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LDL levels, may inhibit atherogenesis by limiting oxidative LDL modification and thus foam cell formation and/or EC injury.
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Abstract

Previous studies have established that low density lipoprotein
(LDL) incubated with endothelial cells (EC) undergoes extensive
oxidative modification in structure and that the modified LDL
is specifically recognized by the acetyl LDL receptor of the mac-
rophage. Thus, in principle, EC-modified LDL could contribute
to foam cell formation during atherogenesis. Oxidatively modified
LDL is also potentially toxic to EC. The present studies show
that addition of probucol during the incubation of LDL with EC
prevents the increase in the electrophoretic mobility, the increase
in peroxides, and the increase in subsequent susceptibility to
macrophage degradation. It has also been shown that oxidation
of LDL catalyzed by cupric ion induces many of the same changes
occurring during EC modification. Addition of probucol (5 uM)
also prevented this copper-catalyzed modification of LDL. Most
importantly, samples of LDL isolated from plasma of hyper-
cholesterolemic patients under treatment with conventional dos-
ages of probucol were shown to be highly resistant to oxidative
modification either by incubation with endothelial cells or by
cupric ion in the absence of cells. The findings suggest the hy-
pothetical but intriguing possibility that probucol, in addition to
its recognized effects on plasma LDL levels, may inhibit ath-
erogenesis by limiting oxidative LDL modification and thus foam
cell formation and/or EC injury. Other compounds with antiox-
idant properties might behave similarly.

Introduction

Accumulation of lipid-loaded “foam cells” in the subendothelial
space is one of the early events in atherogenesis. Evidence has
recently accumulated suggesting that many of these cells rep-
resent monocyte/macrophages that have entered by penetration
of the endothelial lining (1-3). These cells can take up and de-
grade native low density lipoprotein (LDL) but at a rather low
rate and generally without marked accumulation of cholesterol
(4). In contrast, they take up and degrade certain chemically
modified forms of LDL at much higher rates (4-6). While these
chemically modified forms have yet to be demonstrated in vivo,
a biologically modified form of LDL that reacts with the acetyl
LDL receptor can be generated by incubation of native LDL
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with cultured endothelial cells (EC)' or arterial smooth muscle
cells (7, 8). This modification is accompanied by a number of
striking changes, including a marked increase in electrophoretic
mobility, an increase in density, hydrolysis of lecithin to lyso-
lecithin, degradation of the apoprotein B, and the generation of
peroxides (7-10). Addition of alpha tocopherol or butylated hy-
droxytoluene, effective free-radical scavengers, inhibited perox-
idation and most of the other changes as well (9). Most of the
same changes can be induced by oxidizing LDL in the presence
of cupric ions in the absence of cells (9-13). Whether the mod-
ification is copper catalyzed or induced by incubation with cells,
the oxidized LDL is toxic to some cultured cells, including EC
(13-15), and inhibits the motility of the macrophage (16). Thus,
there are a number of ways in which EC modification of LDL
(or oxidation by other mechanisms) might contribute to ather-
ogenesis: (a) by favoring lipid accumulation in foam cells; ()
by damaging the endothelial lining; and (c) by favoring the ac-
cumulation of macrophages in the subendothelial space due to
its inhibitory effect on macrophage motility.

The present studies show that probucol, a drug widely used
in treatment of hypercholesterolemia, when added to incubations
of LDL with cultured EC, blocks all of the cell-induced changes,
including the conversion to a form recognized by the acetyl LDL
receptor. In these in vitro studies, probucol was effective at con-
centrations even below the plasma concentrations reached during
conventional clinical use of the drug. The drug also blocked the
oxidative changes of LDL induced by cupric ion in the absence
of cells. Finally, LDL isolated from the plasma of patients under
treatment with usual doses of probucol (500 mg b.i.d.) resisted
both EC modification and copper ion-catalyzed oxidation.

