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Abstract

The effect of the antioxidant butylated hydroxytoluene (BHT)
on the accumulation of intimal smooth muscle cells (SMC) and
development of intimal thickening after balloon catheter injury
of the aorta were studied in rabbits with dietary-induced hyper-
lipidemia. Two sets of NewZealand White rabbits (eight rab-
bits in each group) were fed either 0.25% cholesterol or 0.25%
cholesterol/1 %BHTfor a total of 6 wk. Serum lipid levels did
not differ between the two groups. 3 wk after the start of the
study, a balloon injury of the aorta was performed, after which
the rabbits were kept on their respective diets for another 3 wk.
After this period of time, the rabbits were killed and their aor-
tas were investigated. The BHT-treated rabbits had only one
fourth of the intimal thickness (P < 0.0001) and half the num-
ber of SMC/mmintima (P < 0.001), as compared to the rabbits
fed only cholesterol. There was also a lower number of macro-
phages in the BHT-treated group. T lymphocytes were present
in the intima of cholesterol-fed rabbits, whereas no such cells
could be identified in the BHT-fed animals. There were signifi-
cantly lower levels of autooxidation products of cholesterol (7-
oxocholesterol, cholesterol-5,6-epoxide, and 7#-hydroxycho-
lesterol) in the aortas of BHT-treated rabbits, P < 0.001.

In conclusion, the antioxidant BHTeffectively inhibited the
accumulation of intimal SMCand the development of intimal
thickening of the aorta in hypercholesterolemic rabbits after a
balloon catheter-induced injury. These results indicate that an-
tioxidants may modify intimal response to injury. (J. Clin. In-
vest. 1993. 91:1282-1288.) Key words: atherosclerosis - buty-
lated hydroxytoluene - endothelial injury * hyperlipidemia-
smooth muscle cells

Introduction

Several lines of evidence have suggested that oxidation of LDL
could be an important initiating factor in the development of
atherosclerotic lesions (1). Based on in vitro experiments dem-
onstrating that macrophages have few receptors for native LDL
but express abundant receptors for oxidatively modified LDL,
it has been proposed that the formation of foam cells in athero-
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sclerotic plaques is caused by uptake of oxidized LDL by inti-
mal macrophages (1-3). This notion has been further sup-
ported by immunohistochemical studies demonstrating the
presence of macrophages containing oxidized LDL in athero-
sclerotic lesions (4, 5). There is also in vitro evidence that oxi-
dized LDL may influence the release of monocyte chemo-at-
tractants from endothelial cells (6) and the ability of these cells
to adhere mononuclear leukocytes (7, 8). Oxidized LDL also
promotes differentiation of monocytes into macrophages (9)
and activates T lymphocytes by a monocyte-dependent mecha-
nism (10).

Considerable interest has focused on the possibility that
oxidation of LDL may contribute to the intimal accumulation
of smooth muscle cells (SMC)', which is one of the major
characteristics of human atherosclerosis ( 1 1, 12). In vitro, en-
dothelial cells, SMC, and macrophages all have the capacity to
produce PDGF, the major serum mitogen for cultured SMC
(13-15). Expression of PDGFat both the gene and protein
levels, has been found in atherosclerotic plaques, indicating
that locally produced growth factors may be involved in the
activation of intimal SMCproliferation ( 16-18). Wehave re-
cently shown that oxidized LDL stimulates secretion of
PDGF/A from human vascular SMC(19). However, others
have demonstrated an inhibitory effect of oxidized LDL on
PDGF release from macrophages (20) and the question
whether lipoprotein oxidation results in increased release of
growth factors from vascular cells in vivo remains controver-
sial.

