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Abstract

Lipoprotein oxidation is believed to play an important role
in atherogenesis. To investigate whether inhibition of oxida-
tion of low density lipoprotein (LDL ) would alter atherogen-
esis in the nonhuman primate, we administered probucol, a
potent antioxidant, to Macaca nemestrina fed a high-fat,
high-cholesterol diet. Probucol was administered to half of
the 16 monkeys 14 wk after starting the hypercholesterol-
emic diet, and was given daily until they were sacrificed
after 11 mos. To evaluate the antioxidant effect of probucol,
the resistance of isolated plasma LDL to in vitro oxidation
was evaluated. Probucol significantly increased the resis-
tance of LDL to oxidative modification, as shown by an
increase in the lag time required for conjugated diene for-
mation. Lesions in the probucol-treated animals appeared
less mature, and increased accumulation of lipid was ob-
served in smooth muscle cells. Comparison of all control
and probucol-treated monkeys demonstrated that intimal
lesion areas in the thoracic aortas of the probucol-treated
monkeys were reduced by 43% (P < 0.0001), but no sig-
nificant difference in lesion area was found in the abdominal
aortas or in the iliac arteries. However, the lag phase of
conjugated diene formation was not prolonged in 2 of the 8
probucol-treated animals. A plot of intimal lesion size versus
lag phase of all 16 animals showed a trend that lesion size
was inversely related to oxidation resistance for all anatomic
sites. The strong inverse relationship between intimal lesion
size and resistance of LDL to oxidation supports a role for
lipoprotein oxidation in the development and progression
of lesions of atherosclerosis. The possibility that some of the
effect is due to other biological properties of probucol cannot
be ruled out. (J. Clin. Invest. 1994. 94:155-164.) Key words:
low density lipoprotein « antioxidant + lesions of atheroscle-
rosis ¢ cholesterol « oxidized LDL
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Introduction

Atherogenesis has long been accepted as the pathologic process
that leads to occlusive arterial lesions principally responsible
for myocardial and cerebral infarction, gangrene of the extremi-
ties, and subsequent loss of function. An hypothesis (1, 2) based
upon earlier observations (3, 4) has been developed which pro-
poses that the lesions of atherosclerosis result from the response
of the arterial wall cells to numerous forms of injury. This
specialized chronic inflammatory, fibroproliferative response is
generally considered to be protective against injury. However,
when the response to injury is chronically excessive, it can
become the disease, atherosclerosis. One form of injury to arte-
rial cells results from excessive levels of circulating low density
lipoprotein (LDL ) cholesterol. The role of chronic hypercholes-
terolemia in atherogenesis has received widespread attention
because of the epidemiologic association of hypercholesterol-
emia with atherosclerosis and the many studies showing that
decreases in plasma LDL cholesterol can lead to lesion re-
gression and reduction of clinical coronary artery occlusive
events (5).

Studies of lipoprotein—cell interactions are beginning to
provide insight into mechanisms by which hypercholesterol-
emia may initiate arterial injury. A growing body of evidence
indicates that LDL must undergo some modification of structure
before it becomes atherogenic. This was first suggested by
Brown and Goldstein (6), who showed that uptake of native
LDL by macrophages would not generate foam cells but that
uptake of chemically acetylated LDL would. The uptake oc-
curred via a specific, saturable receptor which has been cloned
(7). Henriksen et al. (8) showed that incubation of LDL with
endothelial cells in culture could modify LDL to a form recog-
nized by the acetyl LDL receptor, and that this modification
was determined to be oxidative in nature (9, 10). LDL can be
oxidized via free radical mechanisms by endothelial cells,
smooth muscle cells, and monocyte/macrophages (9—11). Oxi-
dized LDL has a number of biological effects that may contrib-
ute to atherosclerosis, including cytotoxicity, induction of spe-
cific genes in endothelial cells, suppression of growth factor
and cytokine gene expression, promotion of procoagulant activ-
ity, and immunogenicity (12, 13). A key role for LDL oxidation
in atherogenesis was demonstrated in studies with probucol, a
powerful antioxidant (14), in which the development of arterial
lesions in the LDL receptor-deficient rabbit was reduced by 50—
80% (15, 16). However, except for its use as a lipid-lowering
agent (17), there has been only one study of antioxidant therapy
in nonhuman primates (18). The remaining studies of the effec-
tiveness of antioxidants in atherogenesis have been carried out
in rabbits (15, 16, 19-22).
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The present investigation was designed to ask whether ad-
ministration of probucol as an antioxidant altered the process
of atherogenesis in the hypercholesterolemic nonhuman primate
Macaca nemestrina, an animal that more closely approximates
the human disease. Administration of the high-fat, high-choles-
terol diet to produce plasma cholesterol levels of 600—700 mg/
dl for 3 mos has previously been shown to induce lesions of
atherosclerosis ranging from early fatty streaks in the thoracic
aorta to intermediate, fibrofatty lesions in the iliac arteries (23).
These early studies demonstrated mural thrombi over fibrofatty
lesions resulting from platelet adherence to exposed foam cells
after 4 mos on the diet. Endothelial retraction over fibrofatty
lesions with increased connective tissue was observed in 30%
of the segments of the iliac arteries. Advanced fibrous plaques
were first observed at similar anatomic sites in animals main-
tained at the same plasma cholesterol levels for 5—13 mos. The
level and duration of hypercholesterolemia of these monkeys
have consistently correlated with the stage of lesion develop-
ment at specific anatomic sites (24-26).

