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Abstract

Probucol is an antihyperlipidemic agent with antioxidant effects and antiatherosclerotic properties in hypercholesterolemic conditions.
The JCR:LA-corpulent strain of rats exhibits all aspects of the human ‘metabolic syndrome’ characterized by obesity, insulin resistance,
hypertriglyceridemia, atherogenesis, and ischemic myocardial damage. Male rats were treated with 100 mgrkg body weight probucol
from 6 to 12 weeks or from 6 to 39 weeks of age. Short-term metabolic effects were assessed at 12 weeks and both metabolic and
cardiovascular effects at 39 weeks of age. Probucol treatment of corpulent male rats did not reduce plasma lipid concentrations or
hyperinsulinemia. The index of severity of intimal lesions of the aortic arch was not different from that of controls, although the lesions
appeared to be qualitatively more severe. There were significantly fewer adherent macrophages on the endothelial surface. The
endothelial layer was unchanged and smoothly covered the vascular surface, including the intimal lesions. Notwithstanding the extensive
atherosclerotic lesions, probucol-treated rats had markedly fewer ischemic myocardial lesions. The cardioprotective effect, possibly due to
the antioxidant properties of probucol, appears to occur at the level of the endothelium and occurs in the presence of continuing obesity,
hyperinsulinemia, hypertriglyceridemia, and atherosclerosis. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Two major classes of metabolic disorders are strongly
associated with the development of atherosclerosis and
cardiovascular disease. These are: abnormalities of choles-
terol synthesis and exchange, of which defects of the

Ž .low-density lipoprotein LDL receptor are probably the
Žmost important; and diabetes, both type 1 insulin-depen-

. Ž .dent and type 2 non-insulin-dependent . A central ele-
ment of these varying disorders is an abnormal lipid
metabolism, albeit of differing origins. Genetic defects of
the LDL receptor are relatively uncommon. They are now
well characterized and a very good animal model, the

Ž .Watanabe Heritable Hyperlipidemic WHHL rabbit, is
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Ž .available Nagano et al., 1992 . Type 1 diabetes is an
autoimmune insulin deficiency state with alterations of
glucose and lipid metabolism. It also is a disease affecting
only a small proportion of the population. In contrast, type
2 diabetes, which is an insulin-resistant, hyperinsulinemic
state, is increasingly common in prosperous societies. The
common initial presentation of type 2 diabetes is some-
times referred to as the ‘metabolic syndrome,’ and is
characterized by abdominal obesity, insulin resistance with
impaired glucose tolerance. Very-low-density lipoprotein
Ž .VLDL hypertriglyceridemia is primarily evident in a
hypertriglyceridemia, but the metabolism and particle
structure of lipoproteins also give rise to elevated plasma
concentrations of cholesterol, both free and esterified. Indi-
viduals exhibiting the metabolic syndrome are highly at

Žrisk for atherosclerosis and myocardial infarct Steiner,
.1986; Reaven, 1988 .

The JCR:LA-corpulent rat is a unique animal model
that exhibits all aspects of the metabolic syndrome, includ-
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Žing atherosclerosis and ischemic myocardial lesions Amy
.et al., 1988; Russell et al., 1990a; Russell, 1995 . Animals

Ž .that are homozygous normal qrq or heterozygous for
Ž .the mutant autosomal recessive cp gene qrcp are nor-

mal, lean rats, indistinguishable from the parent LArN
Ž .strain. Rats that are homozygous for the cp gene cprcp

Žare obese and exhibit the metabolic syndrome Dolphin et
al., 1987; Russell et al., 1987, Russell et al., 1989c, 1994;

.Vance and Russell, 1990 . The cp mutation has recently
been shown to create a stop codon in the extracelluar

Ž .domain of the leptin receptor ObR , resulting in an ab-
Ž .sence of receptors Wu-Peng et al., 1997 . The origin of

the insulin resistance is not yet clear, but may be related to
the role of leptin in suppressing pancreatic insulin release
Ž .Emilsson et al., 1997 or to the presence of excessive

Žintracellular triglyceride Russell et al., unpublished obser-
.vations . Atherosclerosis and cardiovascular disease de-

velop in cprcp male rats from an early age, while cprcp
Žfemales are spared until an advanced age Russell and

