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Abstract Intimal hyperplasia is a persistent problem after
implantation of prosthetic grafts. Although the mechanisms
underlying this hyperplastic response are unknown, it has been
proposed that such responses may be due to chronic vascular
injury similar to that of atherogenesis. Thus, the role of
oxidation was explored using the potent antioxidant drug
probucol. Adult New Zealand White rabbits fed a modestly
(0.25%) cholesterol-enriched diet had a polytetrafluoroethyl-
ene prosthetic graft placed into the lower aorta. After the
grafting procedure, a group of 11 rabbits was placed on the
cholesterol-enriched diet supplemented with 1% wt/wt probu-
col while a control group of 10 rabbits was placed on the
cholesterol-enriched diet alone. The rabbits were maintained
for a further 10 weeks before histological examination of the
area surrounding the graft. Although administration of probu-
col did not significantly alter the dimensions of lesions at the
anastomotic sites, the drug promoted striking histological
changes in the surrounding tissue. Both groups of rabbits had
a similar intimal hyperplastic response of the aortic tissue
surrounding the graft. The vascular lesions present in the

performed procedure in vascular surgery. Al-

though this procedure is effective for the immedi-
ate restoration of arterial flow, graft failure due to an
intimal hyperplastic response at the anastomotic sites
commonly occurs within the first year.!-3 Relatively little
is known regarding the mechanisms by which this form
of iatrogenic hyperplasia occurs, although it remains a
major complication of several vascular interventions,
including bypass surgery with vein grafts and angio-
plasty. Although the mechanisms of intimal hyperplasia
are unknown, specific facets of the condition appear
similar to those of spontaneous atherosclerosis. There-
fore, there may be some commonality in the underlying
cause of the two forms of the disease.

The evolution of spontaneous atherosclerotic lesions is
thought to be initiated and propagated by oxidative mech-
anisms.* Support for this concept includes the observation
that oxidatively modified lipoproteins have been extracted
from atherosclerotic lesions.>¢ In addition, immunoreac-
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perigraft region of the control group consisted of a normal-
appearing media but a thickened intima. The thickened intima
contained numerous smooth muscle cells in a network of
extracellular matrix. Regions in the neointima that were rich
in smooth muscle cells exhibited modest staining for prolifer-
ating cell nuclear antigen. A few macrophages were present in
the control group as determined by immunostaining with the
monoclonal antibody RAM-11. In contrast, administration of
probucol led to a marked reduction in the presence of
RAM-11-staining macrophages. There was also a marked
reduction in the cellularity of lesions, from 934+135 nuclei/
mm’ in the control group versus 358+32 nuclei/mm? in probu-
col-treated rabbits. Thus, administration of probucol did not
significantly reduce the size of the intimal thickening at the
relatively early interval under study, but the drug did produce
cellular changes that may have beneficial effects on the main-
tenance of long-term patency of implanted grafts. (4rterioscler
Thromb. 1994;14:162-167.)
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tivity for oxidized lipoproteins has been detected in histo-
logical sections of rabbit and human atherosclerotic le-
sions.™ The causal role of oxidation in the disease process
is implied by the antiatherogenic efficacy of antioxidant
drugs. The antiatherosclerotic properties of probucol have
been observed after administration of the drug to Wata-
nabe heritable hyperlipidemic (WHHL) rabbits soon after
weaning. Under these conditions probucol reduces the
extent of aortic atherosclerosis by a mechanism that is
independent of its hypolipidemic effect.!%1! In addition,
probucol administration to mature WHHL rabbits with
established atherosclerotic disease results in a reduction
of lesion progression.’? A number of studies have also
demonstrated that probucol reduces the extent of athero-
sclerosis induced by cholesterol-feeding in rabbits.13-15
This effect of probucol has also been corroborated by the
similar antiatherosclerotic effects of probucol analogues!6
and the antioxidants butylated hydroxytoluene!” and N,N’
diphenyl phenylenediamine.1#

The present study was designed to determine whether
probucol modulates iatrogenic intimal thickening in a
manner similar to that described for spontaneous ath-
erosclerosis. The study investigated the hyperplastic
response of anastomotic aortic tissue that occurred after
implantation of a prosthetic graft in rabbits fed a diet
modestly enriched in cholesterol.!® Probucol did not
reduce the extent of intimal thickening that developed
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10 weeks after implantation. However, probucol mark-
edly reduced the cell density and decreased the content
of macrophages within these vascular lesions.