The hypothesis that oxidation of LDL plays an important
role in atherogenesis has, however, been further substantiated
by animal studies demonstrating that probucol, a lipid lower-
ing drug with antioxidant properties, is a more potent inhibitor
of formation of arterial lipid-rich lesions than other equally
lipid lowering drugs (21, 22). Recently, we reported that the
antioxidant butylated hydroxytoluene (BHT), in spite of in-
creased serum lipid levels, inhibited the development of athero-
sclerosis in cholesterol-fed rabbits (23). In the present work, a
modification of the BHTmodel has been used to evaluate the
role of lipoprotein oxidation in the development of intimal
hyperplasia. It is well known that mechanical injury of vascular
tissue results in migration of SMCfrom the media into the
intima, where cell replication and secretion of extracellular ma-
trix components leads to the development of fibromuscular
lesions. We report here that the antioxidant BHT effectively
inhibits the accumulation of intimal SMCand the develop-
ment of intimal thickenings after a balloon catheter-induced
injury of the aorta in mildly hypercholesterolemic rabbits.

1. Abbreviations used in this paper: BHT, butylated hydroxytoluene;
SMC, smooth muscle cells.
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Methods

Animals and treatments. 16 young male NewZealand White rabbits
with an average weight of 3.4 kg (2.9-3.9 kg) were housed individually
under conditions of 12-h light/dark periods. Eight of the rabbits were

fed standard rabbit pellets supplemented with 0.25% (wt/wt) choles-
terol (Ewos Brood Stock Feed; Ewos AB, Sodertdlje, Sweden) for 6 wk
and the remaining eight were fed the same diet with an additional
supplement of 1% (wt/wt) BHT. Cholesterol and BHTwere pelleted
into the rabbit chow without the use of solubilizing vehicles.

After 3 wk of feeding, the rabbits were subjected to anesthesia intra-
venously (Mebumal Vet; Nordvacc, Stockholm, Sweden). Aortic endo-
thelial injury was inflicted in the anaesthetized rabbits with a balloon
catheter. A catheter was introduced into the aorta via one femoral
artery to the aortic arch. The balloon was inflated by injection of air
from a 20-ml syringe to achieve constant lateral wall pressure along the
aorta during withdrawal of the catheter. The catheter was withdrawn
with the balloon inflated three times. After the procedure, the femoral
artery was ligated and the wound was sutured.

After the surgical procedure, the animals were kept on their respec-

tive diets for another 3 wk. At the end of the study, the rabbits were

killed by an intravenous overdose of fluanizone and phentanyl. In ad-
dition, a separate set of animals (four BHT/cholesterol-fed and four
cholesterol-fed rabbits) were killed before intimal injury after 3 wk of
feeding of the respective diets. The project was approved by the Animal
Ethical Committee (Stockholm).

Analytical methods. Before the study, at the time of the traumatic
balloon injury to the aorta and at the end of the study (i.e., at weeks 0,
3, and 6), blood samples were drawn from an ear vein of each rabbit.
After centrifugation, the plasma samples were analyzed for cholesterol
and triglycerides using standard enzymatic procedures (Boehringer
Mannheim GmbH,Mannheim, Germany). Hyperlipidemic sera were

diluted before the assay, and under the conditions used, there was a

linear relation between photometric response and amount of serum

cholesterol or triglycerides. The mean levels of plasma cholesterol were

1.19, 6.28, and 7.78 mMin the cholesterol-fed animals, whereas the
corresponding values for the cholesterol- and BHT-fed animals were

1.25, 7.50, and 11.31 mM.
Concentrations of 7-oxocholesterol, cholesterol 5a,6jf-epoxide, and

7fl-hydroxycholesterol were measured by isotope dilution mass spec-

trometry (24). Briefly, the aortic tissue was immediately frozen in liq-
uid nitrogen, pulverized, and extracted with methanol/chloroform 1:2
(vol/vol). After evaporation of the solvent, the samples were dissolved
in 0.5 ml chloroform and fractionated (Bond-Elut NH2column; Var-
ian Sample Preparation Products, Harbor City, CA) as described (25).
After collection of the neutral lipid fraction, the solvent was removed
under a gentle stream of argon and the residue was dissolved in 0.5 ml
of methanol/water 9:1 (vol/vol). The oxysterols were thereafter ana-

lyzed as previously described (24), using [2H7] 7#-hydroxycholesterol,
7-oxo-[2HH7]cholesterol and [2H7Jcholesterol-5,6-epoxide as internal
standards. Vitamin E levels in serum were analyzed by high perfor-
mance liquid chromatography (26). To assay BHT levels, 100 ul ali-
quots of serum were extracted with 300 Ml hexane containing 90 ng 2,
(3)-tert-butyl-4-hydroxyanisole as an internal standard. The solvent
was evaporated under a gentle stream of nitrogen, and the extract was

dissolved in 50 Ml hexane and analyzed by capillary gas chromatogra-
phy. The assay was linear for BHT levels < 8 mg/ml.