.Amy, 1986a,b . Evidence to date has been consistent with
the hypothesis that hyperinsulinemia plays a critical role in
the pathophysiological processes leading to atherosclerosis

Ž .in the JCR:LA-cp rat Russell et al., 1989a,b . The role of
the marked VLDL hyperlipidemia is less clear. Moderate
reduction in plasma lipid levels alone has no protective

Ž .effect Russell et al., 1991a , although an 80% reduction in
triglycerides with accompanying lower cholesterol levels
and improved insulin status, induced by MEDICA 16, is

Ž .highly protective Russell et al., 1991b, 1995 . The origin
of the vasculopathy is clearly multifactorial and polyge-
netic as even closely related strains of obese rats, while
insulin resistant and hyperinsulinemic, do not develop

Žcardiovascular complications Amy et al., 1988; Russell et
.al., 1990a; Russell, 1995 . One component of this genetic

background appears to lie in the vascular smooth muscle
cells, which are hyperplastic, proliferate abnormally in cell
culture, and are hyper-responsive to cytokines, including

Ž .insulin-like growth factor-1 Absher et al., 1997 .
Probucol is an agent that has both hypolipidemic and

antioxidant properties, that are considered to be cardiopro-
Ž .tective Jackson et al., 1991 . It has been shown to have

antiatherogenic effects in the WHHL rabbit, supporting its
Žuse in the treatment of hypercholesterolemic states Kita et

.al., 1987 . Recently, probucol, but not the antioxidant
Ž .a-tocopherol or vitamin E , has been shown to markedly

inhibit restenosis of human coronary arteries following
Ž .angioplasty Tardif et al., 1997 , suggesting direct effects

on the vessel wall. Whereas probucol has been shown to
have beneficial effects on cardiovascular disease associ-
ated with hypercholesterolemia, there are no reports of its
effects on cardiovascular disease associated with hyperin-
sulinemia and related hypertriglyceridemia. Thus, we have
investigated the short- and long-term effects of probucol
on metabolism and cardiovascular disease in the cprcp rat.
Our results show no protection against atherogenesis, but
do demonstrate a strong cardioprotective effect.

2. Methods

2.1. Animals and experimental procedures

Male rats, qrq and cprcp, were bred in our breeding
Ž .colony as previously described Russell et al., 1995 . They

were weaned at 3 weeks of age and were maintained on
wood chip bedding in polycarbonate cages at 218C with
50% relative humidity and on a 12-h lightr12-h dark
cycle. They were treated with probucol added to the feed
from 6 weeks of age. Food was Wayne Rodent Blox
Ž .Harlan–Sprague–Dawley, Madison, WI, USA , a grain-

Žbased diet of under 4% total lipid content. Probucol Ma-
.rion Merrell Dow, Cincinnati, OH, USA was incorporated

into powdered food so as to give a daily dose of 100
mgrkg body weight, and the food was moistened and
pelleted. Food consumption and body weight were mea-
sured weekly, and the probucol concentration was adjusted
accordingly. All treatments conformed with the guidelines
of the Canadian Council on Animal Care and were subject
to prior institutional review and approval.

The rats were bled from the tail at 12 weeks of age after
an overnight fast, and the plasma glucose, insulin, and total
lipid profile were determined. At 39 weeks of age, the rats
were starved overnight, anesthetized with halothane in
oxygen, bled from the heart, and perfusion-fixed with
1.25% glutaraldehyde and 1.85% formaldehyde, as previ-

Žously described Russell and Amy, 1986a; Russell et al.,
.1995 . The heart and pancreas were removed and fixed

further for light microscopy. The aorta was further fixed in
2.5% glutaraldehyde and prepared for electron microscopy.
Plasma was processed for lipid, glucose and insulin assays.

2.2. Analytical techniques

The total lipid profile was measured in whole plasma by
Ž .the technique of Kuksis et al. 1978 . Glucose was assayed

Žusing a rapid glucose oxidase method Beckman Instru-
.ments, Brea, CA, USA , and insulin by a double antibody

Žradioimmunoassay Kabi Pharmacia Diagnostics, Uppsala,
.Sweden using rat insulin standards.