Methods
Animals and Graft Implantation

All animal care complied with the Principles of Laboratory
Animal Care formulated by the National Society for Medical
Research and the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health publication No. 80-23;
revised, 1985). Protocols were approved and monitored by the
Washington University Animals Studies Committee.

Adult New Zealand White rabbits (2.5 to 4 kg) from a single
supplier (Doe Valley Farms, Bentonville, Ark) were fed a
standard laboratory chow diet enriched in 0.25% wt/wt cho-
lesterol (Purina Mills, Inc, Richmond, Ind). All rabbits under-
went an aortic interposition grafting procedure 5 weeks after
initiation of the cholesterol-enriched diet.

Before the grafting procedure, the rabbits were anesthetized
with a mixture of ketamine hydrochloride (40 mg/kg), acepro-
mazine (1 mg/kg), and xylazine (20 mg/kg) administered
intramuscularly. Supplemental doses of ketamine hydrochlo-
ride (40 mg/kg) were administered every 30 minutes. Penicillin
(150 000 U) was administered intramuscularly before the start
of surgery. With the use of aseptic techniques, the infrarenal
aorta was exposed through a midline incision. Lumbar
branches were ligated as required to free the distal 2 cm of
aorta. Before the aorta was cross-clamped, the rabbits received
200 U/kg IV of heparin sodium. The distal aorta was then
cross-clamped, and a 1-cm portion of the aorta, 1 cm proximal
to the bifurcation, was removed. The distal aorta was flushed
with 2.5 mL saline (0.15 mol/L) containing heparin (100
U/mL) via a 20G catheter. A 1l-cm-long, 3-mm-diameter,
thin-walled, polytetrafluoroethylene (PTFE) graft (WL Gore
& Associates, Flagstaff, Ariz) was sewn in an end-to-end
fashion into the aorta with CV-8 PTFE suture material (WL
Gore & Associates) in a running fashion. Twelve stitches were
placed symmetrically around the circumference of each anas-
tomosis. Perioperative blood loss was replaced with intrave-
nous normal saline. A circulating warm-water pad was used
perioperatively to maintain body temperature.

Postoperatively the animals were randomly divided into two
groups: (1) a control group received the same cholesterol-
supplemented diet as preoperatively and (2) a group was fed
the same cholesterol-enriched diet but supplemented with
probucol (1% wt/wt). Probucol was administered in the diet by
dissolving the probucol in chloroform and spraying the mixture
onto the chow as described.'215 The chow diet fed to the
control group was sprayed with chloroform without probucol.
Body weight was monitored to determine tolerance to the
diets.

Plasma Lipid Characterization

Blood was drawn from a marginal ear vein for the determi-
nation of plasma lipid concentrations before each animal was
started on the diet, at the time of the grafting procedure, and
at 5 and 10 weeks postoperatively. Concentrations of total
cholesterol, free cholesterol, phospholipids, and triglycerides
in plasma were determined enzymatically with commercially
available kits (Wako Pure Chemical Industries, Ltd, Rich-
mond, Va).

Lesion Morphology

Ten weeks after graft implantation, the rabbits were anes-
thetized as described above and euthanized for graft removal,
and the abdomen was reentered via a midline incision. The
proximal abdominal aorta at the level of the diaphragm was
dissected free from surrounding tissue, as were both common
iliac vessels. The abdominal aorta and graft were removed en
bloc to the level of the iliac vessels. Throughout this procedure
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care was taken not to manipulate the graft or adjacent aorta.
The aorta was gently flushed with 3 mL normal saline (0.15
mol/L) and perfusion fixed with 10 mL of 4% (wt/vol) para-
formaldehyde in phosphate-buffered saline. Specimens were
immersed in this fixative for a further 48 hours at 4°C. In a
pilot study, this method of fixation was compared with pres-
sure-perfusion fixing in situ, and the histological appearance of
the lesions was found to be similar by light microscopy. Two
grafts in the control group and one graft in the probucol-
treated group were occluded at the time of graft removal.
There was no evidence of perigraft hematoma, false aneurysm,
or graft infection.

