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Dietary Probucol Preserves Endothelial Function in Cholesterol-fed Rabbits
by Limiting Vascular Oxidative Stress and Superoxide Generation
John F. Keaney, Jr., Aiming Xu, David Cunningham, Terence Jackson, Balz Frei, and Joseph A. Vita
Evans Memorial Department of Medicine and Whitaker Cardiovascular Institute, Boston University Medical Center,
Boston, Massachusetts 02118

Abstract Introduction

Excess vascular oxidative stress and the local formation of
oxidized LDL (ox-LDL) have been implicated in the devel-
opment of impaired endothelium-dependent arterial relax-
ation in hypercholesterolemia and atherosclerosis. Dietary
antioxidants limit LDL oxidation in vitro and treatment of
cholesterol-fed rabbits with dietary antioxidants preserves
endothelium-derived relaxing factor (EDRF) action. To in-
vestigate the mechanism(s) responsible for these observa-
tions, we examined EDRFaction, vascular oxidative stress,
and antioxidant protection in male NewZealand White rab-
bits using four dietary treatments. Animals consumed stan-
dard chow (chow group) or chow supplemented with: (a)
0.5% cholesterol (0.5% cholesterol group); (b) 1% choles-
terol (1% cholesterol group); or (c) 1%cholesterol and 1%
probucol (probucol group). After 28 d of dietary treatment,
segments of thoracic aorta from the 0.5 and 1% cholesterol
groups demonstrated impairment of acetylcholine-mediated
endothelium-dependent arterial relaxation compared to
chow-fed animals (57±11% and 45±9% vs 78±3%, respec-
tively; P < 0.05). In contrast, vessels from the probucol
group demonstrated normal relaxation to acetylcholine
(83±5%). Plasma cholesterol levels and the extent of ath-
erosclerosis were similar among all cholesterol-fed groups.
Probucol treatment was associated a threefold increase in
LDL resistance to copper-induced oxidative modification
(P < 0.05) and a reduction in tissue lipid peroxidation
(as assessed by thiobarbituric acid-reactive substances; P
< 0.05) compared to animals fed cholesterol alone. Most
importantly, both of these changes were strongly correlated
with preserved EDRFaction. Moreover, cholesterol feeding
was associated with a dose-dependent increase in vascular
superoxide generation and lysophosphatidylcholine content,
both of which were prevented by probucol treatment. From
these findings, we conclude that probucol, a lipid-soluble
antioxidant, preserves EDRFaction in cholesterol-fed rab-
bits in association with limiting vascular oxidative stress and
superoxide generation. (J. Clin. Invest. 1995.95:2520-2529.)
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The vascular endothelium is important in the maintenance of
vascular homeostasis. Normally, the vascular endothelium pre-
vents inappropriate vasospasm and platelet adhesion to the vas-
cular surface through the production of numerous paracrine
factors (for review see reference 1). Principal among these
mediators of vascular homeostasis is endothelium-derived re-
laxing factor (EDRF),' an endothelial product that has been
identified as nitric oxide (NO) (2), or a closely related redox-
activated form of NO (3). This endothelial product relaxes
vascular smooth muscle and prevents platelet adhesion to the
endothelial surface through a cyclic 3 ',5 '-guanosine monophos-
phate-mediated mechanism (4, 5). Abnormalities in EDRFac-
tion have been described in association with known risk factors
for acute vascular events including hypercholesterolemia (6)
and atherosclerosis (7). These abnormalities develop early in
the course of vascular disease (6, 8) and may participate in the
development of clinically significant vascular events.

There are now several lines of evidence linking excess vas-
cular oxidative stress to the impairment of EDRFaction associ-
ated with hypercholesterolemia and atherosclerosis. Early in
atherogenesis, LDL becomes entrapped in the subendothelial
space of lesion-prone arterial sites where it is subject to oxida-
tion by endothelial cells (9), smooth muscle cells (10), and
resident monocyte/macrophages (11). Oxidized LDL (ox-
LDL) inhibits receptor-mediated endothelium-dependent arte-
rial relaxation (12) and signal transduction (13). Moreover,
ox-LDL is cytotoxic (14) and degrades EDRFdirectly (15),
further promoting abnormal EDRFaction.

Other sources of vascular oxidative stress may also contrib-
ute to impaired EDRFaction. EDRFis readily inactivated by
superoxide (16) and the action of EDRFis dependent upon
intact endothelial SODactivity (17). In particular, arteries de-
rived from cholesterol-fed rabbits produce excess superoxide
(18) and the administration of SODto atherosclerotic rabbits
improves EDRFaction (19, 20). Thus, there is considerable
evidence indicating that excess vascular oxidative stress contri-
butes to impaired EDRFaction in experimental hypercholester-
olemia and atherosclerosis.

Developing evidence also suggests that improved vascular
antioxidant defenses may limit abnormalities of endothelium-
dependent arterial relaxation associated with hypercholesterol-
emia and atherosclerosis. Atherosclerotic rabbits treated chroni-
cally with probucol, a cholesterol-lowering drug with potent
antioxidant properties (21), exhibit preserved endothelium-de-

1. Abbreviations used in this paper: DDC, diethyldithiocarbamate;
EDRF, endothelium-derived relaxing factor; lysoPC, lysophosphatidyl-
choline; MDA, malondialdehyde; NO, nitric oxide; ox-LDL, oxidized
LDL; PC, phosphatidylcholine; PSS, physiologic saline solution;
TBARS, thiobarbituric acid-reactive substances.
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pendent arterial relaxation compared to animals fed cholesterol
alone (22). Similarly, cholesterol-fed rabbits treated with other
lipid-soluble antioxidants such as a-tocopherol (23, 24) and /3-
carotene (23) demonstrate preserved EDRFaction in associa-
tion with incorporation of these agents into vascular tissue (23).
Similar findings have been reported with cholesterol-fed rats,
animals that do not typically demonstrate impaired endothe-
lium-dependent arterial relaxation unless they are simultane-
ously deficient in selenium and a-tocopherol (25).

Despite the demonstration that some antioxidants preserve
endothelium-dependent arterial relaxation in hypercholesterol-
emia and atherosclerosis, the precise mechanism(s) that under-
lie this phenomenon are not well defined. Thus, we sought to
examine the mechanism(s) by which enhanced vascular antioxi-
dant protection preserves endothelium-dependent arterial relax-
ation in the cholesterol-fed rabbit model using probucol.

