and as implied by Haratz et al.
(62) we found that if HTG-VLDL was allowed to undergo
remnant formation prior to oxidation, the resulting OxV-
LDL-REM actually caused greater macrophage CE accu-
mulation than OxLDL. The difference between OxVLDL,
OxVLDL-REM, and OxLDL in their ability to induce mac-
rophage CE accumulation, as shown in the present study
for human lipoproteins and collectively by others for rab-
bit b-VLDL (62), demonstrates that the lipoprotein with
the most atherogenic potential, in vitro, is OxVLDL-REM.

Although it is generally accepted that LDL have access
to the artery wall and directly contribute to atherogenesis,
there is increasing evidence that VLDL and in particular
VLDL remnants are also atherogenic. The relative athero-
genic potential, in vivo, is most likely dependent on their
plasma concentrations, plasma transport rates, and rates
of infiltration into the arterial intima. Subjects with type
IV HLP have elevated plasma concentrations of HTG-
VLDL and VLDL-REM; however, they often have normal
or reduced plasma levels of LDL (15, 16). If HTG-VLDL
and especially VLDL remnants infiltrate the arterial in-
tima, these lipoproteins may contribute to the athero-

genic process. Infiltration of lipoproteins into the arterial
wall appears to be proportional to their plasma concentra-
tions (64, 65). It is known that lipoproteins in the VLDL 1
IDL density range can be isolated from normal aortic in-
tima (26) or from aortic atherosclerotic plaques (27). In
the latter study, Rapp et al (27) found that greater than
one-third of the cholesterol content of plaque lipopro-
teins was associated with particles in the VLDL 1 IDL
range. In those patients with hypertriglyceridemia, the
plaque particles in the VLDL 1 IDL range had a triglyc-
eride content similar to their plasma counterparts. HTG-
VLDL and their remnants have atherogenic potential with-
out a requirement for oxidation and in vitro, they can be
readily taken up by macrophages to produce foam cells
(7–14). VLDL 1 IDL, extracted from normal aortic intima
were found to stimulate cholesterol esterification in
mouse peritoneal macrophages 3- to 6-fold greater than
aortic LDL and 10- to 20-fold greater than plasma LDL
(26). The results of the present study extend these find-
ings and suggest that oxidation of VLDL-REM further
enhances its ability to cause macrophage cholesteryl ester
accumulation.

OxLDL was the only lipoprotein preparation examined
that increased cellular FC levels. At the highest concentra-
tion tested, OxLDL caused approximately a 30% increase
in cellular FC levels when compared to the other lipopro-
tein preparations. Maor and Aviram (66) have shown that
incubation of J774A.1 macrophages with OxLDL led to
macrophage accumulation of FC as a result of lysosomal
trapping of the lipoprotein hydrolyzed CE. These investi-
gators (66) concluded that this lysosomal trapping may
have been mediated in some way by oxysterols generated
by the oxidative process and brought into the cell as a
component of the OxLDL particle. Our results with OxLDL
were consistent with this idea; however, neither OxHTG-
VLDL nor OxVLDL-REM caused a similar increase in cel-
lular FC levels. Reasons for this difference are unknown.

Incubating cultured macrophages with OxHTG-VLDL
or OxVLDL-REM did not result in the same increase in
cellular TG concentrations when compared to their non-
oxidized counterparts. We have previously shown that cel-
lular uptake of the TG and CE components of HTG-VLDL
occurs by two different mechanisms (8). The first step is
initiated extracellularly by cell-secreted LPL, which medi-
ates hydrolysis of the VLDL-TG to free fatty acids which
are then taken up by the cell and re-esterified into TG.
The second step involves receptor-mediated uptake of the
resulting CE-rich VLDL-REM, a process dependent on
receptor-competent apoE (8). A possible explanation for
the reduction in the ability of OxHTG-VLDL to induce
cellular TG accumulation could be due to a decrease in
extracellular OxVLDL-TG hydrolysis. Oxidative modifica-
tion of HTG-VLDL may in some way inhibit the ability of
LPL to associate with OxHTG-VLDL by either inactivating
lipoprotein-associated apoC-II or by inhibiting the bind-
ing of LPL to the lipoprotein altogether. The idea that
OxHTG-VLDL can no longer serve as a substrate for LPL
was supported by the in vitro LPL activity assay data which
indicated that the oxidation process was not only inhibit-
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ing the ability of apoC-II associated with OxHTG-VLDL to
function as a cofactor for LPL, but that OxHTG-VLDL was
itself unable to act as a substrate for catalytically active
LPL. SDS-PAGE analysis of OxHTG-VLDL and OxVLDL-
REM confirmed that these particles were markedly de-
pleted in apoC as well as apoE. Fragmentation of apoB
was observed. Other studies have shown that oxidation of
VLDL from normolipidemic subjects (48) and b-VLDL
from cholesterol-fed rabbits (46) resulted in the fragmen-
tation of the apoC-II as well as apoB-100 and apoE. We ob-
served a greater uptake of OxVLDL-REM, compared to
OxHTG-VLDL, even though the loss of apoC, E, and frag-
mentation of apoB appeared similar. These findings are
consistent with the concept that epitopes of modified apo-
lipoproteins on OxVLDL-REM were more accessible for
recognition at the cell surface and that enhanced expo-
sure of these epitopes on OxHTG-VLDL could not be in-
creased by hydrolysis via macrophage LPL.