Methods

Rabbit aortic EC (a cell line developed by Dr. V. Buonassissi, Dept. of
Biology, U. C. San Diego) were grown in Ham’s F-10 medium (Irvine
Scientific, Santa Ana, CA) supplemented with 15% fetal bovine serum
as described (7). Resident peritoneal macrophages were harvested from
female Swiss-Webster mice by lavage and used for measurements of
degradation of LDL as described (9). LDL (d = 1.019-1.063 g/ml) was
isolated from fresh human plasma and labeled with carrier-free '*’I
(Amersham Corp., Arlington Heights, IL) either by a modification of
the MacFarlane method (17) or using 1,3,4,6-tetrachloro-3,6-di-phen-
ylglycouril, a water-insoluble oxidizing agent (Iodogen, Pierce Chemical
Co., Rockford, IL) (18). Probucol [4,4'-(isopropylidenedithio)bis(2,6-di-
t-butylphenol)] was provided by Merrell Dow Pharmaceuticals, India-
napolis, IN.

The extent of lipid peroxidation was measured in terms of thiobar-
bituric acid-reactive (TBA) products expressed as malondialdehyde
equivalents (10). '>I-LDL (100 ug/ml) was modified by incubations with
cultured EC in F-10 medium for 24 h at 37°C. At the end of the modifying

1. Abbreviations used in this paper: EC, endothelial cell(s); TBA, thiobar-
bituric acid-reactive.
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incubation, enough medium was transferred to a macrophage culture to
bring the final concentration of '*I-LDL to 10 ug/ml. After a 5-h in-
cubation with the macrophages at 37°C in Dulbecco’s modified Eagle’s
medium, the trichloroacetic acid-soluble '2°I was measured and corrected
for trichloroacetic acid-soluble '’ in an aliquot incubated 5 h without
macrophages.

LDL (d = 1.025-1.063 g/ml) was isolated by ultracentrifugation from
individual plasma samples from patients with familial hypercholester-
olemia under treatment with probucol (500 mg twice daily) in connection
with a clinical trial of the efficacy of the drug. Each patient had given
fully informed consent. Control samples were taken from untreated hy-
percholesterolemic patients or from normolipidemic volunteers. Each
LDL sample was individually iodinated and evaluated for its susceptibility
to EC modification and to copper-catalyzed oxidation as described. Levels
of probucol in whole plasma and in LDL samples were determined in
the laboratories of Merrell Dow Pharmaceuticals using high performance
liquid chromotography.

Results

As shown in Table I, LDL incubated with EC for 24 h showed
a 10-fold increase in peroxides (TBA-reactive materials) and a
fivefold increase in rate of degradation by macrophages, in
agreement with previous studies (7-10). The addition of probu-
col, even at concentrations as low as | uM, strongly inhibited
these modifications, and at 5 uM inhibited them completely. To
show that probucol did not interfere with the assay of peroxides
nor the subsequent degradation by macrophages, the probucol
in some cases was added at the end of the incubation with EC,
Jjust before the transfer of the LDL to macrophage cultures. This
had no effect. ) '
As shown in Table II, probucol also inhibited the peroxi-
dation and the biological modification of LDL incubated in the
absence of cells but in the presence of 5 uM Cu**. The inhibition
of oxidation was considerable—>50%—but not as striking as
the inhibition of EC-induced oxidation (Table I); the inhibition
of the increase in macrophage degradation was almost complete.
As shown in Table III, LDL isolated from the plasma of
probucol-treated patients was also resistant both to EC modifi-
cation and to Cu**-induced modification. The former was in-
hibited completely; the latter was inhibited only partially, as in
the case of probucol addition to LDL in vitro. Plasma probucol
levels in the samples studied averaged 98 uM (range 60-114
uM; 31.2-59.3 ug/ml). The probucol levels were also determined
in the LDL samples prepared by ultracentrifugation of these
plasmas. The values ranged from 12.7 to 21.3 ug probucol/mg
LDL protein, with an average value of 16.4. Since 100 ug LDL
protein/ml were added in the EC modification incubation (see
Table III), the final probucol concentration in that incubation
averaged 1.64 ug/ml or 3.2 uM. Note, however, that the notion
of “concentration” is not strictly applicable here, since probucol
is virtually insoluable in ageous media and will be present con-
centrated in the lipoprotein fraction. Similarly, in the studies
described in Tables I and II, the probucol added to LDL-con-
taining media probably partitioned primarily into the LDL.