After fixation the adventitia of the aorta and the granulation
tissue around the graft were removed, and the aorta was
sectioned longitudinally. Photographs at standardized magni-
fication were taken of the luminal surface of each cut speci-
men. With a computer-assisted planimetry system (Sigma
Scan; Jandel Scientific Co, San Rafael, Calif), the surface area
of intimal thickening at each anastomosis was determined in a
blinded fashion as described.1®

For histological study one half of each specimen was em-
bedded in paraffin, and 5-um-thick longitudinal sections were
stained with either hematoxylin and eosin or Verhoeff’s elastin
stain with a van Gieson’s counterstain. Sections of aorta that
included the graft were examined from the iliac bifurcation to
the renal artery branches. The intimal thickness in each
longitudinal section was measured, in a blinded fashion, as the
maximal thickness from the internal elastic lamina to the
luminal surface near each proximal and distal anastomosis.
Because all cuts were not exactly perpendicular to the graft
wall, these intimal measurements were standardized to the
thickness of the graft on each slide. As the variance in graft
thickness is less than 1%, this normalization controlled for the
angle of sectioning. The variance in the sectioned-graft thick-
nesses was similar in both treatment groups.

For characterization of specific cell types within vascular
tissue, immunocytochemistry was performed with an avidin-
biotin-peroxidase system (Vector Laboratories, Inc, Burlin-
game, Calif). A muscle-specific actin antibody (HHF-35) and
an anti-rabbit macrophage antibody (RAM-11; both supplied
by Dr Allen Gown, University of Washington, Seattle) were
used to distinguish smooth muscle cells and macrophages
within the lesions as described.22! An anti-proliferating cell
nuclear antigen (PCNA; Coulter Immunology, Hialeah, Fla)
was used to document the percentage of proliferating cells
within the intimal hyperplastic areas. The PCNA antibody was
initially tested for cross-reactivity to rabbit tissue. Compari-
sons were also made between frozen sections and formalde-
hyde-fixed sections of rabbit small intestine. Both methods of
tissue fixation produced reliable and comparable immunocy-
tochemical staining in intestinal crypts.

Cellular densities were quantified by determining the nu-
clear density with an image-analysis system (JAVA, Jandel
Scientific Co). The entire area of intimal hyperplasia at an
anastomosis on a given hematoxylin and eosin—stained longi-
tudinal section was traced on the computer-generated digi-
tized image. An overlay image was then created that contained
only those items whose density equaled that of the hematox-
ylin-stained nuclei. The number of these objects, or nuclei,
within the calculated area of intimal hyperplasia was then
determined by the image-analysis system, thereby deriving the
nuclear density within the intima on each histological section.
One section from each animal in both groups was examined in
this manner in a blinded fashion.

Determination of Plasma Probucol Concentrations

Plasma probucol concentrations were determined with a
high-performance liquid chromatography method described by
Satonin and Coutant.22 An internal standard of 2-pentanone-
bis(3,5-di-tert-butyl-4-hydroxyphenyl)-mercaptole (supplied
by Merrell Dow Research Institute) was added to the plasma,
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Fic 1. Line plot of plasma concentrations of total cholesterol in
rabbits fed a 0.25% cholesterol-enriched diet (#) and rabbits fed
the same diet that was supplemented with 1% probucol (v) after
implantation of a prosthetic graft. Both groups were fed a 0.25%
cholesterol-enriched diet for 5 weeks before implantation of the
prosthetic graft, which was performed at week 0. Points are the
means of 10 to 11 observations, and bars are SEMs.

and the samples were extracted as described by Bligh and
Dyer.2? The extracted specimens were resuspended in metha-
nol and injected onto a 5-um Hypersil ODS 250x4.6-mm
column with a mobile phase of acetonitrile/hexane/0.1 mol/L
ammonium acetate (180:13:7, vol/vol/vol).