In the present study, probucol was administered to half of
the animals after they had been on a hypercholesterolemic diet
for three and one-half months. The ability of probucol to alter
progression of the lesions present at the time probucol adminis-
tration was initiated (very early lesions in the thoracic aorta
and more advanced, fibrofatty lesions in the abdominal aorta
and iliac arteries) was evaluated after 11 mos on the hypercho-
lesterolemic diet. At the time of sacrifice, extensive advanced
lesions are normally present throughout the arterial tree, includ-
ing the thoracic aorta. Quantitation of intimal lesion area dem-
onstrated a significant reduction in the thoracic aorta of probu-
col-treated animals and a trend to smaller lesions at all sites as
the resistance of plasma LDL to oxidation increased. This study
in the nonhuman primate provides further support for the possi-
ble use of antioxidants in the prevention and treatment of athero-
sclerosis.

Methods

Animals. A total of 46 male pigtail monkeys (M. nemestrina), 3-5 yr
of age (average weight 4—7 kg), were fed an atherogenic diet containing
0.5% cholesterol and maintained on the diet for 3.5 mos. Groups of 8—
14 animals were screened at a time. 22 animals, who responded to the
diet with persistent plasma cholesterol levels of between 500 and 700
mg/dl, were selected from the 46 animals for further study. This selec-
tion was performed to provide more comparable groups of animals and
is based on prior studies, where a strong correlation was demonstrated
between the level and duration of hypercholesterolemia with both site
and severity of lesion formation (23-26). Animals excluded from the
study were not evaluated further. The 22 animals selected by this screen-
ing were continued on the atherogenic diet for an additional 7.5 mos,
during which time one half of the animals received probucol and the
other half received only the carrier, methylcellulose, which was used to
administer the probucol. Probucol (60 mg/kg; suspended and homoge-
nized in 0.25% methylcellulose in water at 240 mg/ml) or carrier (0.25%
methylcellulose in water) was mixed with three parts apple juice and
administered between 8:00 and 9:00 AM daily. No food was available
to the animals at the time of administration of the probucol or carrier,
and the animals were not fed until 7.5 h after being given probucol.
Probucol was administered separately from the diet to prevent cardiotox-
icity previously observed with simultaneous administration of the drug
and food (27). After 11 mos on the diet, eight animals from each group
were sacrificed to quantitate intimal lesion area, and the arteries of the
remaining three animals from each group were perfused with fixative
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prior to removal to evaluate lesion morphology. Procedures conformed
to the Guide for Care and Use of Laboratory Animals, issued by the
U.S. Institute of Laboratory Resources.

Blood samples. Each animal was bled bimonthly during the experi-
mental period to monitor the changes in plasma cholesterol and probucol
levels. In addition, blood samples were drawn once or twice (twice each
for four probucol-treated and four control animals used for the intimal
area quantitation studies and once each for the remaining seven animals
in each group) during the probucol treatment for isolation of LDL and
measurement of its resistance to oxidative modification, as described
below. Repeat measurements of diene lag times made at separate times
on the same animals varied by < 4%. Cholesterol, triglyceride, and
probucol levels were determined for all blood samples. Lipoprotein
concentrations were determined a minimum of three times during the
experimental period, once before and twice after the administration of
probucol or carrier. Lipoprotein analyses were performed by the North-
west Lipid Research Laboratory using standard established procedures
(28). Probucol levels were determined by high performance liquid chro-
matography by Wisconsin Analytical and Research Services, Ltd. (Mad-
ison, WI).

Diet. The atherogenic diet mixture used in this study was identical
to that used in our previous studies of hypercholesterolemia-induced
atherosclerosis in M. nemestrina (23, 24). The diet mixture provided
42% of its calories from fat and was supplemented with cholesterol for
a total concentration of 0.5 g of cholesterol for every 100 g of diet
(0.5%). Since probucol is known to lower plasma cholesterol levels,
the animals that were to serve as controls were started on the diet 4 mos
after the probucol-treated animals. This was accomplished by screening
groups of 8—14 animals each and staggering the initiation of screening
by 4 mos. The diet of the control animals was adjusted from time to
time, as required, by mixing the atherogenic diet with normal chow
(0.25-0.5% cholesterol content for all control animals) to match the
plasma cholesterol levels of the probucol-treated animals. The plasma
cholesterol levels in the 11 probucol-treated animals decreased 22%+17;
the level in the control animals had a mean decrease of 32%=*7. The
pair-fed animals lagged behind the experimental group by 4 mos, includ-
ing the time of sacrifice. Each monkey was housed in a single cage
and fed daily ad libitum. Dietary intake was monitored, and bimonthly
determinations were made of body weight.

Isolation of LDL and measurement of its resistance to oxidative
modification. Plasma was separated within one hour of collection, and
LDL (d = 1.019 — 1.063 g/ml) was isolated by the rapid single spin
vertical ultracentrifugal method described by Chung et al. (29). Briefly,
a discontinuous NaCl/KBr density gradient was formed by adjusting
the density of the plasma to 1.30 g/ml with KBr and layering normal
saline (d = 1.006 g/ml) over the plasma. Tubes were placed in a
Beckman VTI-50 ultracentrifuge rotor and centrifuged for 2.5 h at
50,000 rpm at 10°C (Beckman Instruments, Inc., Fullerton, CA). The
LDL band, which is separated from HDL by a large, clear area, was
located by inspection, and the tube was sliced to remove the LDL band.
The LDL was rapidly desalted over a Sephadex G-300 column. The G-
300 column completely separates LDL from albumin by using '*I-
albumin as an internal control (data not shown). The cholesterol content
of the LDL fractions was measured using a Boehringer Mannheim cho-
lesterol assay kit (Boehringer Mannheim Corp., Indianapolis, IN), and
all samples were diluted in normal saline to give a final concentration
of 300 ug/ml cholesterol for the oxidation studies. There was a 4—6-h
delay from the time of collection of the blood samples to the initiation
of the oxidation studies. However, the samples remained in the presence
of EDTA throughout this period, except for the last stage when the
EDTA was removed by passage over the Sephadex G-300 column.