Immunohistochemistry. Tissue samples from each aorta were snap
frozen in liquid nitrogen and stored at -70°C. Air-dried, 4-5-Mgm thick
cryostat sections were fixed in aceton. Endogenous peroxidase was

blocked by incubating the sections in 0.3% aqueous hydrogen peroxide
for 15 min. The specimens were then rinsed in PBS, exposed to 10%
normal goat serum for 30 min, and incubated with the RAM1 I macro-

phage specific antibody, the HHF35 muscle-specific a-actin antibody
(both antibodies were kindly provided by Dr. Allen Gown, University
of Seattle, WA) and the Ll 1/ 135 lymphocyte-specific antibody
(kindly provided by Dr. Goran Hansson, University of Gothenburg,
Gothenburg, Sweden) in a humidifying chamber for 24 h and rinsed

twice in PBS. These antibodies have recently been demonstrated to
have the capacity to stain their respective cells in rabbits (27). Controls
included antibodies to irrelevant antigens, as well as omission of the
primary antibody. The sections were incubated with peroxidase-la-
beled anti-mouse or anti-rabbit IgG for 45 min, rinsed, and exposed to
0.3% peroxide/diaminobenzidine (Becton Dickinson, Mountain
View, CA), followed by 0.5% copper sulphate. The specimens were
then rinsed, stained with hematoxylin, and mounted on glass slides.

Analysis of intimal thickness and cell density. Cryostat sections
were obtained from three different locations of the abdominal aorta of
each rabbit and stained using the modified Verhoff's van Gieson stain
for elastin (Sigma Diagnostics, St. Louis, MO). Intimal thickness was
analyzed using an image analysis system (Optilab; Graftek, Meudon-
La-Foret, France) on a Macintosh I1ci computer. Measurements of
intimal thickness was performed with I00-,gm intervals along the com-
plete section and the mean intimal thickness for each section was calcu-
lated. An average of 70 measurements were made on each section.
Since many sections contained focal lesions in parts of the section,
intimal thickness could vary considerably within the same cross section
of the vessel. A mean intimal thickness for the section was calculated by
dividing the sum of all measurements with the number of measure-
ments performed. The mean intimal thickness for each animal was
determined by calculating the mean intimal thickness of all three sec-
tions analyzed. The minimal and maximal thickness observed in each
animal was also determined. Intimal cell numbers were calculated and
expressed both as number of cells per millimeter of intima (the total
number of cells in the intima were counted and divided with the length
of the cut open cross section of the vessel) to estimate the total number
of cells in the intima, as well as cell number per square millimeter of
intima to estimate intimal cell density.

Electron microscopy. Tissue samples intended for electron micros-
copy were fixed in 3%glutaraldehyde in 0.1 Mcacodylate buffer con-
taining 0.1 Msucrose, rinsed, and postfixed in 1% OsO4 for 4 h. They
were then stained with 0.5% uranyl acetate for 1 h, dehydrated in ace-
ton, and embedded in resin (Westopal, Geneva, Switzerland). Thin
sections were cut on an ultrotome (LKB Instruments Inc., Bromma,
Sweden) and examined under an electron microscope (model 400;
Philips, Eindhoven, The Netherlands).

Statistical methods. Student's t test for unpaired samples was used
to detect differences between groups.