Statistical Analyses

The mean plasma lipid concentrations were compared with
an unpaired Student’s ¢ test, as the data were normally
distributed. Since variance ratio testing demonstrated inequal-
ity of variances, the surface areas of intimal thickening, intimal
thicknesses, and cell densities were compared with the Mann-
Whitney U test for nonparametric data. For all tests, P>.05
was considered statistically significant.

Results
Plasma Concentrations of Lipids and Probucol

All rabbits tolerated the diets and surgery well, with
comparable weight gains in both groups. Body weights
for the control and probucol-treated animals were
3.5+0.4 kg and 3.3%0.3 kg, respectively, at the start of
the study and increased to 3.7+0.3 kg and 3.6+0.5 kg,
respectively. Control rabbits had plasma total choles-
terol concentrations of 708+111 mg/dL (mean=SEM)
at the time of operation, and these concentrations
remained at this level throughout the rest of the study
(Fig 1). Probucol-treated rabbits had similar plasma
total cholesterol concentrations (712+105 mg/dL) at
the time of operation. Although the probucol-treated
rabbits had slightly lower mean total cholesterol con-
centrations during the postoperative period (668+73
mg/dL versus 745+104 mg/dL in control rabbits),
plasma total cholesterol concentrations were not statis-
tically different from control (P=.36). Similarly, all
plasma concentrations of unesterified cholesterol, phos-
pholipids, and triglycerides were not statistically differ-
ent between the two groups throughout the study.

Plasma probucol concentrations rose steadily
throughout the postoperative period from an initial
concentration of 26.8+4.0 ug/mL of plasma 2 weeks

Effect of Probucol on Intimal Lesion Dimensions at
Proximal and Distal Anastomotic Sites of Aorta
Adjacent to the Graft

Treatment Area, mm?
Area of grossly discernable lesions/site
Proximal Control 24.5+6.0
Probucol 20.5+1.9
Distal Control 15.5+2.8
Probucol 16.2+2.3

Maximum thickness of intimal thickening/site
Thickness, mm

Proximal Control 0.45+0.06
Probucol 0.37+0.06
Distal Control 0.47+0.07
Probucol 0.39+0.05

Dimensions of the lesions were determined from the area of
grossly involved intima and the maximal thickness. Data are
represented as mean+SEM.

postoperatively to 55.2+10.7 ug/mL of plasma at the
time the rabbits were euthanitized.

Morphological and Histological Characteristics of
Areas of Intimal Thickening

The white, glistening areas of intimal thickening were
readily distinguishable from the normal aortic intima in
magnified photographs of the luminal surface of each
aorta, without the use of special stains. In patent grafts,
the relative surface area of involvement in control
rabbits was similar to that in probucol-treated rabbits
(Table). Likewise, the relative area of involvement with
intimal hyperplasia was not different at the proximal or
distal anastomoses in either group (Table).

Histologically, the lesions in the perigraft area closely
resembled the hyperplastic lesions that have been seen
adjacent to prosthetic vascular grafts in humans.2 The
hyperplastic response began at the anastomotic site,
reaching a maximal thickness 2 to 3 mm away from the
anastomosis and gradually tapering to a normal-appear-
ing, thin intima 7 to 10 mm from the graft at both
anastomoses. The media appeared undisturbed, with
concentric smooth muscle cells interspersed with con-
nective tissue—containing elastic laminae. The intima
was characterized by multiple layers of smooth muscle
cells, as determined by immunocytochemistry with the
antibody HHF-35 (Fig 2), and appeared entwined in a
meshwork of connective tissue that was nearly devoid of
elastin fibers on Verhoeff’s-van Gieson’s—stained sec-
tions as described.!® Intimal thickening in both groups
was characterized by smooth muscle cell proliferation.
A few cells in these regions exhibited reactivity with an
anti-PCNA antibody. While the mean intimal thickness
at the anastomotic site was less in probucol-treated than
control rabbits, this difference did not reach statistical
significance (P=.16, Table). However, the morphology
of the lesions in the two groups was quite distinct (Fig
3). Intimal lesions in control rabbits had a markedly
greater cell density than did comparable regions in
probucol-treated rabbits. Intimal lesions of control rab-
bits had 934%135 nuclei/mm? (mean+SEM) while the



Fic 2. Photomicrograph showing an example of the smooth
muscle cell content of the hyperplastic region. A section from the
anastomotic region was immunostained with the monoclonal
antibody HHF-35 that is specific for smooth muscle actin.
Immunoreactivity was visualized by the brown peroxidase reac-
tion product of diaminobenzidine. M indicates the medial portion
of the artery; Hl, the hyperplastic intima (original magnification
x200).

probucol-treated rabbits had only 35832 nuclei/mm’
within their intimas (P<.003, Fig 4).