Methods

Materials. Ketamine hydrochloride was purchased from Aveco Co., Inc.
(Fort Dodge, IA) and sodium pentobarbital was obtained from Anthony
Products Co. (Arcadia, CA). Sodium nitroprusside was obtained from
Abbott Laboratories (North Chicago, IL). Vacutainerm tubes were
purchased from Becton-Dickinson and Co. (Rutherford, NJ) and Chelex
100 resin (100-200 mesh) was from Bio-Rad Laboratories, Hercules,
CA. Porcine intestinal mucosal heparin was purchased from Elkins-
Sinn, Inc. (Cherry Hill, NJ). Probucol was a gift of Marion-Merrell
Dow, Inc. (Cincinnati, OH) and xanthine oxidase was obtained from
Boehringer Mannheim Biochemicals, (Indianapolis, IN). Calcium iono-
phore (A23187), acetylcholine hydrochloride, norepinephrine, potas-
sium bromide (KBr), cupric chloride (CuCl2), Lowry protein assay
kits (P5656), Hepes, and all other compounds were purchased from
Sigma Chemical Co. (St. Louis, MO).

Physiologic salt solution (PSS) contained 118.3 mMNaCi, 4.7 mM
KCl, 2.5 mMCaCl2, 1.2 mMMgSO4, 1.2 mMKH2PO4, 25 mM
NaHCO3, 11.1 mMglucose, and 0.026 mMNa2EDTA. PBS consisted
of 10 mMNaPi, 0.15 MNaCl, pH 7.4. Reagents used for LDL experi-
ments were prepared with Chelex-treated, double-distilled, deionized
water to prevent premature LDL oxidation catalyzed by trace amounts
of transition metal ions. A23 187 was prepared and diluted in 2%DMSO
while all other reagents were prepared with distilled water.

Animal subjects. 64 male NewZealand White rabbits (2.6-3.8 kg)
were exposed to dietary treatment for a period of 28 d. 16 of these
animals were fed standard rabbit chow and served as the control group.
48 animals were fed a chow diet containing the following supplements
(n = 16 per group): (a) 0.5% (wt/wt) cholesterol, (b) 1% (wt/wt)
cholesterol; and (c) 1%cholesterol with 1% (wt/wt) probucol. Choles-
terol chow was prepared by dissolving pure cholesterol (Sigma Chemi-
cal Co.) in ether and spraying the appropriate amount over standard
chow. Animals consumed chow and water ad libitum. Blood was ob-
tained in Vacutainer tubes (4.5 mg Na2EDTA/3 ml) before dietary
treatment and at the time of death. Plasma was prepared and stored at
-70°C for subsequent assay of plasma cholesterol, triglyceride, and
antioxidant levels. Plasma total cholesterol (26) and triglycerides (27)
were quantified using enzymatic methods.

In vitro assay of vascular function. Rabbits were killed with pento-
barbital ( 120 mg/kg) via a marginal ear vein, the thoracic aorta excised,
and vessel segments suspended in organ chambers as previously de-
scribed (23). Endothelial control of vascular tone was assayed by the
addition of the muscarinic agonist acetylcholine (final concentration
10-9-10-5 M) and the calcium ionophore A23187 (10-95_10-6 M),
while smooth muscle cell vasodilator function was assayed using sodium
nitroprusside (10-9-10-5 M).

Plasma, LDL, and aortic antioxidant content. Plasma and aortic
probucol content was determined by the method of Mao and colleagues
(28) using HPLCwith a 25-cm LC-18 column (Supelco Inc., Bellfonte,

PA) and ultraviolet detection ( 1050 series chemstation; Hewlett-Packard
Co., Palo Alto, CA). Plasma a-tocopherol content was determined as
described (29) after saponification for 30 min with 10 N KOHin the
presence of 25% ascorbate. For aortic a-tocopherol content, tissue sam-
ples (0.1-0.35 g) were prepared as described (23) and subjected to
reverse-phase HPLC(29) using an amperometric electrochemical detec-
tor (model 1049A; Hewlett-Packard Co.) at an applied potential of 0.6
V. Calibration of the HPLC system was performed daily using fresh
solutions of d,1-a-tocopherol in ethanol.

For LDL antioxidant content, a 125-kul sample containing 0.1 mg
LDL protein in PBS was extracted with 125 kl methanol and 2.5 ml
hexane. The hexane phase (2.0 ml) was dried under nitrogen, resus-
pended in ethanol, and subjected to reverse-phase HPLCwith electro-
chemical detection as described above except that the applied potential
was 1.0 V. Calibration of the HPLCsystem was performed daily using
fresh solutions of d,1-a-tocopherol and probucol in ethanol.

LDL oxidation studies. The isolation and oxidation of LDL were
performed as described previously (30). Standard incubation of LDL
for susceptibility to oxidation was performed at a concentration of 0.1
mg LDL protein/ml in the presence of 1.25 AMCuCl2 at 370C. Lipid
peroxidation was determined by assay of sample absorbance at 234 nm
(diene conjugation) in 10-min intervals using a spectrophotometer (U-
2000; Hitachi Instruments Inc., San Jose, CA) equipped with a thermo-
static six-cell holder. LDL susceptibility to lipid peroxidation was quan-
tified by the lag phase duration before the propagation phase of diene
conjugation (31).

Measurement of vascular thiobarbituric acid-reactive substances
(TBARS). Segments of thoracic aorta (3 mm) not used for vascular
function studies were homogenized in 1 ml PBS containing 50 AM
butylated hydroxytoluene (BHT) and 0.1 mMdiethylenetriamene pen-
taacetic acid (DTPA). An aliquot of the homogenate (0.5 ml) was
incubated with equal volumes of 2.8% (wt/vol) TCAand 1% (wt/vol)
thiobarbituric acid (in 50 mMNaOH) for 10 min at 1000C, extracted
with 2.0 ml n-butanol, and the extract absorbance determined at 532
nm. TBARS were determined from a standard curve prepared with
1,1,3,3-tetramethoxypropane. The remaining homogenate was incubated
with 50 ul 10 N NaOHat 1000C, neutralized with HCl, and the protein
content determined (32). TBARSare expressed as nanomoles of malon-
dialdehyde (MDA) equivalents per milligram vessel protein.