2.3. Histology

ŽThe hearts were cut into 3 blocks base, mid-heart, and
.apex regions , fixed in 3.7% neutral buffered formal-

Ždehyde and processed as described previously Russell et
.al., 1990a, 1995 . Two adjacent sections were cut from

each block and stained with hematoxylin and eosin and
Masson’s trichrome, respectively. The incidence of is-
chemic myocardial lesions in hematoxylin and eosin-
stained sections was determined blindly by an experienced
pathologist, with confirmation of lesions through the Mas-
son’s trichrome-stained sections. Lesion stages were iden-
tified as: Stage 1, areas of necrosis; Stage 2, areas of cell
lysis with chronic inflammatory infiltration; Stage 3, nod-
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ules of chronic inflammatory cell infiltration; and Stage 4,
Ž .old, scarred lesions Russell et al., 1990a . Stage 4 lesions

are the most important, as they reflect the cumulative
record of earlier stage lesions that were large enough to
remain identifiable after the scarring and contraction of the
repair process. The number of lesions in the sections from
each heart was summed and the mean incidence for each
group was calculated. This procedure yields a consistent

Žindex of the ischemic damage to the myocardium Russell
.et al., 1993 . Pancreata were fixed initially in Bouin’s

solution, were further fixed in formalin, and were pro-
cessed conventionally with hematoxylin and eosin staining.

2.4. Electron microscopy

The aortic arch from perfusion-fixed animals was dis-
sected free of all extraneous tissue and was split along the
greater and lesser curves. The two halves of the arch,
including the stumps of the great vessels, were postfixed
with osmium tetroxide and uranyl acetate, dried with graded
ethanol solutions, and triple-point dried from propylene
oxide. The mounted segments were sputter-coated with
gold, and the intimal surfaces were examined completely
using a Hitachi Model S2500 scanning electron micro-
scope. Lesions were identified and classified as: areas of
adherent fibrin; raised intimal lesions; areas of adherent

Žmacrophages; or areas of de-endothelialization Russell et
.al., 1995 . The aortic arch, after fixation and processing,

retains its in vivo morphology in two semi-rigid segments
composed of compound curves. It is not possible to flatten
the arch or to obtain planar images of the arch and
lesioned areas that are suitable for quantitation through
image analysis. Thus, all lesions were recorded photo-
graphically and each type of lesion was assigned a ‘sever-
ity score,’ based on areal extent and character of the
lesion, for each animal. The scale used ranged from 0 to 3,
with 0 representing the absence of any lesions and 3
representing the most severe involvement, as seen in cprcp
control animals.

2.5. Statistical methods

The numerical data are presented as mean"S.E.M.
Ž .standard area of the mean . Statistical analysis was by
analysis of variance and Wilcoxon’s rank sum test, as
appropriate, with P-0.05, two-tailed, taken as signifi-
cant.

3. Results

3.1. Metabolic responses

Probucol treatment was well tolerated by the cprcp rats
and at 12 weeks had no significant effect on either food

Žconsumption 39.4"2.6 vs. 37.1"0.9 grday for probu-

Table 1
Plasma insulin and glucose concentrations in male JCR:LA-cp rats treated
with probucol

Plasma Plasma
glucose insulin
Ž Ž .mmolrl pmolrl

12-week-old rats
aqrq control 9.1"0.32 215"23

cprcp control 8.4"0.28 1492"51
acprcp probucol-treated 8.8"0.32 483"87

39-week-old rats
aqrq control 7.3"0.2 173"28

cprcp control 7.8"0.2 1009"151
cprcp probucol-treated 7.4"0.6 1283"206

Values are mean"S.E.M. for samples taken from fasting animals, 10 rats
in each group.
aP -0.001 compared to cprcp control.

.col-treated and control rats, respectively or body weight
Ž .489"10 vs. 480"5 g . There were, similarly, no differ-
ences in food intake or body weight between probucol-

Žtreated and control cprcp rats at 39 weeks of age data not
.shown . At 12 weeks of age, probucol-treated rats showed

no difference in fasting plasma glucose levels compared to
Ž .either qrq or cprcp controls Table 1 . Similarly, fast-

ing plasma glucose concentrations at 39 weeks of age did
not differ between either the control group or the
probucol-treated group. At 12 weeks of age, probucol-
treated rats had significantly lower fasting insulin levels;
however, at 39 weeks of age, this effect was no longer
evident, and plasma insulin levels of the treated rats were
not significantly different from those of the control rats
Ž .Table 1 .