Differences in the macrophage population within the
intimal hyperplastic lesions of these two groups were
distinguished by immunostaining with RAM-11. Scat-
tered macrophages were present within the intimal
hyperplastic lesions of the control rabbits (Fig 5). Some
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Fic 3. Photomicrographs showing examples of the histological
characteristics of anastomotic regions from a rabbit fed the
cholesterol-enriched diet alone (top) and a rabbit fed the cho-
lesterol-enriched diet supplemented with 1% probucol (bottom).
Sections were stained with hematoxylin and eosin. M indicates
media; HI, hyperplastic intima (original magnification x200).
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Fic 4. Bar graph of density of nuclei within randomly selected
regions of hyperplastic intima of control, cholesterol-fed rabbits
(m) and probucol-treated, cholesterol-fed rabbits (). Values are
the means of 10 to 11 rabbits, and bars are SEMs. *Represents
a statistical difference of P<.003 vs the control group.

of these macrophages appeared engorged, presumably
with lipids. However, multiple sections of each anasto-
motic area from the probucol-treated rabbits revealed
few macrophages. It should be noted that changes in the
populations of macrophages within the intima are based
on reactivity with the monoclonal antibody RAM-11.
Since the antigen that RAM-11 reacts with on macro-
phages has not been identified, this antibody may not be
a pan-macrophage antibody. However, there are few
published data to suggest that RAM-11 reacts with a
selected population of macrophages.

Discussion

The present study was designed to address the ques-
tion of whether probucol administration influences the
hyperplastic response that is characteristic of anasto-
motic regions of prosthetic vascular grafts. Probucol did
not reduce the dimensions of the thickened anastomotic
region at the 10-week postoperative interval under
study. However, probucol markedly affected the histo-
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Fic 5. Photomicrograph showing example of the histological
characteristics of an anastomotic region from a rabbit fed the
cholesterol-enriched diet alone. Sections from anastomotic re-
gions were immunostained with RAM-11, which reacts against
rabbit macrophages. Immunoreactivity was visualized by the
brown reaction product of diaminobenzidine. M indicates the
medial portion of the artery; HI, the thickened intima (original
magnification x200).
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logical characteristics of the formed lesions. These
drug-induced effects were most noticeably manifested
as reduced cellularity in anastomotic regions of pros-
thetic grafts in modestly hypercholesterolemic rabbits.
This reduction in cellularity was largely attributable to
the reduction in the number of smooth muscle cells. In
addition, the relative paucity of macrophages was fur-
ther reduced by probucol.

O’Brien et al?5 have also demonstrated that probucol
alters the cellular characteristics of spontaneous aortic
atherosclerotic lesions from WHHL rabbits. Although
their results are similar to those described herein, it
should be noted that the lesions in the rabbit model
described in the present article were predominantly
composed of smooth muscle cells. Conversely, sponta-
neous lesions in WHHL rabbits are initially macrophage
rich and progress through stages of increasing content
of smooth muscle cells.26 In addition, the altered cellu-
larity noted in the spontaneous atherosclerotic lesions
observed by O’Brien et al?5 was accompanied by reduc-
tions in lesion dimensions, in contrast to the results we
observed for the form of iatrogenic intimal thickening
that occurs at anastomotic regions of prosthetic grafts.