Results

Throughout the study, no significant changes in the serum lipid
pattern were seen between the animals fed standard chow sup-
plemented with 0.25% cholesterol and those given standard
chow supplemented with 0.25% cholesterol and 1%BHT(Ta-
ble I). The initial serum cholesterol values were 1.19±0.45
mmol/liter and 1.25±0.27 mmol/liter in the control and
BHT-treated groups, respectively. At the time of the balloon
injury, the cholesterol values had increased to 6.28±5.80
mmol/liter in the control group and to 7.50±4.54 mmol/liter
in the BHT-treated group. Cholesterol values continued to in-
crease during the subsequent 3 wk to 7.78±5.06 mmol/liter in
the control group and to 1 1.31±6.00 mmol/liter in the BHT-
treated group. These levels were clearly lower than observed in
our earlier study (23), in which the diet was supplemented with
a much higher cholesterol content. Serum triglyceride levels
and weight remained stable throughout the study.

Light microscopic analysis of aortas from rabbits in the
group fed only cholesterol demonstrated abundant focal inti-
mal fibromuscular lesions (Fig. 1, a, c, e, and g). These lesions
were frequently thicker than the underlying media. Areas of
diffuse intimal thickening were present between the lesions. No
areas completely lacking an intimal thickening could be de-
tected in any of these animals. In the BHT-treated rabbits,
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Table I. Plasma Cholesterol and Triglyceride Levels in Rabbits
Treated with Diet Containing 0.25% Cholesterol or 0.25%
Cholesterol/J% BHT

Cholesterol Cholesterol/BHT
(n = 8) (n = 8)

Variable mean±SEM mean±SEM P

Plasma cholesterol (mmol/liter)
Start of treatment 1.19±0.16 1.25±0.10 NS
3 wk of treatment 6.28±2.05 7.50±1.61 NS
6 wk of treatment 7.78±1.79 11.31±2.12 NS
Total exposure 33.39±10.60 41.35±7.83 NS

Plasma triglycerides (mmol/liter)
Start of treatment 0.58±0.08 0.52±0.06 NS
3 wk of treatment 0.56±0.11 0.56±0.13 NS
6 wk of treatment 0.65±0.14 0.5 1±0.12 NS

Weight (kg)
Start of treatment 3.45±0.09 3.41±0.11 NS
3 wk of treatment 3.45±0.16 3.31±0.11 NS
6 wk of treatment 3.42±0.20 3.34±0.11 NS

occasional lesions were also observed, but these were never
thicker than the underlying media. In addition, a diffuse inti-
mal thickening was present in large parts of the aorta (Fig. 1, d,
f and h). These thickenings were usually not more than a few
cell layers. The mean intimal thickness of the BHT/choles-
terol-treated rabbits was only one fourth of that of the choles-
terol-fed animals (Table II). Also, as seen in Fig. 2, both the
average minimal and maximal intimal thickness were signifi-
cantly lower in cholesterol/BHT-treated rabbits. In three of the
BHT-treated animals, the aortas completely lacked intimal
thickening (Fig. 1 b). Intimas of BHT-fed animals contained
about half as many cells per millimeter as that of cholesterol-
fed animals. In spite of that, the number of cells per square
millimeter of intima was lower in cholesterol-fed animals (Ta-
ble II), possibly suggesting that the BHT treatment inhibited
not only cell replication and/or migration, but also secretion of
extracellular matrix components. No significant difference in
intimal thickening between the BHT/cholesterol-fed and the
cholesterol-fed rabbits was found after 3 wk of treatment just
before balloon injury (4.75±0.16 ,m vs 6.63±1.05 ,m).

The possibility to use cell-specific antibodies to identify
SMC, macrophages and lymphocytes in rabbit atherosclerotic
lesions was recently demonstrated by Hansson and co-workers
(27). In the present study, we therefore used the HHF35 a-ac-
tin antibody to identify SMC, the RAM11 antibody to identify
macrophages and the LI1 / 135 antibody for T lymphocytes.
Positive staining for a-actin was found in the intima and media
of both cholesterol-fed and BHT-treated animals, whereas no
or only weak staining was present in the adventitia (Fig. 1, c
and d). The fibromuscular lesions showed a uniform stain for
a-actin. A persistent finding in both groups was that the intima
showed a stronger staining than the media for a-actin. The
intimal lesions in cholesterol-fed animals also stained uni-
formly with the macrophage RAM11 antibody (Fig. 1 e). A
clear but less intense staining with the RAM11 antibody was
observed in diffuse intimal thickenings in the BHT-treated
group (Fig. 1 f). These intimas were usually only stained close
to the internal elastic lamina, whereas the area close to the
surface appeared to contain few macrophages. Occasional cells

showing positive staining for the LI I / 135 T lymphocyte anti-
body were present in intimas of cholesterol-fed rabbits (Fig. 1
g), whereas no such cells could be identified in BHT-treated
animals (Fig. 1 h).