Discussion

The possibility that free radicals and peroxidation may play a
role in the pathogenesis of atherosclerosis has been proposed
(19, 20), although the available evidence is indirect and limited.
Certainly lipid peroxidation occurs in vivo and peroxidized lipids
are found in atherosclerotic lesions (21). It has been shown that

Table I. Probucol Added In Vitro
Inhibits EC Modification of LDL

Macrophage
TBA-reactive degradation
LDL sample materials (pg/5 h/mg)
nmol/ml
Native, unincubated 0.34 1.77
Incubated 24 h without cells 0.98 0.64
Incubated 24 h with cells 4.46 9.62
+1.0 uM probucol 2.71 4.70
+2.5 um probucol 1.09 0.79
+5.0 um probucol 1.10 0.73
+5.0 um probucol added at the
end of incubation 4.56 10.40

200 ug 'PI-LDL was incubated for 24 h with rabbit aortic EC in 2 ml
of F-10 medium at 37°C. Probucol was added in 20 ul of ethanol to
achieve the indicated final concentrations; ethanol alone was added to
controls. Total TBA-reactive material was determined on one aliquot
of medium. Another aliquot was transferred to a dish containing
mouse peritoneal macrophages to yield a final '’I-LDL concentration
of 10 pg/ml and to a no-cell control dish. After 5 h incubation at
37°C, trichloroacetic acid-soluble ', corrected for no-cell control
values, was determined as a measure of LDL degradation. Results rep-
resent avei'ages from two separate experiments in each of which dupli-
cate dishes were incubated for each specified condition and separately
assayed.

intravenous injection of peroxidized free fatty acids can damage
EC (20), but the relevance of this remains to be established.
There is no completely satisfactory evidence that would link
peroxidation causally to lesion initiation or progression. The
finding that cell-modified (oxidized) LDL is recognized by the
macrophage acetyl LDL receptor (8, 9), suggests such a linkage—
by favoring development of foam cells. Cell-modified LDL could
also contribute by damaging EC, as it has been shown to do in
vitro (13-15). Finally, the recent demonstration that cell-mod-
ified LDL inhibits macrophage motility suggests another mech-
anism, namely, that it could favor accumulation of foam cells
by inhibiting their exit from the subendothelial space (16).
The studies reported here shaw that probucol is a highly
effective inhibitor of the oxidative, cell-mediated modification
of LDL. Added in vitro it was effective at levels well below those
reached in the plasma during conventional treatment of hyper-

Table II. Probucol Inhibits Oxidation and Biological Modification
of LDL Catalyzed by Cu** in the Absence of Cells

Macrophage

TBA-reactive degradation

LDL sample materials (#g/S h/mg)

nmol/ml

Unincubated 0.71 0.45
Incubated 24 h (no additions) 1.82 0.32
+5.0 uM Cu** 8.12 8.37
+5.0 um Cu** and 5.0 um probucol 347 1.10

200 ug '»I-LDL was incubated at 37°C for 24 h in 2 ml of F-10 me-
dium with additions as indicated. Conditions and analysis as in the
legend to Table I. Results again represent averages for two separate ex-
periments.
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Table IlI. LDL from the Plasma of Probucol-treated Patients Resists Cell-induced and Cu**-induced Modification

TBA-reactive materials Macrophage degradation
LDL from untreated LDL from probucol- LDL from untreated LDL from probucol-

LDL samaple controls treated patients controls (ug/5 h/mg) treated patients (ug/5 h/mg)
nmol/ml nmol/mi

Unincubated 0.54+0.20 0.550.08 1.31+0.27 1.27+0.05

Incubated 24 h without cells 2.27+0.58 1.40+0.19 1.30+0.22 1.1+0.24

Incubated 24 h with Cu** 5.29+0.44 2.99+0.51 11.85+1.30 3.56+2.30

Incubated 24 h with cells 3.90+0.54 1.01+0.16 9.34+2.40 1.14+0.28

Ll?L saxpples were prepared from the plasma of four untreated controls and from that of four patients under treatment with probucol (500 mg
twice daily). Incubations and analyses as described under Table I were carried out in duplicate for each sample and the results averaged. Values

represent group means+SE.