Measurement of the resistance of LDL to oxidative modification
was performed as described by Esterbauer et al. (30). Oxidation was
initiated by addition of freshly prepared CuSO, (final concentration of
1.66 uM) to samples containing 300 ug/ml cholesterol in a final volume
of 1 ml. The kinetic parameters of the oxidation of LDL were determined
by monitoring the change in absorbance at 234 nm at 37°C on a Beckman



Model DU-70 spectrophotometer (Beckman Instruments, Inc.) equipped
with a 6-position automatic sample changer. The absorbance curves of
6 LDL specimens (3 probucol, 3 control) were determined in parallel.
The initial absorbance at 234 nm was set to 0, and the increase in
absorbance was then recorded every 5 min for 16 h. The change in
absorbance at 234 versus time was divided into three consecutive phases:
a lag phase, a propagation phase, and a decomposition phase. The lag
time was defined as the number of minutes between time zero and the
intercept of the tangent of the slope of the curve with the time-scale
axis.

Isolation and radiolabeling of LDL. Approximately 20 ml of blood
from four control and four probucol-treated monkeys was collected
under sterile conditions into 0.4 ml EDTA stock solution (50 mg/ml
disodium EDTA in water) and 100 ul protease inhibitor stock solution
(0.4 M benzamidine, 0.2 mM PPACK). After separation of the blood
cells by low speed centrifugation, antibiotic stock solution was added
to the plasma (gentamicin, 100 ug/ml final concentration). The plasmas
of the four animals in each group were pooled. LDL was prepared from
each of the pooled plasma samples (1.020 < d < 1.063 g/ml) by
sequential ultracentrifugation (31). After extensive dialysis in PBS-
EDTA (0.15 M NaCl, 20 mM Na phosphate, 2 mM EDTA), the LDL
preparations were labeled directly in the protein moiety with '*I and
coupled with *'I-tyramine cellobiose ('*'I-TC), as previously described
(15) except that in the earlier studies the two isotopic forms of iodine
were reversed. After dialysis against PBS-EDTA over 48 h, the specific
activities of the preparations were ~ 100 cpm/pug protein for '»I and
50 cpm/ g protein for '*'I-TC. < 1% of the radioactivity stayed in the
form of free iodide, and < 2% was extractable into lipid solvents.

LDL metabolism studies. In four of the control and four of the
probucol-treated monkeys also used for quantitation of lesion area (see
Table 1), 1 ml of double-labeled LDL (~9 X 10® cpm '*I and 4
X 10® cpm "'I) was injected via the antecubital vein. The animals
were tranquilized for the initial injections and blood draws. Eight blood
samples were obtained at intervals over the 92—94 h before sacrifice:
10 min, 30 min, and 1 h after injection, two samples on the day after
injection, and daily samples for the remaining 3 d. After sacrifice, the
descending thoracic and abdominal aortas were divided into six speci-
mens each, and the right and left iliac arteries were divided longitudi-
nally into two specimens each. One half of each specimen was prepared
for histologic examination; radioactivity was determined in the other
half. The specimens were weighed and radioassayed in a gamma scintil-
lation counter. Protein-bound radioactivity in plasma was determined
as that precipitable in 10% trichloroacetic acid.

The plasma fractional catabolic rate of LDL, an index of the whole
body rate of plasma LDL degradation, and arterial tissue fractional
catabolic rates were calculated from the radioactivity data as previously
described (32). The principles underlying the use of nondegradable
tyramine cellobiose coupled to protein to determine the tissue sites and
rates of catabolism of plasma proteins or lipoproteins have been de-
scribed by Pittman and Co-workers (33, 34).

Animal sacrifice and perfusion fixation. The 11 monkeys in each
group were further divided into two groups: for histologic examination
only (three each from control and probucol-treated animals) (Table
II), or for quantitation of lesion area (eight each from control and
probucol groups). For the animals whose tissues were used for quantita-
tion of lesion area, the thoracic and abdominal aortas and iliac arteries
were rapidly removed after ketamine anesthesia and a lethal injection
of phenobarbital. The vessels were cut open longitudinally, washed well
with sterile PBS, and cut into 16 segments: six for the thoracic aorta,
six for the abdominal aorta, and two each for the left and right iliac
arteries, as previously described (23, 25, 26). Identical segments were
taken from each animal using the distance from branch points as an
internal reference.

Tissue used for morphometric analysis from each of these segments
was immediately immersion fixed in methyl Carnoy’s fixative (60%
methanol, 30% chloroform, 10% acetic acid) containing butylated hy-

droxytoluene (BHT, 25 uM) overnight, dehydrated through a graded
series of methanol, and embedded in paraffin.