Vascular superoxide generation. Segments of thoracic aorta (5 mm)
were isolated as described above and maintained in oxygenated PSS at
370C. Vessels were incubated with 10 mMdiethyldithiocarbamate
(DDC, an inhibitor of CuZnSOD[33]) for 30 min in oxygenated PSS
before transfer to scintillation vials containing 2 ml of Hepes-buffered
PSS (PSS containing 20 mMHepes), with 0.25 mMlucigenin (bis-N-
methylacridium nitrate). After 10 min of dark adaptation, superoxide
generation was estimated as described previously using the chemilumi-
nescence signal from a scintillation counter (model LKB; Wallac Ltd.,
Gaithersburg, MD) in out of coincidence mode ( 18, 34, 35). Chemilu-
minescence values were obtained at 1-min intervals over 10 min and
the readings in each of the last 5 min averaged. Background counts
were determined from identically processed vessel-free incubations and
subtracted from the readings obtained with vessels. Chemiluminescence
was inhibited > 95% by pretreatment of arterial segments with 10 mM
Tiron (4,5 dihydroxy-1,3-benzene sulfonic acid salt), a known scaven-
ger of superoxide anions (36).

Vascular superoxide scavenging activity. Vascular superoxide scav-
enging activity was determined using the method of Salin and McCord
(37) with some modification. Segments of thoracic aorta (- 50 mg)
were harvested as described above and homogenized in PBS (2 ml)
using a homogenizer (Brinkmann Instruments, Inc., Westbury, NY).
For the assessment of water-soluble superoxide scavenging activity, the
homogenates were centrifuged at 13,600 g for 15 min-and the superna-
tant collected and stored on ice until analysis. Water-soluble superoxide
scavenging activity was assayed using a xanthine/xanthine oxidase su-
peroxide generating system and the SOD-inhibitable reduction of cyto-
chrome c as follows: The water soluble homogenate (0.1 ml) was incu-
bated with 100 MMxanthine, 15 MMcytochrome c (horse heart type
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Table I. Plasma Lipid Levels and Animal Weights

0.5% 1% 1% Cholesterol
Control Cholesterol Cholesterol + 1% probucol

Plasma lipids
Total cholesterol

(mg/dl) 70±25 852±62* 1,084±85* 897±82*
Triglycerides

(mg/dl) 122±43 238±22* 245±11* 218±27*
Animal weight

(kg) 3.2±0.4 3.4±0.3 3.4±0.4 3.2±0.5

All values represent mean±SEMof samples from 7 to 12 animals in each group.
* P < 0.05 compared to control group.

IV, Sigma Chemical Co.), 20 mMNaHCO3, 1 mMNaN3, and 0.1 mM
EDTA (0.975 ml total vol). The assay was started by the addition of
0.025 ml xanthine oxidase (1 U/ml) and superoxide generation was
estimated by the slope of the absorbance at 550 nm over the first 30 s
of the reaction. Results were compared to a standard curve obtained
using 0.001-1 U/ml bovine erythrocyte CuZnSOD(Sigma Chemical
Co.) in place of the homogenate and expressed as units of SODnormal-
ized to the homogenate protein content. The residual non-CuZnSOD-
dependent superoxide scavenging activity was determined from identi-
cally prepared vessels that were incubated with 10 mMDDC for
30 min.

For lipid-soluble superoxide scavenging activity, vessel homoge-
nates were extracted with chloroform/methanol (2:1 [vol/vol]), dried
under nitrogen, and resuspended in 60 ql ethanol until analysis. We
examined lipid-soluble superoxide scavenging activity in the lipid-solu-
ble homogenate using the method of Misra and Fridovich (38). In this
assay, o-dianisidine is photooxidized in the presence of riboflavin lead-
ing to the formation of a stable product (oxidized dianisidine) that
absorbs at 460 nm. Superoxide is also produced in this assay and reduces
partially oxidized dianisidine leading to a net decrease in the accumula-
tion of 460-nm product. Thus, compounds that preferentially scavenge
superoxide (such as SOD) lead to an increase in 460 nm absorbance
in this assay. In contrast, general free radical scavengers or agents
without activity will either decrease 460 nm absorbance or have no
effect, respectively (38). Authentic probucol (1.9-18.5 nmol/ml) was
used as a positive control.

Pathologic examination. The thoracic aorta was perfusion fixed and
representative histologic sections of the proximal, mid, and distal tho-
racic aorta were prepared as described (23). Sections were stained with
resorcin fuchsin (for elastin) and subjected to morphometric analysis
of intimal and medial area using microscope (model BH-2; Olympus
Corp., Lake Success, NY) and an automated videomicroscopy system
(Optimas, BioScan Inc., Edmonds, WA).

Tissue cholesterol and lysophosphatidylcholine content. Segments
of thoracic aorta not used for superoxide assay were homogenized in
the presence of 50 ,M butylated hydroxytoluene and 0.1 mMdiethyl-
enetriaminepentaacetic acid and total lipids extracted with chloroform/
methanol as above. For the determination of cholesterol content, an

aliquot (0.1 ml) of lipid extract was dried under nitrogen and resus-
pended in absolute ethanol. The total cholesterol content (free choles-
terol + cholesterol ester) of this lipid suspension was determined using
enzymatic methods (26) with a commercially available kit (Sclavo,
Inc., Wayne, NJ). The remaining lipid extract was assayed for phospha-
tidylcholine (PC) and lysophosphatidylcholine (lysoPC) content using
the method of Kaduce and colleagues (39).

Data analysis. Unless otherwise specified, all values are presented
as a mean±SE. The vascular responses to the agents acetylcholine,
A23187, and nitroglycerin are reported as the percent relaxation com-
pared to the contraction produced by 1 tM norepinephrine. The dose
responses to acetylcholine, A23187, and sodium nitroprusside were

compared within dietary groups using repeated measures ANOVA. Vas-

j40-
~80

-10 -9--74-5 -10 9-8 -7 8 -10 -9 -8 -7 4 -5
ACH(Log M) A23187 (Log M) SNP(Log M)

Figure 1. The effects of dietary cholesterol and probucol on vessel
relaxation in rabbits. Aortic vessels were harvested from rabbits fed
standard chow (o), 0.5% cholesterol chow (co), 1% cholesterol chow
(o), or 1% cholesterol chow with 1% probucol (v) for a period of 28
d and exposed to the indicated concentrations of (A) acetylcholine
(ACH), (B) A23187, or (C) sodium nitroprusside (SNP). Vessels were
precontracted with 1 /uM norepinephrine and relaxation reported as the
percent reduction in tension from that produced by norepinephrine. Val-
ues represent the mean±SEMof vessels from six to eight animals in
each group; *P < 0.05 vs control by ANOVA.

cular responses were compared among dietary groups with two-way
ANOVA.Comparisons among groups for lipoprotein levels, antioxidant
levels, chemiluminescence, superoxide scavenging activity, vascular
cholesterol and lysoPC content, and intimal proliferation were per-
formed using ANOVAwith a posthoc Neuman-Keuls comparison. Sta-
tistical significance was accepted if the null hypothesis was rejected at
the P < 0.05 level.