Table 2 shows that the cprcp rats treated with probucol
from 6 weeks of age showed no significant lowering of
any of the plasma lipids compared to the cprcp control
animals at either 12 or 39 weeks of age.

3.2. Pancreatic morphology

Examination of the pancreatic sections showed that
probucol treatment had no protective effect against the
development of the marked hyperplasia of the islets of

ŽLangerhans that is characteristic of the cprcp rat Fig.
.1A . The probucol-treated rats, however, did show a fre-

quent occurrence of smaller islets with essentially normal
morphology and without the extensive fibrosis and trabec-

Ž .ular appearance of the hyperplastic islets Fig. 1B . Such
islets were not seen in the cprcp control rats.

3.3. Aortic arch lesions

Scanning electron microscope examination of the aortic
arch of probucol-treated cprcp rats showed that, at 39
weeks of age, all rats exhibited advanced atherosclerotic
lesions. In most animals, the entire aortic arch was affected
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Table 2
Effect of probucol on whole serum lipids of male JCR:LA-cp rats

Cholesterol Cholesteryl esters Total cholesterol Phospholipids Triglycerides

12-week-old rats
Ž .qrq control 6 0.50"0.03 1.11"0.07 1.61"0.09 0.94"0.05 0.02"0.16
Ž .cprcp control 10 0.76"0.12 2.89"0.35 3.60"0.46 2.24"0.31 4.05"0.48

Ž .cprcp probucol-treated 7 0.88"0.10 2.31"0.25 3.19"0.35 2.63"0.26 3.28"0.33
39-week-old rats

Ž .qrq control 10 0.31"0.03 0.93"0.04 1.23"0.05 0.77"0.05 0.24"0.04
Ž .cprcp control 10 0.93"0.09 2.77"0.29 3.68"0.38 2.84"0.28 3.49"0.36

Ž .cprcp probucol-treated 10 0.76"0.13 2.89"0.35 3.60"0.46 2.24"0.31 4.05"0.48

Values are mmolrl, mean"S.E.M.; number of rats in Data parentheses. Data qrq for rats are shown for reference only; no statistical comparisons
made. There were no significant differences between probucol-treated and control rats at either age.

by large, raised intimal lesions, as shown in Fig. 2. These
lesions were larger and more extensive than those seen in

Ž .cprcp control rats Fig. 2A,C . While the raised lesions

were more extensive in the probucol-treated rats, the en-
dothelial covering over the lesions was smoother and did
not show the areas of desquamation or ulceration often

Ž .Fig. 1. Histological sections of the pancreata of 39-week-old cprcp rats treated with probucol. A section with a typical, large trabecular islet with
Ž .fibrosis. B section showing several small, morphologically normal islets of Langerhans. Hematoxylin and eosin stain, bars500 mm.
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Ž .Fig. 2. Scanning electron photomicrographs of the aortic arch of male cprcp rats at 39 weeks of age. A control rat, showing large raised intimal lesion;
Ž . Ž .bars100 mm. B control rat, showing raised lesion with adherent macrophages; bars10 mm. C probucol-treated rat, showing severe raised intimal

Ž . Ž .lesion with smooth overlying endothelium; bars250 mm. D probucol-treated rat, showing intact endothelium overlying raised lesion; bars100 mm. E
probucol-treated rat, showing extensive fenestrations of the intact endothelial layer; bars25 mm.

Ž .seen in cprcp control animals Fig. 2D . Areas with clean,
intact endothelium were commonly found on the surface of
the aortas of probucol-treated rats that had extensive fenes-

Ž .trations or openings in the endothelial sheet Fig. 2E . The
severity score for raised lesions, as shown in Table 3, was
not different between control and probucol-treated rats, as

Table 3
Severity of lesions of the aortic arch of male cprcp rats

Fibrin Raised lesions Macrophages De-endothelialization

Control 0 2.75"0.22 1.63"0.41 0.63"0.23
aProbucol-treated 0.22"0.21 2.78"0.14 0.33"0.16 1.11"0.10

Values are mean"S.E.M. of the severity score in arbitrary units, determined as described in Section 2. There were 10 rats in each group.
aPs0.05 vs. control.