Animals whose arteries were prepared for histologic examination
were perfused under arterial pressure before removal. Both femoral
veins were exposed and cannulated for perfusion runoff in animals
anesthetized intramuscularly with ketamine. A cannula connected to a
perfusion apparatus was inserted into the right carotid artery. Just before
exsanguination, each animal was given an intravenous bolus injection of
sodium pentobarbital, and the blood was flushed with lactated Ringer’s
solution at a flow rate of 400 ml/min, which was required to maintain
an intraarterial pressure of 90—110 mm Mercury. When the runoff was
clear, 2—4 liters of 2.5% glutaraldehyde in 0.1 M phosphate buffer was
pumped at the same flow rate. After perfusion, the femoral veins and
the cannulated carotid artery were clamped, and the arteries were fixed
under pressure for an additional 30 min. After perfusion fixation, the
thoracic and abdominal aortas and iliac arteries were dissected from
each animal. The arteries were cleaned of surrounding connective tissue
and the aorta and iliac arteries were also cut into 16 segments as de-
scribed above. Each segment was further divided into two parts: a 2-
mm section was taken for light microscopic and transmission electron
microscopic examination, and the remaining larger portion was pro-
cessed for scanning electron microscopy. All of the samples were im-
mersion fixed in glutaraldehyde overnight at 4°C. After fixation, each
2-mm section of artery was washed thoroughly in 0.1 M phosphate
buffer and was postfixed in 0.1% osmium tetroxide buffered with 0.1
M phosphate buffer for 3 h at room temperature. The samples were
then immersed in 50% ethanol for 15 min, followed by 1 h in 70%
ethanol containing 3% uranyl acetate. Dehydration was completed by
using a graded series of increasing concentrations of ethanol followed
by propylene oxide. Each sample was then embedded in Medcast (Ted
Pella, Inc., Redding, CA). Three 1-um sections were cut from each
embedded ring and were stained with basic fuchsin-methylene blue. The
slides were examined and photographed with a Nikon photomicroscope.

Measurement of intimal areas. Transverse sections were prepared
from each of the 16 segments of vessel from eight probucol-treated and
eight control animals and stained for elastin. Identical anatomic seg-
ments were taken from control and probucol-treated animals using the
distance from reference branch points to evaluate the same regions of
the thoracic and abdominal aortas and iliac arteries. The entire area of
the intimal lesion on each section was determined using an image analy-
sis system interfaced with an Olympus BH-2 light microscope (Optimas
Software, Bioscan, Edmonds, WA ). The intimal area was measured by
tracing the luminal surface and internal elastic lamina of the aortic
segment on the computer image of each lesion using a 10X objective
lens. Medial area was also measured and both intimal and medial areas
were expressed as unit area.

Statistical methods. Arterial tissue LDL catabolic rates in probucol-
treated and control animals (four animals from each group) were exam-
ined by analysis of variance (ANOVA) using a BMDP Statistical Soft-
ware program (Los Angeles, CA). Statistical analyses were performed
on intima values from three measurement sites (thoracic, abdominal,
iliac) on 16 monkeys. For each monkey, the thoracic and abdominal
values are the mean of six serial sections from identical segments, and
the iliac value is the mean of 4. Body weights are the mean of measure-
ments taken at 15 different times. Each monkey has a lipid profile
determined 30 wk after initiation of diet consisting of cholesterol (CH),
triglycerides (TG), very low density lipoprotein (VLDL), LDL, high
density lipoprotein (HDL), HDL,, HDL,, and a cholesterol measure-
ment corresponding to the same time that diene lag time was measured.
15 monkeys also have a TG measurement corresponding to the diene
measurement.

Several intimal areas, lipid levels, and probucol values have posi-
tively skewed distributions and were transformed for particular analyses,
using either square root or logarithmic transformations, to approximate
normality. Whenever possible, because of the small number of observa-
tions (n < 16), in addition to the mean and standard deviation, statistics
based on rank values were used (35); e.g., medians, Wilcoxon rank
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Table 1. Comparison of Lipoprotein Profiles of Probucol-treated
and Control Animals

Variable Control Probucol P value

N 8 8

Cholesterol (mg/dl) Mean 612 625 834
Median 628 626
Minimum 449 285
Maximum 743 909
SD 102 198

TG (mg/dl) Mean 11.20 15.30 156
Median 7.50 16.00
Minimum 5.00 5.00
Maximum 30.50 25.00
SD 8.78 6.55

VLDL (mg/dl) Mean 36.2 322 100
Median 24.7 335
Minimum 5.0 6.5
Maximum 91.5 71.0
SD 324 21.7

LDL (mg/dl) Mean 533 545 .834
Median 548 588
Minimum 252 92
Maximum 737 797
SD 159 226

- HDL (mg/dl) Mean 38.20 32.60 318

Median 36.00 28.80
Minimum 21.30 23.00
Maximum 63.00 47.50
SD 13.50 8.85

HDL, (mg/dl) Mean 11.30 6.88 .040
Median 9.00 4.50
Minimum 5.30 3.00
Maximum 27.00 20.50
SD 7.25 5.72

HDL, (mg/dl) Mean 26.00 25.60 875
Median 24.90 24.30
Minimum 16.00 19.50
Maximum 36.30 35.00
SD 6.87 5.07

sum (Mann-Whitney) test statistic, and Spearman’s rank correlation
coefficient (36). Stepwise multiple regression was used to detect those
characteristics most strongly related to intimal size. All P values reflect
two-sided tests.

Most statistical procedures used the mean intima values at each
measurement site. However, a two-way analysis of variance model with
interaction to determine treatment and site effects used the individual
replicate measures and found significant differences in mean intimal
values by treatment and among the three sites. The site differences
resulted from larger intimal values in the thoracic site than in either the
abdominal or iliac sites.