Electron microscopic analysis of the aortic fibromuscular
lesions in cholesterol-fed rabbits demonstrated that the lesions
were rich in cells. Many of these cells had an ultrastructure of
synthetic SMCwith a cytoplasm rich in synthetic organelles,
such as endoplasmatic reticulum and Golgi complexes. The
cells frequently contained a few peripheral lipid droplets (Fig. 2
a). In the central region of the lesion and close to the internal
elastic lamina, macrophage-like foam cells were present (Fig. 3
b). The connective tissue of the lesions was very loose and did
not contain the distinct collagen bundles or elastin fibres found
in the underlying media. In some areas, the lesions were cov-
ered by organized thrombus. The ultrastructure of aortas from
BHT-treated animals was similar to that of the cholesterol-fed
animals, although macrophage-like foam cells were less fre-
quent in the BHT-treated animals, and the SMCfrequently
contained numerous lipid droplets (Fig. 3 c). The intima of
BHT-treated animals also appeared to be more densely popu-
lated than the intima of control animals. The media of the
BHT-treated animals were well organized and contained dis-
tinct layers of SMC. On the contrary, in cholesterol-fed ani-
mals, the parts of the media that were located beneath the focal
lesions contained few and irregularly distributed cells.

Analysis of cholesterol autooxidation products in the aorta,
as well as determinations of serum vitamin E levels were per-
formed to evaluate the effect of BHTtreatment on lipid oxida-
tion. There was no significant difference in serum vitamin E
levels between the rabbits in the control group and those in the
BHT-treated group (12.8±7.8 ,umol/liter vs 14.2±5.7 ,umol/
liter). However, analysis of the relative amount of oxidized
cholesterol derivatives in aorta demonstrated increased
amounts of 7-oxo-cholesterol, cholesterol 5,6-epoxide and 73-
hydroxycholesterol in cholesterol-fed animals as compared to
BHT-treated animals (Table III). In four of the cholesterol/
BHT-treated animals, plasma BHT levels were lower than the
lowest standard (0.20 mg/liter). In the other four animals, the
levels ranged between 0.21 and 1.35 mg/liter (mean level
= 0.55 mg/liter). These levels were lower than in our previous
study (23), compatible with the present shorter treatment pe-
riod.

Discussion

In the present study, a moderate dietary-induced hypercholes-
terolemia in combination with a vascular trauma resulted in
development of focal fibromuscular lesions containing SMC,
macrophages, and occasional T lymphocytes. In accordance
with several previous studies (28-30), ultrastructural analysis
showed that the lesions consisted of contractile SMCcontain-
ing some lipid droplets and macrophage-like cells loaded with
varying amounts of lipids. The matrix of the lesions was loose
and appeared to consist mainly of glycosaminoglycans and col-
lagen. The media underlying the lesions contained few cells.
The role of lipid oxidation in development of the above lesions
was investigated by supplementing the diet of half of the rabbits
with 1% BHT. This treatment has earlier demonstrated to de-
crease serum levels of cholesterol autooxidation products and
the development of atherosclerosis in spite of increased total
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Figure 1. Elastin staining and cell-specific immunoreactivity of aortas of hypercholesterolemic control (left panel) and hypercholesterolemic
BHT-treated rabbits (right panel). The micrographs show sections stained with the modified Verhoffs van Gieson stain for elastin (a and b), the
muscle-specific a-actin antibody HHF35 (c and d), the macrophage-specific antibody RAMI I (e andf ), and the lymphocyte-specific antibody
LI 1/135 (g and h). The immunostains were counterstained with hematoxylin. X140.
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Table IL. Intimal Thickness, Cell Number, and Cell Density in
Rabbits Treated with Diet Containing 0.25% Cholesterol or
0.25% Cholesterol/J% BHT