( )J.C. Russell et al.rEuropean Journal of Pharmacology 350 1998 203–210208

Table 4
Frequency of myocardial lesions in male cprcp rats treated with probucol

Lesion stage

1 2 3 4

qrq control 0 0 0.10"0.10 0.10"0.03
cprcp control 0.33"0.18 0.33"0.18 0.33"0.18 1.83"0.40
cprcp probucol-treated 0.20"0.13 0 0 0.30"0.15
Significance of difference, probucol treatment vs. cprcp control NS NS NS P-0.01

Values are mean"S.E.M. of the frequency of lesions observed, as described in Section 2. There were 10 rats in each group. NS, not significant.

the advanced lesions seen in cprcp control rats had previ-
ously defined the maximal severity score of 3. Probucol-
treated rats had a significant reduction in adherent
macrophages on the endothelial surface. Severity scores
for endothelial damage, adherent macrophages, and fibrin
deposition were not different between groups.

3.4. Myocardial lesions

The frequency of ischemic myocardial lesions in probu-
col-treated rats was found to be significantly lower than in
cprcp controls and not different from that in qrq

Ž . Žcontrols Table 4 . No Stage 2 lesions early cell lysis and
.chronic inflammatory infiltration were seen, and the inci-

dence of old, scarred lesions was significantly reduced
Ž .P-0.01 .

4. Discussion

4.1. Pharmacological response of the JCR:LA-cp rat

The JCR:LA-cp rat exhibits a status very close to that
of the human obesity, insulin resistant, hypertriglyceri-
demic syndrome. The development of advanced vascular
pathology and ischemic lesions makes it a particularly
attractive model for the study of antiatherosclerotic and
cardioprotective agents. Such a small-animal model per-
mits both highly cost-effective studies of drug efficacy and
basic mechanisms and experiments not possible with hu-
man subjects. We have examined the responses of the
cprcp rat, both metabolic and pathophysiological, to a
variety of agents and have found that the rats consistently
respond in a manner similar to that of humans. In the
present study, the results again mirror those found clini-
cally, but provide information not obtainable in human
subjects.

4.2. Insulin and glucose metabolism

The male cprcp rat is not frankly diabetic, and thus
fasting plasma glucose concentrations did not differ be-
tween genotypes and probucol caused no change. The
marked reduction in the hyperinsulinemia of probucol-
treated rats at 12 weeks of age was, however, unexpected.

The effect was no longer present in 39-week-old rats,
suggesting that the effect is related to developmental
changes in young rats between 6 and 12 weeks of age.
While it is speculative, it is possible that the early im-
provement in insulin metabolism is due to the antioxidant
properties of probucol. The protective effect may be insuf-
ficient to maintain an inhibition of excessive insulin syn-
thesis and release or to reduce islet hyperplasia and dam-
age as the rats age. The sub-population of relatively nor-
mal islets seen in 39-week-old rats may represent islets
that have been partially protected by probucol. The protec-
tive effects seen in the islets may be related to later
cardioprotective effects and are indicative of beneficial
effects of probucol unrelated to lipid metabolism.

4.3. Lipid metabolism

Probucol has significant lipid-lowering properties in the
presence of LDL receptor defects, such as is seen in the

Ž .WHHL rabbit Kita et al., 1987; Walldius et al., 1994 .
The origin of the hyperlipidemia in the cprcp rat, in
contrast, appears to lie in the marked insulin resistance and
diversion of diet-derived glucose to triglyceride synthesis
Ž .Russell et al., 1989c, 1996 . The triglyceride incorporated

Ž .into VLDL Vance and Russell, 1990 is then transported
to the peripheral tissues, principally to the growing fat
depots. The process is not expected to be inhibited by
probucol, and this was confirmed in both young and old

Ž .cprcp rats Table 2 . This is in contrast to observed
Žlipid-lowering effects of probucol in humans Walldius et