Results

Plasma lipid levels and animal weight. Plasma total cholesterol
and triglyceride levels, and animal weights in all four dietary
treatment groups are contained in Table I. The baseline charac-
teristics of all animals were similar before dietary treatment.
Animals fed standard chow demonstrated plasma total choles-
terol and triglyceride levels of 70±25 and 122±43 mg/dl, re-
spectively. Animals receiving diets containing 0.5 or 1%choles-
terol for 28 d demonstrated significant elevations of plasma total
cholesterol and triglycerides compared to animals not receiving
cholesterol (P < 0.05). Similarly, animals receiving a diet
supplemented with both 1% cholesterol and 1% probucol dem-
onstrated a significant elevation of plasma cholesterol and tri-
glycerides that was not significant different from the other cho-
lesterol-fed groups (Table I). All four treatment groups gained
weight to a similar degree over the study period with no signifi-
cant differences on the basis of dietary treatment (Table I).

Probucol and vascular reactivity. The contractile responses
of aortic vessels was similar among the dietary treatment
groups. Vessels from animals in the control, 0.5% cholesterol,
1%cholesterol, and probucol groups demonstrated contractions
to 80 mMKCl of 5.5±0.5, 5.3±0.4, 6.1±0.4, and 5.4±0.6 g,
respectively (n = 6, P = NS).

The effects of dietary cholesterol and probucol supplementa-
tion on acetylcholine-induced vasodilatation is shown in Fig. 1
A. Vessels from rabbits fed standard rabbit chow demonstrated
dose-dependent relaxation in response to acetylcholine with a

relaxation of 78±3% to 10 tsM acetylcholine (P < 0.001).
Vessels derived from rabbits in the 0.5 and 1% cholesterol
groups demonstrated significantly impaired responses to acetyl-
choline with relaxations to 10 OsM acetylcholine of 57±11%
and 45±9%, respectively (both P < 0.05 vs control). In con-

trast, rabbits fed a 1% cholesterol diet supplemented with 1%
probucol demonstrated a response to 10 1LM acetylcholine
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Table II. LDL Susceptibility to Ex Vivo Copper-mediated
Oxidation and LDL Antioxidant Levels

0.5% 1% 1% Cholesterol
Control Cholesterol Cholesterol + 1% probucol

Lag phase (min) 96±7 87±7 98±5 224±12*
LDL antioxidant
levels (nmol/mg

LDL protein)
a-Tocopherol 9.3±0.7 10.1±0.8 10.2±0.7 9.8±0.8
Probucol n.d. n.d. n.d. 14.5±3.3

All values represent mean±SEMof samples taken from seven to nine animals in
each group. * P < 0.001 compared to control group. n.d., not detected.

(83±5%) that was not significantly different from control rab-
bits. There was no significant relaxation to acetylcholine in
vessels without endothelium (data not shown).

Vessel relaxations to the receptor-independent EDRFago-
nist, A23187 are presented in Fig. 1 B. Vessels harvested from
control rabbits demonstrated significant dose-dependent relax-
ation in response to A23187 with a maximal response of 95±6%
(P < 0.001). Relaxation in vessels from the 0.5% cholesterol
group was similar to the control group with a maximal relax-
ation of 95_±5%, whereas vessels derived from the 1% choles-
terol group demonstrated a modest impairment in the response
to A23187 compared to control vessels (81±5%, P < 0.05).
In vessels derived from probucol-treated animals, the response
to A23187 was not significantly different than control vessels
with a maximal relaxation of 95±2% (Fig. 1 B). In vessels
without endothelium, there was no significant relaxation to
A23187.

The vasodilator response to the NOdonor, sodium nitroprus-
side was similar in the four treatment groups and these results
are presented in Fig. 1 C. Vessels in all four groups demon-
strated dose-dependent vasodilatation in response to increasing
concentrations of sodium nitroprusside (P < 0.001) with no
significant differences noted on the basis of dietary treatment
or the presence of endothelium.

LDL oxidation studies. Hypercholesterolemia and athero-
sclerosis are accompanied by the local vascular accumulation
of ox-LDL (40) that has been shown to inactivate EDRFdi-
rectly (15). To determine whether LDL probucol may influence
the vascular formation of ox-LDL we assayed plasma-derived
LDL in the four treatment groups for resistance to copper-
induced oxidation as well as a-tocopherol and probucol content
(Table II). LDL isolated from rabbits fed chow, 0.5% choles-
terol, or 1% cholesterol alone demonstrated similar resistance
to copper-induced oxidation with lag phase times of 96±7,
87±7, and 98±5 min, respectively (P = NS). In contrast, LDL
isolated from animals fed 1%cholesterol and 1%probucol was
markedly resistant to ex vivo copper-induced oxidation as evi-
denced by a lag phase of 224±12 min (P < 0.001 vs control).
LDL antioxidant content paralleled the dietary treatment (Table
II). LDL derived from all four treatment groups demonstrated
similar a-tocopherol content. As expected, probucol was de-
tected only in LDL derived from probucol-fed animals at a level
of 14.5±3.3 nmol/mg LDL protein (Table H).

Vascular accumulation of TBARS. Wenext sought to deter-
mine if the effect of probucol on LDL resistance to oxidative
modification was reflected in a reduction of vascular oxidation

2.5-
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co 0-

<: ' 1.5-
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> ° 0.5-
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Figure 2. The effect of probucol on vascular TBARScontent in choles-
terol-fed rabbits. Animals were fed diets consisting of standard chow
(CTL), chow with 0.5% cholesterol (0.5% CHOL), chow with 1%
cholesterol (1% CHOL), or chow with 1%cholesterol and 1%probucol
(PB). After 28 d, segments of thoracic aorta were harvested and assayed
for TBARSas described in Methods. Values represent the mean±SEM
of vessels derived from seven to nine animals; *P < 0.05 vs control
by ANOVA.

products. Therefore, we determined the level of TBARS in
segments of thoracic aorta from animals used in this study and
these results are presented in Fig. 2. In control animals, the
level of thoracic TBARSwas 0.58±0.13 nmol MDA/mgpro-
tein, whereas vessel segments from animals in the 0.5 and 1%
cholesterol groups exhibited elevated values of 1.75±0.39 nmol
MDA/mgprotein and 1.70±0.37 nmol MDA/mg protein, re-
spectively (P < 0.05 vs control). In contrast, vessel segments
from animals fed 1%cholesterol and 1%probucol demonstrated
TBARSof 0.71±0.12 nmol MDA/mgprotein and this was not
significantly different from control animals.