Cholesterol Cholesterol/BHT
(n = 8) (n= 8)

Variable mean±SEM mean±SEM P

Intimal thickness (Am) 85.5±11.2 20.0±3.0 P < 0.0001
Cell number x 103/

mmintima 301.5±17.9 154.5±21.6 P < 0.001
Cell number x 103/

mmintima 4.6±0.4 6.5±0.7 P < 0.05

serum cholesterol levels (23). The addition of BHTwas found
to significantly inhibit the formation of intimal lesions after
balloon injury. The mean intimal thickness of the cholesterol/
BHT-treated rabbits was thus only - 25%of that in the choles-
terol-fed rabbits. The intima of BHT-treated rabbits also con-
tained significantly fewer cells per millimeter than the intima
of cholesterol-fed animals. In addition, the mean number of
cells per square millimeter of intima was higher in the BHT-
treated group, possibly suggesting that BHTinhibited not only
the increase in intimal cell number, but also the amount of
extracellular matrix secreted by the cells. The immunohistolo-
gical analysis showed that the intima of BHT-treated rabbits
contained fewer macrophages and T lymphocytes than in con-
trols, but otherwise, there were no major morphological differ-
ences between intimas of the two groups.

The mechanism responsible for the inhibitory effect of
BHT on development of intimal lesions demonstrated here
remains to be clarified. Although it seems likely that the protec-
tive effect of BHT is mediated by effects on oxidative modifica-
tion on plasma lipoproteins, other mechanisms cannot be ex-
cluded at the present stage of knowledge. It might be argued
that BHTcould affect oxidation of lipids in cells in the vessel
media damaged through balloon injury. Although we at pres-
ent can not exclude this possibility, we have recently found that
BHTincreases the resistance of LDL to oxidative modification
in vitro (AL-Shurbaji, A., A. Freyschuss, L. Sisfontes, I.
Bjorkhem, P. Henriksson, L. Berglund, unpublished observa-
tion). However, further studies on the effect of BHT on the
vessel response to balloon injury during normolipidemic con-
ditions are needed to address this issue. Studies performed by
Faggiotto and co-workers on hypercholesterolemic primates
suggest that the development of fibromuscular lesions is pre-
ceded by an intimal accumulation of lipid-laden macrophages
(28). Subsequently, SMCmigrate from the media into the in-
tima, where they proliferate and secrete extracellular matrix
components leading to the formation of fibromuscular lesions
(29). This finding is consistent with the contention that uptake
of oxidized LDL in intimal macrophages may play a role in the
recruitment and activation of SMC. Attempts to demonstrate
this have given somewhat conflicting results in different mod-
els. In a recent study, Malden and co-workers investigated the
possibility that macrophages exposed to oxidized LDL may be
stimulated to synthesize and secrete PDGF, a potent activator
of SMCmigration and growth. They found that oxidized LDL
inhibited both basal and endotoxin-induced expression of
PDGF-B chains in these cells (20). Accordingly, it has been
demonstrated that oxidized LDL suppresses the expression of
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Figure 2. Mean maximal (a) and minimal (b) intimal thickness in
cholesterol- and BHT/ cholesterol-fed rabbits. The numbers are mean
values±SEM from eight animals in each group and the measurements
were performed as detailed in the text.