. Ž .al., 1994 , rabbits Kita et al., 1987 , and other strains of
Ž .rats Tada et al., 1992 . However, these other subjects

were lean and either more or less normolipidemic or
hypercholesterolemic. The cprcp rat, with its marked
metabolic syndrome, is only mildly hypercholesterolemic,
but is insulin resistant and highly hypertriglyceridemic—a
quite different metabolic state. The modestly higher plasma
cholesterol concentrations of the cprcp rat are a conse-
quence of the requirement for cholesterol and cholesterol
esters to assemble and stabilize the increased flow of

Ž .VLDL particles from the liver Dolphin et al., 1987 . The
increased high-density lipoprotein concentrations are en-

Žtirely due to flow-through from the VLDL particles Vance
.and Russell, 1990 . These processes, and the plasma

cholesterol, could not be inhibited by probucol without
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major disruption in the glucoserfatty acid metabolism of
the rats, and this did not occur.

4.4. Vascular lesions

The extent and severity of the raised intimal lesions on
the aortic arch of the probucol-treated male cprcp rats are
striking and the worst seen to date in this animal model.
These lesions reflect the accumulation of lipid and lipid-rich

Ž .cells in the intimal space Richardson et al., 1997 . The
equivalence of plasma hyperlipidemia in the control and
probucol-treated rats suggests that the process of VLDL
particle infiltration through the endothelium would be sim-
ilar in the two groups. The aortic surfaces of probucol-
treated rats had significantly fewer adherent macrophages,
but did frequently show fenestrations of the endothelial

Ž .layer Fig. 2E . Thus, the endothelium of the treated rats
may have been more permeable to lipoprotein particles at
the same time as the endothelial cells themselves were
more healthy and less attractant to macrophages. Intimal
macrophages appear to play a scavenger role, ingesting
and oxidizing lipidemic materials. Only if overwhelmed do

Ž .they become lipid-laden foam cells Faggiotto et al., 1984 .
A reduced macrophage population may thus have allowed
for increased accumulation of lipid and other products in
the subendothelial space, leading to the observed exacerba-
tion of the raised lesions. In such lesions, active vascular

Ž .smooth muscle cells Absher et al., 1997 migrating into
the intimal space may become the dominant lipid-laden
cells in the lesions. Unlike macrophages, such smooth

Žmuscle cells are unable to leave for the lumen Faggiotto
.and Ross, 1984 and remove the ingested lipid.

4.5. Myocardial lesions

The reduction of the frequency of ischemic myocardial
lesions is very clear and occurred in the presence of
advanced atherosclerosis in the aorta. This implies that the
protective mechanism must involve prevention of the sec-
ondary effects of atherosclerosis such as vasospasm and
thrombus formation. The arteries of the male cprcp rat
have a defect in the nitric oxide-mediated relaxation mech-
anism that probably reflects both endothelial dysfunction

Žand vascular smooth muscle cell hypercontractility Ab-
.sher et al., 1997; O’Brien et al., 1998 . A role for va-

sospasm in the induction of the myocardial lesions is
supported by the finding of cardioprotective effects by the

2q ŽCa channel antagonists, nifedipine and nisoldipine Rus-
.sell et al., 1990b, 1997 . In addition, recent results show

increased levels of plasminogen activator inhibitor-1 in
plasma and in the arterial wall of the male cprcp rat
Ž .Schneider et al., 1997 . The resultant inhibition of tissue
plasminogen activator would be expected to lead to the
persistence of intravascular thrombi.

We suggest that the cardioprotection afforded by probu-
col is due to improvement in endothelial, and perhaps

smooth muscle cell, function. This leads to both a greater
integrity of the endothelial layer, with inhibition of fibrin
formation, and a reduction in vasospasm. A further possi-
bility is that probucol, perhaps through its antioxidant
characteristics, affords protection against ischemia-induced

Ž .myocardial damage Tada et al., 1992 .

4.6. Implications

Our results illustrate that inhibition of ischemic myocar-
dial damage is possible even without the prevention of
obesity, insulin resistance, hyperlipidemia, or even athero-
sclerosis. They are consistent with the finding of inhibition

Ž .of restenosis in humans by Tardif et al. 1997 . Our
findings in an animal model of the obesityrinsulin resis-
tancerhypertriglyceridemia syndrome have potential im-
plications for the treatment of atherosclerosis in a signifi-
cant segment of the human population. The precise defini-
tion of the mechanisms involved would potentially permit
the development of new, more effective agents than probu-
col.
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