Endothelium-dependent arterial relaxation and indices of
antioxidant protection. To investigate whether vascular oxida-
tive stress is associated with impaired vascular reactivity, we
examined the relationship between the antioxidant effects of
probucol and endothelium-dependent arterial relaxation. We
found a strong association between indices of antioxidant pro-
tection and preservation of endothelial function (Fig. 3). LDL
resistance to ex vivo copper-induced oxidation correlated with
receptor-mediated endothelium-dependent arterial relaxation to
acetylcholine (r = 0.59, P = 0.0007; Fig. 3 A). In addition,
arterial relaxation to acetylcholine also correlated with vascular
TBARS(r = -.54, P = 0.008; Fig. 3 B), an indirect indicator
of vascular oxidative stress. In contrast, we did not see any
significant association between relaxation to A23187 and LDL
lag phase (r = 0.07; P = 0.77) or vascular TBARS(r = 0.17;
P = 0.41).

Estimation of vascular superoxide generation. The precise
source(s) of vascular oxidative stress and the mechanism(s)
of ox-LDL formation in vivo are unknown. However, several
investigators have implicated cellular superoxide generation as
a critical event for both cellular LDL modification (41-43) and
inactivation of EDRF(16, 17). Wesought to determine if the
beneficial effects of probucol on vascular oxidative stress and
EDRFaction may be a consequence of reduced vascular super-
oxide generation. Vascular superoxide generation from the tho-
racic aorta of all four treatment groups was estimated using
lucigenin chemiluminescence (18, 34, 35) in the presence of
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A Figure 3. Plots demon-
strating the relationship
between receptor-medi-
ated endothelium-depen-
dent arterial relaxation

r =0.59 and: (A) LDL resistance
P=0.0007 to oxidative modifica-

tion; (B) vascular
250 300 TBARS. Animals were

in) fed diets consisting of
standard chow: (m),

r =-0.54 B 0.5% cholesterol chow
P0.008 ( * ), 1% cholesterol

chow (-), or 1% choles-
* terol chow with 1% pro-

bucol (v). After 28 d,
segments of thoracic
aorta were harvested and

3 i assayed for endothelium-
IDA/mg prot.) dependent relaxation and

TBARScontent. LDL
was isolated from fresh plasma obtained at the time of death and assayed
for resistance to ex vivo copper-induced oxidation. Data were taken
from all 29 animals for which simultaneous observations were available.

the CuZnSOD inhibitor, DDC. As shown in Fig. 4, vessels
derived from control rabbits demonstrated a signal of
5,668±707 cpm/mg tissue, whereas vessels from the 0.5 and
1% cholesterol groups exhibited chemiluminescence signals
that were 1.5- and 2.1-fold greater than control (8,763±405
and 12,002±822 cpm/mg, respectively; P < 0.05 vs control).
In marked contrast, vessels derived from animals fed 1%choles-
terol and 1%probucol demonstrated chemiluminescence signals
comparable with control animals (4,368±386 cpm/mg). Thus,
dietary probucol prevented the increase in vascular superoxide
generation that was associated with cholesterol feeding.

Vascular superoxide scavenging activity and antioxidant
content. The net vascular production of superoxide is a function
of both superoxide generation and local superoxide scavenging.
Arterial tissue contains considerable amounts of SODthat effec-
tively converts superoxide to H202 and oxygen. In the above
experiments (Fig. 4), we assessed vascular superoxide genera-

tion in the presence of DDC, an inhibitor of CuZnSOD, a major
source of superoxide catabolism in arterial tissue (44). There
are, however, other potential sources of superoxide scavenging
in arterial tissue including MnSOD(45), ascorbate, and a-

tocopherol (46). In addition, there is at least one report indicat-
ing that probucol scavenges superoxide in vitro (47). Therefore,
we sought to determine if probucol treatment was associated
with any differences in CuZnSODactivity or water- and lipid-
soluble superoxide scavenging activity in the thoracic aorta of
our study animals and these results are shown in Table III.

As shown in Table HI, dietary treatment had no effect on

tissue CuZnSODactivity. After inhibiting CuZnSODactivity
with DDC, the residual water-soluble superoxide scavenging
activity represented only 17% of the total activity and this

was not different among treatment groups. Similarly, the lipid-
soluble superoxide scavenging activity was not significantly
different based upon dietary treatment (Table Ill). As a positive
control, we were able to confirm the results of Bridges and
colleagues (47) by demonstrating that probucol at 1.9, 4.6,
9.3, and 18.5 nmol/ml produced a AOD46,,0, of 0.044±0.007,
0.055±0.005, 0.075+0.005, and 0.107±0.002, respectively
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Figure 4. The effect of dietary probucol on vascular superoxide genera-
tion in cholesterol-fed rabbits. Segments of thoracic aorta (5 mm) were
harvested from animals fed diets consisting of standard chow (CTL),
chow with 0.5% cholesterol (0.5% CHOL), chow with 1% cholesterol
(1% CHOL), or chow with 1% cholesterol and 1% probucol (PB).
Vessels were incubated with DDCfor 30 min and chemiluminescence
assayed with 0.25 mMlucigenin as described in Methods. Values repre-
sent the mean±SEMof vessels harvested from six animals in each
group. *P < 0.05 vs CTL by ANOVA.

(Table III). The tissue content of lipid-soluble antioxidants is
also contained in Table Ill and demonstrates that the arterial
content of a-tocopherol was not significantly different among
dietary groups. As expected, probucol was detected only in the
aorta of animals consuming 1% cholesterol and 1% probucol
(Table III). Thus, the addition of probucol to a cholesterol diet
reduced vascular superoxide generation, but did not increase
vascular superoxide scavenging activity.

Pathologic examination of vascular tissue and vascular tis-
sue composition. Previous studies have linked endothelial dys-
function to the extent of atherosclerosis in animal models (48,
49) and probucol inhibits atherogenesis in some experimental
models (50, 51). The effects of dietary intervention on athero-
genesis was assessed by evaluating the extent of intimal prolifer-
ation in segments of thoracic aorta (Table IV). Using the ratio
of intimal area to medial area as an index of intimal prolifera-
tion, aortas derived from the 0.5 and 1% cholesterol groups
demonstrated intimal to medial ratios of 4.36±1.80 X 10' and
9.74±2.40 X 10-3, respectively (P < 0.05 vs control for 1%
cholesterol group only). The intimal to medial ratio in the pro-
bucol group 8.26±1.74 X 10-3 was not significantly different
from the other cholesterol-fed groups (P = 0.23). In contrast,
vessels derived from control animals exhibited no significant
intimal proliferation with an intimal to medial ratio of
0.56±0.45 x 10-3.