The effects of probucol in vascular-injury models
have also been demonstrated by others. In contrast to
the results of the present study, Ferns et al2’ have
observed a reduction in neointimal thickening after
balloon injury in probucol-treated, hypercholesterol-
emic rabbits. The vascular lesions reported by Ferns et
al?” were characterized by a predominance of lipid-
laden macrophages. Shinomiya et al?8 have also ob-
served a modest but statistically significant reduction in
intimal thickening during probucol administration after
balloon injury in cholesterol-fed rabbits. Discrepancies
in the effects of probucol on the intimal thickening
between balloon-injury studies and those in the current
study may be explained by disparities in the extent of
vascular injury produced by the two techniques. The
study interval of 10 weeks in the present report was
longer than the 5-week study of Ferns et al.2’ Further-
more, differences in the response to probucol may have
occurred because the extent of cholesterol feeding and
subsequent hypercholesterolemia was much more mod-
est in the present study. The reduced lesion dimensions
noted by Ferns et al?’ were a result of a reduced number
of macrophages in the vascular lesions that were
formed. However, in vascular lesions that predomi-
nantly contain smooth muscle cells as reported in the
present study, ablation of macrophages alone would not
significantly reduce lesion dimensions, as this cell type is
only a minor contributor to lesion volume. Nevertheless,
cytokine release from macrophages could modulate
migration and proliferation of smooth muscle cells.

The mechanism for the reduced cellularity of hyper-
plastic regions after probucol administration does not
relate to its effect on plasma cholesterol concentrations.
Plasma cholesterol concentrations were approximately
700 mg/dL in both groups at the time of prosthetic graft
implantation and initiation of probucol administration.
There was a modest hypocholesterolemic response 5
weeks after probucol administration that was not sus-
tained. Probucol did not produce a significant reduction
in plasma cholesterol concentrations, as noted in our
earlier study of cholesterol-fed rabbits.1? This lack of a
significant hypocholesterolemic response occurred de-

spite the persistence of therapeutic plasma concentra-
tions of probucol.

A possible mechanism of probucol in promoting the
changes in cellularity could be related to the inhibition
of interleukin-1 production.?® Ku et al?® have demon-
strated that the release of interleukin-1 from macro-
phages that is initiated by lipopolysaccharide challenge
is almost totally abolished in cells that have been
isolated from probucol-treated mice. Interleukin-1 is
known to promote smooth muscle cell proliferation in
cultures,®® and this cytokine has been detected in ath-
erosclerotic lesions.3! Thus, inhibition of interleukin-1
could lead to reduced numbers of smooth muscle cells
in the thickened intima. Although the thickened intimal
regions of probucol-treated rabbits were less cellular,
there was a corresponding increase in extracellular
components, so that no overall reduction in the dimen-
sions of the lesions occurred. Since interleukin-1 in-
duces the release of collagenases and neutral prote-
ases,>? inhibition of the secretion of this cytokine may
promote accumulation of extracellular matrix elements,
as was noted for the hyperplastic regions of the probu-
col-treated rabbits. The presence of excessive extracel-
lular matrix elements may restrict the migration of
smooth muscle cells, a process that is considered to be a
critical component of lesion formation in vascular injury
that follows the initial burst of proliferative activity.
Reductions in smooth muscle cell proliferation without
a consequent decrease in the dimensions of lesions have
been noted after administration of an antibody against
basic fibroblast growth factor after vascular damage.33
In that study, Lindner and Reidy?? defined the effects of
cytokine release after balloon-catheter injury to rat
carotid arteries. The present study failed to detect any
overt differences in smooth muscle cell proliferation as
analyzed by staining with an anti-PCNA antibody. How-
ever, proliferation of smooth muscle cells may be a
transient phenomenon that is maximal immediately
after vascular injury.3® Therefore, a temporal study
would be required to determine whether the effects of
probucol on cellularity were due to changes in prolifer-
ation and/or migration.

Although the present study noted a marked decrease
in the cellularity of hyperplastic regions, the fact that no
significant differences were detected in the physical
dimensions of the lesions engenders questions of the
applied significance of the observation. This model has
not been used to study later time points, but similar
models have shown that hyperplastic regions continually
expand beyond the 10-week point explored in the
present study. A further long-term study will be needed
to determine whether the reduced cellularity produced
by the administration of probucol noted in the present
study will ultimately lead to a reduced incidence of graft
failure.
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