cholesterolemia. Most important, the LDL isolated from the
plasma of patients treated with conventional dosages of probucol
was highly resistant to oxidative modification. Probucol, as might
be anticipated from its highly lipophilic properties, is transported
in plasma primarily in lipoproteins, mostly in LDL and VLDL
(22). Thus, it would be strategically positioned to offer maximum
protection of the lipoproteins against in vivo peroxidative pro-
cesses. In previous studies from this laboratory (18), it was shown
that LDL catabolism was accelerated in probucol-treated rabbits,
in agreement with reports of increased fractional catabolic rate
of LDL in patients treated with the drug (23, 24). However, the
increased catabolism was only seen when the LDL was prepared
from probucol-treated rabbits, and then it was seen whether the
recipient was under treatment with probucol or not. In short,
the studies indicated that the LDL itself was modified somehow
as a result of probucol treatment. Just what change is critical
has yet to be determined, but it could be related, again, to the
fact that probucol and its metabolites are transported in LDL
and may modify the metabolism of the molecule.

If the cell-induced modification of LDL is of relevance in
atherogenesis, then we have the rather unusual situation that a
drug introduced and used because of its effectiveness in lowering
plasma cholesterol levels may have further antiatherogenic effects
through quite different mechanisms. The question is whether it
can be shown to be antiatherogenic over and above what would
be expected on the basis of its cholesterol-lowering effect.
Kritchevsky et al. (25) found that probucol at 1% in the diet of
rabbits on a 2% cholesterol-6% corn oil diet significantly reduced
the severity of aortic atherosclerosis, but to a degree compatible
with the degree of plasma cholesterol lowering. However, ath-
erosclerosis in this model is probably due primarily to an ele-
vation of beta VLDL, which does not need to be modified; i.e.,
it is avidly taken up by the macrophage via the specialized beta
VLDL receptor (26). The findings reported here provide us with
a tool to use in testing more directly the hypothesis that oxidative
modification of LDL is of consequence in the development of
atheromata.

Acknowledgments

We are indebted to Joellen Barnett, Frank Peralta, and Sandra Bertics
for excellent technical assistance. We thank Dr. Ralph Tedeschi and
Merrell Dow Pharmaceuticals for supplying probucol and for probucol
analyses.

These studies were supported by U. S. Public Health Service grant
HL-14197. Dr. Witztum is an Established Investigator of the American
Heart Association. Dr. Young is an Associate Investigator with the Vet-
erans Administration.

References

1. Fowler, S., H. Shio, and W. J. Haley. 1979. Characterization of
lipid-laden aortic cells from cholesterol-fed rabbits. IV. Investigations of
macrophage-like properties of aortic cell populations. Lab. Invest.
41:372-378.

2. Schaffner, T., K. Taylor, E. J. Bartucci, K. Fischer-Dzoga, J. H.
Beeson, S. Glagov, and R. W. Wissler. 1980. Arterial foam cells with
distinctive immunomorphologic and histochemical features of macro-
phages. Am. J. Pathol. 100:57-73.

3. Gerrity, R. G. 1981. The role of the monocyte in atherogenesis.
Am. J. Pathol. 103:181-190.

4. Goldstein, J. L., Y. K. Ho, S. K. Basu, and M. S. Brown. 1979.
Binding site on macrophages that mediates uptake and degradation of
acetylated low density lipoproteins, producing massive cholesterol de-
position. Proc. Natl. Acad. Sci. USA. 76:333-337.

S. Mahley, R. W, T. L. Innerarity, K. H. Weisgraber, and S. Y. Oh.
1979. Altered metabolism (in vivo and in vitro) of plasma lipoproteins
after selective modification of lysine residues of the apoproteins. J. Clin.
Invest. 64:743-750.

6. Fogelman, A. M, L. Schechter, J. Seager, M. Hokom, J. S. Child,
and P. A. Edwards. 1980. Malondialdehyde alteration of low density
lipoproteins leads to cholesteryl ester accumulation in human mono-
cytemacrophages. Proc. Natl. Acad. Sci. USA. 77:2214-2218.

7. Henriksen, T., E. M. Mahoney, and D. Steinberg. 1981. Enhanced
macrophage degradation of low density lipoproteins previously incubated
with cultured endothelial cells: recognition by the receptors for acetylated
low density lipoproteins. Proc. Natl. Acad. Sci. USA. 78:6499-6503.

8. Henriksen, T., E. M. Mahoney, and D. Steinberg. 1983. Enhanced
macrophage degradation of biologically modified low density lipoprotein.
Arteriosclerosis. 3:149-159.