As shown in Fig. 4 and reported previously ( 18), hypercho-
lesterolemia in rabbits is associated with excess net vascular
superoxide production, and dietary treatment of hypercholester-
olemia corrects this abnormality (52). Probucol is known to
limit atherogenesis and the vascular accumulation of cholesterol
in animal models (53). Therefore, we examined whether the
decreased rate of superoxide generation in probucol-fed animals
could be explained by decreased vascular cholesterol content.
As shown in Table IV, thoracic aortas derived from animals
consuming normal rabbit chow had the lowest tissue cholesterol
content of 0.48±0.18 mg/g. Vessels derived from animals con-
suming 0.5 and 1% cholesterol chow had cholesterol contents
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Table III. Vascular Superoxide Scavenging Activity and Antioxidant Content

1% Cholesterol
Control 0.5% Cholesterol 1% Cholesterol + 1% probucol

Superoxide scavenging activity
CuZnSOD(IU/mg protein) 5.09±1.49 5.18±1.15 5.68±0.86 6.04±1.39
Residual water-soluble (IU SOD/mg protein) 0.97±0.33 0.96±0.40 0.89±0.51 1.28±0.52
Lipid-soluble (AOD4wn,) 0.085±0.03 0.066±0.015 0.067±0.017 0.057±0.019

Aortic antioxidant content
a-Tocopherol (nmollg) 3.9±0.8 4.4±1.1 5.8±1.2 2.8±0.8
Probucol (nmol/g) < 0.001 < 0.001 < 0.001 0.43±0.17*

Aortic vessels were harvested from rabbits fed standard chow, 0.5% cholesterol chow, 1% cholesterol chow, or 1% cholesterol chow with 1%
probucol for a period of 28 d and vascular antioxidant content, CuZnSODactivity, and residual water-soluble superoxide scavenging activity
determined as described in Methods. Lipid-soluble superoxide scavenging activity is expressed as AOD,46o,, per 10 mg tissue over a 4-min assay
with a greater AOD4w, associated with more superoxide scavenging activity. For comparison, probucol at concentrations of 1.9, 4.6, 9.3, and 18.5
nmollml produced a AOD4w. of 0.044±0.007, 0.055±0.005, 0.075±0.005, and 0.107±0.002, respectively. Data are presented as mean±SEMand
represent values derived from four to eight animals in each group. * P < 0.05 vs control.

of 1.23+0.26 mg/g and 1.51±0.42 mg/g, respectively (both P
< 0.05 vs chow-fed animals). The cholesterol content of tho-
racic aortas from animals consuming 1% cholesterol and 1%
probucol was 1.26±0.35 mg/g, and this was not significantly
different from the other cholesterol-fed animals. Thus, in this
model, the addition of probucol to a 1%cholesterol diet did not
significantly reduce the cholesterol content of thoracic aorta.

Recent evidence indicates that normal arteries exposed to
lysoPC demonstrate excess net vascular superoxide production
via a protein kinase C-mediated mechanism (34). LDL oxida-
tion is associated with intraparticle conversion of PC to lysoPC
(54), and probucol has been shown to limit LDL oxidation
(21 ) and the vascular accumulation of ox-LDL in experimental
atherosclerosis (51). In thoracic aortas derived from animals
consuming 0.5 and 1% cholesterol the lysoPC content was sig-
nificantly elevated compared to chow-fed animals (both P
< 0.05 vs chow-fed animals). In animals consuming 1%choles-
terol with 1% probucol, the lysoPC content of thoracic aorta
was not significantly different from chow-fed animals (Table
IV). With respect to the aortic content of PC, this parameter
was reduced only in the animals fed 1%cholesterol alone (Table
IV). Wealso found a significant reduction in the ratio of PC
to lysoPC, an index of phospholipid oxidation, in animals fed
0.5 or 1%cholesterol alone. In contrast, animals fed 1%choles-

terol with 1%probucol did not demonstrate a significant reduc-
tion in the ratio of PC to lysoPC (Table IV). Thus, the addition
of probucol to a 1% cholesterol diet was associated with a
significant reduction in vascular phospholipid oxidation and the
vascular content of lysoPC.

To substantiate a role for lysoPC in vascular superoxide
generation, we examined the relationship between the vascular
chemiluminescence signal in the presence of DDCand phospho-
lipid oxidation (Fig. 5). We found that vascular superoxide
generation positively correlated with the vascular content of
lysoPC (r = 0.75, P = 0.001; Fig. 5 A), and inversely correlated
with the ratio of PC to lysoPC in the thoracic aorta (r = -0.67;
P = 0.006; Fig. 5 B). In contrast, there was no significant
correlation between vascular cholesterol content and superoxide
generation (r = 0.25; P = 0.36).

Discussion

The data presented here demonstrate that probucol, a lipid-
soluble antioxidant, prevents the development of endothelial
vasodilator dysfunction in cholesterol-fed rabbits. The preven-
tion of endothelial dysfunction was not a consequence of probu-
col-mediated effects on plasma cholesterol, intimal prolifera-
tion, or any alteration in smooth muscle sensitivity to sodium

Table IV. Intimal Proliferation and Aortic Cholesterol and Phospholipid Content

1% Cholesterol
Control 0.5% Cholesterol 1% Cholesterol + 1% probucol

Aortic intimal-to-medial ratio (X l0-3) 0.56±0.45 4.36±1.80 9.74±2.40* 8.26±1.74*
Aortic cholesterol (mg/g) 0.48±0.18 1.23±0.2* 1.51±0.42* 1.26±0.35*
Aortic lysophosphatidylcholine (ymol/g) 0.43±0.13 1.05±0.32* 0.89±0.09* 0.49±0.08
Aortic phosphatidylcholine (ymol/g) 7.06±2.38 8.22±1.49 4.65±0.88* 5.72±1.15
Ratio PC to IysoPC 19.64±5.21 9.22±1.18* 5.07±0.86* 12.33±2.78

Aortic segments were harvested from rabbits fed standard chow, 0.5% cholesterol chow, 1% cholesterol chow, or 1% cholesterol chow with 1%
probucol for a period of 28 d. The vessels were fixed and prepared as described in Methods, embedded in paraffin, and stained for elastin. Sections
of proximal descending aorta were subjected to morphometric analysis of intimal area and medial area using an automated videomicroscopy system.
Values are displayed as mean±SEMand represent analysis of six sections per animal taken from six animals in each group. Aortic cholesterol and
phospholipid levels were determined as described in Methods and represent data taken from 6- 10 animals in each group. * P < 0.05 vs control.
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nitroprusside. Compared to cholesterol feeding alone, probucol
treatment resulted in the protection of LDL against ex vivo
copper-induced oxidation and this antioxidant effect was sig-
nificantly correlated to receptor-mediated EDRFaction. Like-
wise, probucol treatment prevented the increase in vascular oxi-
dative stress that was associated with cholesterol feeding. Com-
pared to animals fed cholesterol alone, probucol-treated animals
demonstrated reductions in both vascular superoxide generation
and the vascular content of TBARS. In particular, the effect of
probucol on vascular superoxide generation was closely associ-
ated with indices of tissue phospholipid oxidation such as the
vascular lysoPC content and the ratio of PC to lysoPC in the
vessel wall.