Results

Probucol treatment and lipoprotein profiles. The lipoprotein
profiles of the probucol-treated and control monkeys are shown
in Table 1. There are no statistically significant differences in
their lipid profiles nor in the weights of the animals (data not
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Figure 1. Probucol increases the resistance of plasma LDL to oxidative
modification. Time course of conjugated diene formation in plasma LDL
isolated from three control (dashed line) and three probucol-treated
(solid line) animals are shown, as well as the means and standard
deviations for all of the animals in each group. Oxidation of LDL,
isolated as described in Methods, was initiated by addition of CuSO,
(1.66 uM final concentration ) and absorbance at 234 nm was monitored
continuously for 10 h. As indicated in the figure, the diene lag time is
determined from the intercept of the line defining the baseline and the
tangent of the propagation phase as described by Esterbauer et al. (36).
Four control and four probucol-treated animals had their diene lag times
measured at two separate times and the variation between those measure-
ments averaged < 4%.

shown). Although there are no statistically significant differ-
ences in the lipoprotein profiles of the two groups, there was
greater variability in the probucol-treated group in the total
cholesterol and LDL levels. Median HDL, levels are lower on
average in the probucol-treated animals than in the control ani-
mals (median 4.5 versus 9 mg/dl). The maximal P value is
0.04, but a P value of 0.05/7 = .007 would be required for
statistical significance adjusting for multiple testing.

Probucol increases resistance of plasma LDL to oxidation.
To evaluate the effect of probucol on LDL oxidation, plasma
LDL was isolated from both the probucol-treated and the control
animals, and the lag time for diene formation was determined
after initiation of oxidation with copper. Representative profiles
of diene formation for three probucol and three control animals
are shown in Fig. 1. The mean diene lag times for the eight
control animals used for lesion quantitation (also indicated in
Fig. 1) is 256+53 min, whereas the eight probucol-treated ani-
mals show significant prolongation of their diene lag times with
a mean value of 632+286 min (P = .0016). The propagation
stage of LDL oxidation was not reached even after 960 min in
samples from three of the animals in the probucol group. There-
fore, precise lag times could not be determined and are ex-
pressed as ‘‘greater than 960 min.”” There is greater variability
in the range of diene lag times of oxidation in the probucol-
treated animals. In particular, two of the probucol-treated ani-
mals differ from the rest in that their lag times of conjugated
diene formation (294 and 330 min) are comparable with those
of the control animals (256+53 min, minimum 186 and maxi-
mum 360 min). However, the plasma probucol levels in these
two animals with diene lag times more comparable to control
animals are not significantly different from the other probucol-
treated animals (data not shown).

Arterial wall, but not plasma, LDL degradation rates are
reduced in probucol-treated animals. Tyramine-cellobiose—la-
beled LDL was injected into four control and four probucol-



Table II. Lag Time for Diene Formation and LDL Degradation Rates in Plasma and in Arterial Segments

Arterial FCR
Abdominal
Treatment group (animal number) Diene lag time Plasma FCR Thoracic aorta aorta Hiac artery All sites
min plasma pools/d plasma pools/g/d X 10°
Control
(F87247) 288 0.389 13.3+1.66 11.9+3.0 10.6+1.8 12.4+2.6
(n=11) n=9) n=4 (n=27)
(J88014) . 230 0.536 8.7+2.42 9.0+24 8.5x1.0 9.3+2.69
n=12) n=9 n=4 (n=29)
(J88126) 360 0.627 16.1+2.94 12.8+2.83 9.5+1.21 13.9+3.92
(n=06) (n=238) n=23) n=19
(M86248) 278 0.373 9.4+1.13 7.7%1.22 8.3+2.0 8.5+1.34
(n=8) (n=26) n=4 (n = 20)
Mean+SD 0.481+0.122 11.9+34 10.4+24 9.2+1.0 11.0+2.6
(n=4) (n=4) (n=4) (n=4)
Probucol
(F86375) 478 0.348 6.9+1.06 7.3+x0.79 5.1+0.78 6.5+1.17
n="7 n="7 (n=25) (n=22)
(J87156) 577 0.588 2.9+0.0098 3.6x0.73 2.25+0.26 3.0x0.72
(n=26) (n=6) (n=4) (n=18)
(M86183) 330 0.413 8.6*x1.8 8.3+0.79 7.0x1.12 8.6+2.01
n=9 n=17 n=4) (n=23)
(T86327) > 960 0.468 4.4+0.40 5.2+1.7 5.3*x1.0 5.0*1.13
n=17 (n=06) n=4) (n=19)
Mean+SD 0.454+0.102 5.7+2.6 6.1+22 49+20 5.8+24
(n=4) (n=4) (n=4) n=4)
P value 0.028 0.037 0.0084 0.0235

treated monkeys to determine the rates of degradation of LDL
in arterial lesions. The overall fractional catabolic rate of LDL
(plasma FCR) was determined from the disappearance of the
radiolabel from the plasma. This indicator of the whole body
LDL catabolic rate does not differ significantly between the
control and probucol-treated animals ( Table IT) . However, LDL
degradation rates measured in arterial segments are significantly
different between the two groups. As seen at each of the three
sites examined and for all sites combined (Table II), lesions
show 40-50% lower LDL degradation rates in the probucol-
treated animals than lesions of the untreated controls. Among
the probucol-treated animals was a single monkey (M86183)
with a shorter lag time (330 min) for diene formation, more
comparable to those of control animals. The degradation rates
measured in arterial segments from this animal were also more
like the control animals than the three other probucol-treated
animals.