9. Steinbrecher, U. P., S. Parthasarathy, D. S. Leake, J. L. Witztum,
and D. Steinberg. 1984. Modification of low density lipoprotein by en-
dothelial cells involves lipid peroxidation and degradation of low density
lipoprotein phospholipids. Proc. Natl. Acad. Sci. USA. 81:3883-3887.

10. Parthasarathy, S., U. P. Steinbrecher, J. Barnett, J. L. Witztum,
and D. Steinberg. 1985. The essential role of phospholipase A, activity
in endothelial cell-induced modification of low density lipoprotein. Proc.
Natl. Acad. Sci. USA. 82:3000-3004.

11. Schuh, J., G. F. Fairclough, Jr., and R. H. Haschmeyer. 1978.
Oxygen-mediated heterogeneity of apo-low-density lipoproteins. Proc.
Natl. Acad. Sci. USA. 75:3173-3177.

Probucol Inhibits Oxidative Modification of Low Density Lipoprotein 643



12. Lee, D. M. 1980. Malondialdehyde formation in stored plasma.
Biochem. Biophys. Res. Commun. 95:1663-1672.

13. Morel, D. W,, J. R. Hessler, and G. M. Chisolm. 1983. Low
density lipoprotein cytotoxicity induced by free radical peroxidation of
lipid. J. Lipid Res. 24:1070-1076.

14. Henriksen, T., S. A. Evensen, and B. Carlander. 1979. Injury to
human endothelial cells in culture induced by low density lipoproteins.
Scan. J. Clin. Lab. Invest. 39:361-368.

15. Hessler, J. R., A. L. Robertson, Jr., and G. M. Chisholm. 1979.
LDL-induced cytotoxicity and its inhibition by HDL in human vascular
and smooth muscle and endothelial cells in culture. Atherosclerosis.
32:213-229.

16. Quinn, M. T., S. Parthasarathy, and D. Steinberg. 1985. Endo-
thelial cell-derived chemotactic activity for mouse peritoneal macrophages
and the effects of modified forms of low density lipoprotein. Proc. Natl.
Acad. Sci. USA. 82:5949-5953.

17. Weinstein, D. B., T. E. Carew, and D. Steinberg. 1976. Uptake
and degradation of low density lipoprotein by swine arterial smooth
muscle cells with inhibition of cholesterol biosynthesis. Biochim. Biophys.
Acta. 424:404-421.

18. Naruszewicz, M., T. E. Carew, R. C. Pittman, J. L. Witztum,
and D. Steinberg. 1984. A novel mechanism by which probucol lowers

LDL levels demonstrated in the LDL receptor-deficient rabbit. J. Lipid
Res. 25:1206-1213.

19. Harman, D. 1982. The free-radical theory of aging. In Free Rad-
icals in Biology. W. A. Pryor, editor. Academic Press, Inc., New York.
5:255-275.

20. Yagi, K. 1984. Increased serum lipid peroxides initiate athero-
genesis. Bioessays. 1:58-60.

21. Glavind, J., S. Hartmann, J. Clemmensen, K. E. Jessen, and H.
Dam. 1952. Studies on the role of lipoperoxides in human pathology.
Acta Pathol. Microbiol. Scand. 30:1-6.

22. Marshall, F. N. 1982. Pharmacology and toxicology of probucol.
Artery. 10:7-21.

23. Nestel, P. J., and T. Billington. 1981. Effects of probucol on low
density lipoprotein removal and high density lipoprotein synthesis. Ath-
erosclerosis. 38:203-209.

24. Kesaniemi, Y. A., and S. M. Grundy. 1984. Influence of probucol
on cholesterol and lipoprotein metabolism in man. J. Lipid Res.
25:780-790.

25. Kritchevsky, D., H. K. Kirn, and S. A. Tepper. 1971. Influence
of 4,4-(Isopropylidenedithio)bis(2,6-di-t-butylphenolDH-581) on ex-
perimental atherosclerosis in rabbits. Proc. Soc. Exp. Biol. Med.
136:1216-1221.

26. Mahley, R. W. 1979. Dietary fat, cholesterol, and accelerated
atherosclerosis. Atherosclerosis Rev. 5:1.34.

644 S Parthasarathy, S. G. Young, J. L. Witztum, R. C. Pittman, and D. Steinberg