The preservation of EDRFaction in cholesterol-fed rabbits
by probucol has been reported previously by Simon and col-
leagues (22). These investigators found that dietary probucol
preserved endothelium-dependent arterial relaxation in rabbits
fed a 0.5% (wt/wt) cholesterol diet for 10 wk. In addition,
Simon and coworkers found that probucol had no effect on

endothelium-dependent arterial relaxation in normal rabbits, rul-
ing out the possibility that probucol treatment results in a non-

specific enhancement of EDRFaction. These authors also sug-

gested that the effect of probucol was related to its antioxidant
activity as manifested by a reduction in the plasma content of
TBARS. In contrast to the present study, Simon and colleagues
did not find any change in tissue TBARSassociated with choles-
terol feeding. Potential reasons for this discrepancy include dif-
ferences in the methods used for TBARS measurement and
differences in the dietary regimen. Weused a batch method for
TBARSassessment while Simon and colleagues used an HPLC
method with fluorometric detection. In addition, our animals
consumed only cholesterol while Simon and coworkers used a

diet containing peanut oil. Moreover, these investigators did not
examine LDL resistance to oxidation or tissue generation of
reactive oxygen species and thus, did not assess the antioxidant
activity of probucol directly. Nevertheless, the findings of Si-
mon and colleagues are in general agreement with the findings
presented here, indicating that the antioxidant properties of pro-
bucol are central to the preservation of EDRFaction in hyper-
cholesterolemia.

Probucol is extremely effective in preventing both copper-
and cell-mediated LDL oxidation (21). Normal rabbit arteries
exposed to ox-LDL develop impaired endothelium-dependent
arterial relaxation (12) and ox-LDL has been shown to inacti-
vate EDRFdirectly (15). Thus, one possible mechanism for
the beneficial effect of probucol on endothelial function in this
study is the reduced formation of ox-LDL in the vascular wall.
This contention is supported by our observations that LDL de-
rived from probucol-treated animals demonstrated enhanced re-
sistance to ex vivo copper-induced oxidation and this effect
correlated with receptor-mediated EDRFaction. Moreover, pro-
bucol treatment of cholesterol-fed animals was associated with
a significant reduction in the TBARScontent of thoracic aorta
that also correlated with preserved EDRFaction. Since LDL
oxidation is associated with the formation of TBARS within
the particle (55) and clinically relevant LDL oxidation occurs
in the vessel wall (56), these data are consistent with reduced
ox-LDL formation in vivo. It is important to interpret these
findings with some caution, however, as the measurement of
TBARSin biologic samples is not specific for the formation of
ox-LDL (57).

The oxidation of LDL involves lipid peroxidation and the
conversion of PC to lysoPC within the LDL particle (54).
We found increased levels of lysoPC in the thoracic aorta of
cholesterol-fed animals, whereas animals fed both cholesterol
and probucol had normal arterial lysoPC content (Table IV).
Similarly, the ratio of PC to lysoPC, an index of phospholipid
oxidation, was significantly reduced in cholesterol-fed animals
compared to animals that consumed both probucol and choles-
terol. Taken together, these findings also support the hypothesis
that probucol prevents the formation of ox-LDL in the arterial
wall of cholesterol-fed rabbits.

The accumulation of lysoPC in the arterial wall has potential
implications for endothelium-dependent arterial relaxation. The
transfer of lysoPC from ox-LDL to endothelial cells has been
demonstrated in vitro (12) and results in abnormal receptor-
mediated EDRF action through the inhibition of membrane-
associated inhibitory Gproteins (58). Our findings are consis-
tent with these effects of lysoPC on EDRFaction. We found
that animals fed 0.5 or 1% cholesterol developed abnormal
endothelium-dependent arterial relaxation to acetylcholine, a Gi
protein-dependent EDRFagonist, in association with the arte-
rial accumulation of lysoPC and a reduction in the ratio of
arterial PC to lysoPC. Relaxation responses to A23187, a recep-
tor-independent EDRF agonist, were less sensitive to these
changes and this is consistent with previous reports (for review
see reference 58). In contrast, probucol-treated animals had
normal levels of lysoPC in the thoracic aorta and normal re-
sponses to both acetylcholine and A23 187. Thus, our data indi-
cate that in cholesterol-fed rabbits, probucol protects LDL
against oxidation in vivo with a concomitant reduction in vascu-
lar oxidative stress and, as a consequence, prevents the accumu-
lation of lysoPC in arterial tissue.

Recent studies have demonstrated that lysoPC stimulates
net smooth muscle cell production of superoxide in rabbit aorta
through a protein kinase C-mediated mechanism (34). In this
study, we found that animals consuming cholesterol demon-
strated a dose-dependent increase in vascular superoxide gener-
ation, whereas probucol-treated animals did not demonstrate
such changes (Fig. 4). More importantly, we found that both
the aortic content of lysoPC and the ratio of PC to lysoPC
correlated strongly with vascular superoxide generation (Fig.
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5). One possible interpretation of these data is that probucol
prevented increased vascular superoxide generation in choles-
terol-fed rabbits through a reduction in the tissue content of
lysoPC. Consistent with this interpretation, we found enhanced
antioxidant protection of LDL in probucol-treated animals (Ta-
ble II). Wewould submit that incorporation of probucol into
LDL limits LDL oxidation in the vascular wall and, as a conse-

quence, limits the local formation of lysoPC resulting in a di-
minished stimulus for protein kinase C-mediated superoxide
generation (34).