Lesions in the probucol-treated monkeys are less mature
than those in control animals. Representative lesions from the
same segments of the thoracic aorta of the control and probucol-
treated animals are shown in Fig. 2, A and B, respectively. Thin
sections from all of the anatomic sites were obtained from three
animals in each treatment group and were examined for lesion
morphology. Table III shows the lag time for diene formation
and plasma cholesterol and probucol levels for these animals.
The intermediate or fibrofatty lesion from one of the probucol-
treated monkeys (Fig. 2 B) has an early, poorly developed
fibrous cap, appears less mature, somewhat thinner, and contains

less connective tissue than a lesion from the same anatomic site
in a control animal. The lesion from the control animal (Fig. 2
A) appears to be a more developed fibrous plaque with a well
formed fibrous cap, an underlying necrotic core, and calcifica-
tion. Similar differences were seen in multiple lesions between
the two groups of animals at all anatomic levels. Most of the
lipid in the lesions from the control animals appears to be local-
ized in the macrophage-rich cores of the advanced lesions that
are surrounded by smooth muscle cells. These lipid-filled cores
are much less extensive in the probucol-treated animals. In con-
trast to the controls, there are relatively large numbers of foam
cells, which, consist principally of lipid-filled smooth muscle,
rather than macrophages. A quantitative analysis of the cellular
makeup of these different lesions will be presented in a subse-
quent manuscript (Chang M., M. Sasahara, A. Chait, P. Wahl,
E. W. Raines, and R. Ross, manuscript in preparation).
Marked differences are also observed in the appearance of
the smooth muscle cells in the innermost layers of the media in
the probucol-treated animals (Fig. 2). At higher magnification,
many of the smooth muscle cells within the media immediately
beneath the lesions in the probucol-treated animals are heavily
lipid laden and contain blue-staining lipid in contrast to cells
with white-appearing lipid (due to lipid extraction), which are
identified as macrophages (Fig. 2 D). In comparison, lipid is
rarely observed in smooth muscle cells in the lesions or in the
media beneath the lesions in the control animals (Fig. 2 C).
Comparison of intimal lesion areas with other parameters.
Lesion areas were determined by image analysis of 16 sites in
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Figure 2. Probucol alters the cellular distribution of lipid within the lesions. Representative sections from the thoracic aorta of a control (A and C)
and probucol-treated (B and D) animal were stained with basic fuschsin-methylene blue. Although taken from exactly the same region of the
thoracic aorta, the fibrofatty lesion from the probucol-treated animal (B) has fewer cells and much less collagen and, thus, appears less mature than
the early fibrous plaque with a well-developed fibrous cap containing numerous smooth muscle cells and collagen that cover a necrotic core in the
control animal (A). The innermost layers of the media of these lesions are shown at high power (C and D). Lipid is observed rarely in smooth
muscle cells in the media immediately beneath the lesions in the control animals (C). However, in the probucol-treated animals (D), many of the
smooth muscle cells in the lesion and in the innermost layers of the media appear to be foam cells filled with blue-staining lipid, due to the dye

uptake.

each of the animals. The total lesion area is greatest in the
thoracic aorta because of the size of the vessel. However, due
to the cephalad progression of lesions characteristic of the non-
human primate, the most advanced lesions were formed earlier
in the iliac arteries and abdominal aorta and thus occupy an
area only slightly less than that in the thoracic aorta (23-26).

Table III. Animals Used for Histologic Examination Only

Treatment group Diene lag time Plasma cholesterol Plasma probucol
min mg/dl pg/ml
Probucol 493 588+125 12.6
580 507+70 22.1
879 511x131 8.9
Control 217 561+97 —
206 502+96 —
178 593+151 —
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After 11 mos on the diet, advanced lesions can be observed
throughout the arterial tree, but are more frequent in the iliac
arteries and lower abdominal aorta.

When lesion areas were compared between control and pro-
bucol groups by treatment, significantly smaller lesion areas are
observed in the thoracic aortas of the probucol-treated animals
(Fig. 3). However, multiple regression analysis of all 16 ani-
mals demonstrates that the intimal lesion areas at all sites are
significantly related to oxidation resistance, as measured by the
lag time for conjugated diene formation (Table IV). Stepwise
multiple regression analysis of lipoprotein profiles and oxidation
resistance shows that the size of the lesions in the thoracic aorta
correlates inversely with the lag time of oxidation and positively
with LDL cholesterol levels. These two variables account for
75% of the variability in lesion areas observed in the thoracic
aorta. Similarly, in the abdominal aorta, the combination of
LDL cholesterol and lag time for conjugated diene formation
accounts for 59% of the variability in this region. In contrast,
only the oxidation lag time accounts for 39% of the variability
in lesion size in the iliac artery. Therefore, when analyzed in



Figure 3. Smaller lesion
areas are observed in the
thoracic aorta of probuc-
ol-treated animals. Le-
sion areas were deter-
mined using an image
analysis system for eight
control and eight probuc-
ol-treated animals and
the intimal areas were
analyzed for treatment
differences within each site using a nonparametric Wilcoxon Rank Sum
test (Mann-Whitney). For each monkey, the thoracic and abdominal
values are the mean of six sections each from identical anatomical
segments, and the iliac value is the mean of four.

P <.0001

N
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this manner, there is a correlation with resistance of LDL to
oxidative modification at all three anatomic sites.