In contrast to HTG-VLDL and to a lesser extent VLDL-
REM, OxHTG-VLDL, and OxVLDL-REM did not require
lipolysis by macrophage-secreted LPL to induce particle
uptake and CE accumulation. The addition of the LPL in-
hibitor THL had no effect on the increase in either cellu-
lar TG or CE concentrations induced by OxHTG-VLDL or
OxVLDL-REM. This is consistent with the observation that
both of these lipoproteins were poor substrates for LPL.
Thus the increased cellular TG induced by both OxHTG-
VLDL and OxLDL-REM suggests that particles were taken
up intact by macrophages without prior lipolytic modifica-
tion by LPL. A non-catalytic role for LPL in enhancing cellu-
lar uptake of these oxidized lipoproteins, as demonstrated
for LDL uptake by THP-1 macrophages (67), could not be
excluded.

A possible candidate receptor responsible for mediat-
ing uptake of OxHTG-VLDL and OxVLDL-REM is the
scavenger type I receptor. This idea is based on evidence
that the scavenger receptor is directly responsible for the
uptake of chemically modified LDL (44, 49, 50) and copper-
oxidized b-VLDL (46). Polyinosine is known to bind com-
petitively to the scavenger type I and II receptors and pre-
vent binding and uptake of scavenger receptor ligands
(44, 45). Our co-incubation studies with polyinosine
showed that the scavenger receptor(s) may play an active
role in the uptake of these oxidized lipoproteins as poly-
inosine significantly inhibited the cellular CE and TG ac-
cumulation induced by OxHTG-VLDL, OxVLDL-REM,
and OxLDL. In support of these findings, de Rijke, Hes-
sels, and van Berkel (46) have shown that polyinosine can
inhibit both the in vivo association and in vitro associa-
tion/degradation of iodinated oxidized rabbit b-VLDL by
liver Kupffer cells, a macrophage-like cell known to ex-
press the scavenger type I receptor (68).

In conclusion, the present experiments clearly demon-
strated that both human HTG-VLDL and their remnants
could be oxidatively modified in vitro. However, only
OxVLDL-REM were capable of enhancing macrophage
cellular CE accumulation above that of VLDL-REM and
HTG-VLDL. In addition, OxVLDL-REM caused signifi-
cantly greater CE accumulation than equal concentra-

tions of OxLDL. The present experiments further demon-
strated that HTG-VLDL and VLDL-REM could, without
modification, significantly stimulate macrophage CE accu-
mulation to the same extent as the known atherogenic
particle OxLDL. The enhanced cellular CE accumulation
induced by OxVLDL-REM compared to VLDL-REM, sug-
gested that the former may be the more atherogenic, in
vivo, and may provide an additional potential mechanism
to explain atherosclerosis associated foam cell formation
in patients with hypertriglyceridemia. We hypothesize
that in vivo, in the arterial intima, HTG-VLDL and/or
partially catabolized HTG-VLDL interact with macrophage-
secreted LPL, thereby trapping the lipoprotein within the
extracellular matrix and to the macrophage cell surface.
After further TG hydrolysis by LPL, remnant uptake by
macrophage may occur by several pathways. 1) Particles
are taken up by receptor-mediated endocytosis, as de-
scribed previously (8) and/or 2) the anchored VLDL-
REM may undergo cell-induced oxidation by one or more
of the possible cellular mechanisms that have been pro-
posed for LDL modification (47, 69, 70). Oxidative modi-
fication of the VLDL-REM would allow these modified lipo-
proteins to be readily taken up via macrophage scavenger
receptors, resulting in CE accumulation and foam cell for-
mation. The latter pathway may be predominant when the
macrophage LDL-receptor is down-regulated.
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