The prevention of LDL oxidation by probucol is generally
attributed to its incorporation into the LDL particle (59). We
report here an effect of probucol on vascular superoxide genera-

tion that provides an additional mechanism for reduced LDL
oxidation with probucol treatment. Current evidence suggests
that cell-mediated LDL oxidation is facilitated by superoxide
(41-43), possibly via the reduction of redox-active iron (60)
that is available in the vascular wall (61). Therefore, any reduc-
tion in superoxide formation resulting from probucol treatment
would also limit the formation of ferrous iron in the vascular
wall and thus, limit the oxidation of LDL.

Weobserved an increase in vascular superoxide generation
from the thoracic aorta of cholesterol-fed rabbits that was asso-

ciated with impaired endothelium-dependent arterial relaxation
(Fig. 1 A and Fig. 4). Since EDRF is readily inactivated by
superoxide ( 16), it is attractive to speculate that probucol treat-
ment preserved EDRFaction, in part, by limiting vascular super-

oxide generation and thus, preventing direct inactivation of
EDRF. There is considerable evidence indicating that reducing
the availability of superoxide in hypercholesterolemia and ath-
erosclerosis is beneficial for EDRFaction. Cholesterol-fed rab-
bits chronically treated with polyethylene glycol-conjugated
SODdemonstrate enhanced tissue SODactivity and improved
endothelium-dependent arterial relaxation (19). Likewise, dys-
functional arteries derived from atherosclerotic rabbits demon-
strate improved endothelium-dependent relaxation and in-
creased intracellular SOD activity after treatment with lipo-
some-encapsulated SOD(20).

The availability of superoxide in vascular tissues is related
to the relative rates of superoxide generation and inactivation.
Our data would indicate that dietary probucol truly limits the
generation of superoxide from cholesterol-fed rabbit thoracic
aorta. Wefound no difference in CuZnSODactivity, or residual
water- and lipid-soluble superoxide scavenging activity of tho-
racic aorta on the basis of dietary treatment. Furthermore, we

specifically assessed vascular superoxide generation in the pres-

ence of DDC, an inhibitor of CuZnSOD(33), to estimate the
total generation of superoxide. The particular importance of
total vascular superoxide generation is readily apparent from
kinetic data on the interaction of superoxide with NO. Superox-
ide and NOreact with a diffusion-limited rate constant of - 6.7
x 109 M'-/s'- (62) that is fourfold greater than the rate con-

stant for SOD-mediated superoxide dismutation (63) (- 1.6
109 M'-/s '). Thus, available kinetic data indicate that NO

effectively competes with SODfor superoxide and as a conse-

quence, all superoxide generated within the cell is potentially
available for interaction with NO.

Wefound a dose-dependent effect of cholesterol feeding on

vascular superoxide generation suggesting that cholesterol itself

may stimulate the generation of superoxide from vascular seg-

ments. Since plasma cholesterol did not vary significantly as a

function of dietary group, it seems unlikely that the plasma
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Figure 6. Proposed scheme for the effect of probucol on EDRFaction
and metabolism in cholesterol-fed rabbits. LDL is incorporated into the
arterial wall where it is subject to cell-mediated oxidation. The oxidation
of LDL is associated with the conversion of PC to lysoPC resulting in
the activation of protein kinase C in endothelial and smooth muscle
cells resulting in: (a) inhibition of receptor-mediated EDRFaction and
(b) enhanced net superoxide production. Superoxide is then available
for direct inactivation of EDRFas well as promotion of LDL oxidation
through the reduction of ferric iron. Potential sites for probucol action
include: (A) the inhibition of LDL oxidation via probucol incorporation
into LDL and, perhaps (B) prevention of superoxide production via a
direct cellular effect. There is no evidence for direct superoxide scaveng-
ing by probucol.

cholesterol levels alone would explain the results reported here.
Similarly, tissue cholesterol levels do not completely explain the
effect of probucol on superoxide generation because probucol
treatment did not reduce tissue cholesterol to control values
(Table IV), while it did reduce vascular superoxide generation
to control levels. Probucol also did not significantly reduce
intimal proliferation suggesting that this parameter was not re-
sponsible for the observed effect of probucol on vascular super-
oxide generation.

There is one report indicating that probucol scavenges su-
peroxide anion in vitro (47). One must consider, therefore, that
the effect of probucol on vascular superoxide generation is a
consequence of direct superoxide scavenging in vascular tissue.
Weconsider this possibility unlikely for two reasons. First, we
were unable to detect any superoxide scavenging activity with
probucol using xanthine/xanthine oxidase and superoxide de-
tection with lucigenin chemiluminescence, or cytochrome c re-
duction (data not shown). Second, using the most favorable
assay for detecting superoxide scavenging activity with probu-
col (i.e., photooxidation of dianisidine), we were also unable
to detect a significant increase in lipid-soluble superoxide scav-
enging activity in probucol-treated animals (Table IH).

Wewould propose the following scheme for the effects of
probucol observed in this study (Fig. 6). In cholesterol-fed
animals, LDL accumulates in the subendothelial space of the
vascular wall and is subject to oxidation by resident vascular
cells (9-11) leading to direct inactivation of EDRF (15), the
conversion of PC to lysoPC (54), and TBARSformation (54).
The local accumulation oflysoPC produces smooth muscle cell
(34) and endothelial cell (64) protein kinase C activation, re-
sulting in the increased availability of superoxide in smooth
muscle cells (34) and a reduction in receptor-mediated EDRF
release from endothelial cells (64). The increased availability
of superoxide has the dual effect of inactivating superoxide
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directly and enhancing LDL oxidation through the reduction of
iron (60) that is available in the vascular wall (61). Our data
support a role for the inhibition of LDL oxidation by LDL
probucol (Fig. 6, A) preventing the cascade of events outlined
above. Additionally, a direct effect of probucol on vascular
superoxide generation (Fig. 6, B) cannot be excluded as this
would also explain the reduction in tissue TBARSand lysoPC
content reported here. Presently, we have no direct evidence
for such an effect although direct effects of probucol on vascular
cells have been described (65, 66). There is no evidence for
direct scavenging of superoxide by probucol in vascular tissue.

In summary, the data presented here indicate that antioxidant
treatment with probucol effectively improves EDRFaction in
cholesterol-fed rabbits. Moreover, the preservation of EDRF
action is directly related to the antioxidant activity of probucol
as manifested by a reduction in the vascular content of TBARS
and lysoPC, as well as a reduction in the vascular generation
of superoxide. These data provide evidence that the disturbances
of vasomotor function associated with hypercholesterolemia re-
sult, in part, from an imbalance between vascular oxidative
stress and antioxidant protection. In addition, these data are
consistent with the hypothesis that antioxidants may benefit
patients with hypercholesterolemia and atherosclerosis by re-
ducing vascular oxidative stress and thus, improving EDRF
action.
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