Due to the strong correlation of intimal area with resistance
of LDL to oxidative modification, lesion area in each of the
anatomic regions was plotted against lag time for diene forma-
tion (Fig. 4). The data at all sites indicate the striking trend to
smaller intimal lesion size associated with increased resistance
of plasma LDL to oxidative modification.

Discussion

Probucol treatment markedly decreases lesion area in the
thoracic aorta, the site of early lesions when probucol ad-
ministration is initiated. The similarity in morphologic ap-
pearance of the lesions in M. nemestrina with those found
in humans and the cephalad progression of the lesions repre-
sent important, reproducible components of this study. Upon
inducing hypercholesterolemia in these animals, fatty
streaks first appear in the iliac arteries, then in the abdominal
aorta, subsequently in the thoracic aorta, and finally in the
coronary arteries. With increasing time on the diet, the le-
sions at each site progress to fibrofatty lesions and ulti-
mately to fibrous plaques. Thus, taking advantage of the
temporal sequence of the cephalad progression of lesions
characteristic of the nonhuman primate provides an opportu-
nity to determine whether antioxidant therapy alters the ini-
tiation and/or progression of the lesions of atherosclerosis.

Probucol was started after the monkeys had been on the diet
for 3.5 mos, by which time early fatty streaks are present in the

Table IV. Stepwise Regression Analysis of Variables Related to
Intima Values

Variables P value R squared
%

Thoracic Diene lag .0014 55.7
Diene lag .0003 74.5
+ LDL 0114

Abdominal LDL, .032 30.7
LDL, .0085 59.1
+ Diene lag .0136

Iliac (log) Diene lag .0122 394

thoracic and upper abdominal aorta, whereas more advanced,
fibrofatty lesions are already present in the iliac arteries. Analy-
sis of the lesions after an additional 7.5 mos of hypercholesterol-
emia demonstrated the greatest reduction in intimal areas and
most statistically significant differences in this study in the tho-
racic aorta. Since either no lesions or early fatty streaks were
present at that anatomic site when probucol treatment was initi-
ated, it was possible to study its effect at an early stage and
throughout lesion development. These observations suggest that
probucol may beneficially affect the cellular changes that take
place during the early phases of atherogenesis to a greater extent
than those associated with more advanced lesions. Observations
in the WHHL rabbit are also consistent with a greater effect on
earlier lesions of atherosclerosis (37). Initiation of probucol
treatment at 2 mos reduced lesion size by 75% while starting
probucol therapy at 8 mos decreased lesion size by 54%. To-
gether, these data suggest that the efficacy of probucol in alter-
ing lesion formation at early stages as compared with more
advanced lesions warrants further analysis.

Resistance of plasma LDL to oxidation strongly correlates
with a reduction in lesion size. Bivariate analysis of our data
demonstrates that the intimal areas are significantly related to
resistance of LDL to oxidation at all sites (thoracic, abdominal,
and iliac arteries). Our data also clearly show very significant
decreases in the intimal area in the thoracic aorta of the probu-
col-treated animals. However, our inability to observe statisti-
cally significant differences in other anatomic sites may be due
to the small number of monkeys (n = 16). In spite of using
small sample statistical techniques, we have < 30% statistical
power to detect differences between the control and probucol-
treated monkeys. Ideally, one would like 80-90% statistical
power. Thus, there may be other differences between the two
groups that we are unable to detect statistically with this rela-
tively small sample. Beyond the data provided in our study, the
significance of antioxidant therapy is supported by the fact that
other antioxidant compounds, some with properties very differ-
ent from probucol (e.g., butylated hydroxytoluene, N, N'-di-
phenyl-phenylenediamine and vitamin E), are also anti-athero-
genic in other animal models (18, 21, 22). However, the issue
of whether resistance of plasma LDL to oxidation measured
in vitro will be predictive of in vivo changes requires further
examination of larger numbers of animals.

The cholesterol-lowering effects of probucol were normal-
ized in the controls by adjusting their dietary intake. Probucol
decreases total plasma cholesterol in humans (38, 39) and in
most animal species that have been tested, including nonhuman
primates. The magnitude of the effect varies considerably from
species to species, but in most instances both LDL and HDL
cholesterol levels decrease. This poses a problem in attempting
to dissociate the effects of probucol as an antioxidant from its
effect as a cholesterol-lowering agent. In the present studies, this
problem was approached by lowering the cholesterol content of
the diet in the control group so that their plasma cholesterol
levels would match the levels observed in the probucol-treated
group, a ~ 22% (n = 11) decrease in total plasma cholesterol
(19% in LDL and 5.0% in HDL). With this adjustment in
dietary cholesterol intake, there were no significant differences
between control and probucol-treated animals in the levels of
total cholesterol, LDL cholesterol or HDL cholesterol.

LDL particle structure, and its possible alteration by probu-
col, was not analyzed in this study. However, in humans, probu-
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Figure 4. A trend toward inverse
correlation of intimal areas with
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col has been shown to deplete cholesterol esters relative to
protein (40), which would result in small, dense LDL. This
small, dense LDL would actually be more susceptible to oxida-
tion (41), and, therefore, possibly enhance lesion formation, in
contrast to its antioxidant properties.

Probucol increases resistance of plasma LDL to oxidative
modification and decreases LDL degradation in lesion areas.
Comparable with its effect in humans (42, 43 ), probucol admin-
istration effectively increases the resistance of plasma LDL
from M. nemestrina to in vitro copper-induced oxidation. Al-
though their plasma probucol levels were not significantly dif-
ferent from the others, 2 of the 8 probucol-treated monkeys
demonstrated a decreased efficacy of probucol treatment as
measured by lag time for conjugated diene formation, and, in
1 of 4 animals, in vivo degradation of LDL measured in arterial
sections more closely resembled control animals. Studies in
humans have demonstrated a similar variability in response to
probucol and, in some cases, a correlation between increased
resistance of LDL to oxidation and content of probucol in LDL
(43). Probucol content of LDL was not determined in this
study. Resistance of LDL to oxidation is determined by many
variables, including fatty acid composition, endogenous antioxi-
dant content, and lipoprotein size and density. It should be
noted that even with the inclusion of these two probucol-treated
animals with diene lag times more comparable to control ani-
mals, there was a highly significant inhibition of lesion forma-
tion in the thoracic aorta of the probucol-treated group.

The plasma and lesion degradation of LDL was determined
by injection of tyramine-cellobiose—labeled LDL. As pre-
viously observed in probucol treatment of the WHHL rabbit
(15), probucol has no effect on the plasma fractional catabolic
rate of LDL degradation, whereas the lesions in the probucol-
treated monkeys have 40-50% lower LDL degradation rates
compared with those in the controls. Uptake of native LDL by
macrophages in vitro is very slow (6), and foam cells in fatty
streak lesions express very few native LDL receptors but a
large number of acetyl LDL receptors (44). Therefore, it is
reasonable to infer that degradation in lesions occurs mainly
after conversion of native LDL to the oxidatively modified form,
and thus, to a ligand for the scavenger receptor. This was the
interpretation offered by Carew et al. (15) for the similar probu-
col effect they observed in LDL receptor-deficient rabbits. How-
ever, the decreased LDL degradation in lesion areas of the
probucol-treated group may reflect the smaller and less cellular
lesions observed in these animals (Fig. 2; Chang M., M. Sasa-
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the thoracic and abdominal aorta
and in the iliac arteries.

hara, A. Chait, P. Wahl, E. W. Raines, and R. Ross, manuscript
in preparation ) or, alternatively, the prolonged effect of 6.5 mos
of antioxidant therapy.

How does probucol affect the evolution of atherosclerotic
lesions? An unexpected finding in the probucol-treated animals
is increased accumulation of lipid in both lesion smooth muscle
cells and in medial smooth muscle cells immediately beneath
the lesions. This may reflect a decrease in the number of macro-
phages present, and thus, able to take up the lipoproteins, or a
decreased uptake of plasma LDL by lesion macrophages, or
both. This difference may also be related to the lower HDL,
levels in the probucol-treated animals. We are currently analyz-
ing the cellular and molecular composition of the lesions in the
probucol-treated versus the control monkeys, including immu-
nolocalization of both native and oxidized LDL (Chang M., M.
Sashara, A. Chait, P. Wahl, E. W. Raines, and R. Ross, manu-
script in preparation). Qualitative analyses in WHHL rabbits
showed that macrophages were more prevalent in the lesions
of the control animals, as compared with the lesions in the
probucol-treated animals, in which smooth muscle cells ap-
peared to predominate (45). Interestingly, evaluation of a lim-
ited number of probucol-treated familial hypercholesterolemic
patients noted nonmacrophage-related accumulation of choles-
terol, in spite of reduction in cholesterol levels and regression
of xanthomas (46). These observations, together with ours in
the nonhuman primate, suggest that probucol may alter the dis-
tribution of cholesterol from the macrophage to other cells,
possibly smooth muscle in the nonhuman primates.

Additionally, beyond its antioxidant activity, probucol has sev-
eral biological properties that might contribute to its antiathero-
genic potential. First, it can influence lipoprotein levels. We at-
tempted to negate this effect in the present study by maintaining
the LDL cholesterol levels in the two groups at similar levels by
adjusting cholesterol intake. HDL levels were lower in the probuc-
ol-treated animals, as in other species (38—40). However, this
would be expected to enhance, rather than inhibit, atherogenesis.
Probucol can also induce cholesterol ester transfer protein (47);
can inhibit the release of the cytokine, interleukin-1, from perito-
neal macrophages of probucol-treated mice (48); and can exert
an intracellular effect on the ability of cells to oxidize LDL (49).
The importance of these effects, demonstrated in cell culture sys-
tems, has yet to be evaluated in vivo. However, the possibility
that one or more of these activities contributes to the protective
effect of probucol, in addition to its antioxidant properties, cannot
be eliminated in the present study.



Understanding the cellular and molecular mechanisms re-
sponsible for decreased lesion size is key to evaluating the
efficacy of antioxidant therapy and its possible roles in inhib-
iting initiation and/or progression of lesions of atherosclerosis.
Qualitative observations in probucol-treated WHHL rabbits that
macrophages predominate in lesions of control animals as com-
pared with more smooth muscle cell-rich lesions in the probu-
col-treated rabbits (45) are consistent with a decrease in oxi-
dized LDL and a consequent decreased recruitment and reten-
tion of monocytes in the lesions (50). To examine the cellular
and molecular differences in the intimal lesions in the probucol-
treated versus the control animals, both quantitative and qualita-
tive immunohistochemical analyses are being performed on ar-
terial samples obtained from this study (Chang M., M. Sasahara,
R. Chait, P. Wahl, E. W. Raines, and R. Ross, manuscript in
preparation). Such a comparison of the cellular and molecular
composition of the lesions at the different anatomic sites should
help to further define the effects of probucol and other antioxi-
dant therapy on lesion initiation versus lesion progression.
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