TNF-a mRNAin murine peritoneal macrophages (31 ), and
that LDL modified by acetylation inhibits the release of PDGF
from cultured endothelial cells (32). In contrast, others have
found that minimally modified LDL increases endothelial syn-
thesis of macrophage colony stimulating factor (33), and that
copper-oxidized LDL enhances the secretion of IL- I from hu-
man monocytes (10). In a recent study, we also demonstrated
that cultured human SMCexposed to oxidized LDL both in-
creased their basal rate of DNAsynthesis and became more
sensitive to stimulation with exogenous PDGF. This effect was
accompanied by an increased release of PDGFA-A homo-
dimers from the cells and by an increased cell surface expres-
sion of PDGFreceptors ( 19). The apparent conflicting results
obtained with oxidized LDL may reflect differences in degree
of oxidative modification. This emphasizes the need for more
exact methods to characterize the degree of modification and
the structural changes in the LDL preparations used. However,
the finding in the present study that the aortas of BHT-treated
rabbits contained decreased amounts of cholesterol autooxida-
tion products supports the contention that the inhibitory effect
of BHTon the intimal thickening could be caused by inhibi-
tion of lipid oxidation. In a recent study, Rosenfeld et al., using
a similar protocol with balloon injury and cholesterol feeding,
demonstrated an accumulation in rabbit aorta of epitopes
characteristic of oxidized LDL (34). This finding strongly sug-
gests that LDL does undergo oxidation during the present con-
ditions and further underscores the conclusion that BHTexerts
its antiatherogenic effect as an antioxidant. As discussed above,
there are several potential mechanisms by which an inhibition
of oxidative modification of LDL may interfere with the devel-
opment of fibromuscular lesions. It is thus possible that the
effect of BHTon development of intimal lesions may partly be
caused by inhibition of intimal leukocyte recruitment and acti-
vation. This was supported by our finding that the intima of
BHT-treated rabbits contained less macrophages and T lym-
phocytes. Yet other possibilities are that BHTmight interfere
with release of growth factors from intimal cells induced by
oxidized LDL, or affect the tissue response to the cytotoxic
effect of oxidized LDL during long time exposure. Also, oxi-
dized LDL is chemotactic for monocytes (35). Thus, a lower
degree of oxidative modification might contribute to the re-
duced number of intimal leukocytes in the presence of BHT.
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Figure 3. Electron micrographs of the intima from a control rabbit showing (a) SMCcontaining synthetic organelles and some lipid droplets
(x8,000), (b) a section of the internal elastic lamina, SMC, and a foam cell (x2,400), and (c) the intima of a BHT-treated rabbit showing densely
packed SMCin the vicinity of the internal elastic lamina (x2,400).

To further evaluate these possibilities, detailed analysis is re-
quired of the effect of antioxidant treatment on intimal growth
factor production during the early period after balloon injury.
However, whatever the mechanisms, the results clearly demon-
strate that the presence of the antioxidant BHTmodified the
arterial response to injury in moderately hypercholesterolemic
rabbits.

Plasma lipid values in the present study showed no signifi-
cant difference between cholesterol/BHT- and cholesterol-fed
rabbits, although there was a tendency to higher cholesterol
exposures and final plasma cholesterol levels in the BHT
group. In our previous study, using a higher cholesterol load,
the circulating levels of cholesterol were significantly higher in
the BHTtreated group (23). There was also a very pronounced
increase in plasma triglycerides in the BHT-treated rabbits.
This may be of relevance, since the fatty acid pattern in the
plasma triglycerides could be of importance during oxidative
modification. However, in the present study, no difference in
plasma triglycerides was seen between the two groups. The im-
plication of this difference between the two models and the
possible role of the triglyceride increase requires further
studies.

Table III. Relative Amounts of Autooxidation Products of
Cholesterol in Aortas of Rabbits Treated with Diet Containing
0.25% Cholesterol or 0.25% Cholesterol/J% BHT

Cholesterol Cholesterol/BHT
(n = 8) (n = 8)

Variable mean±SEM mean±SEM P

7-oxocholesterol
(ng/,gg cholesterol) 1.02±0.10 0.30±0.01 P < 0.0001

Cholesterol 5,6 epoxide*
(ng/,ug cholesterol) 0.63±0.06 0.26±0.01 P < 0.001

7/3-hydroxycholesterol
(ng/gg cholesterol) 0.44±0.02 0.21±0.01 P < 0.001

* The figure represents the sum of the 5a- and the 5fl-epimers.

To our knowledge, the present study is the first attempt to
study the effect of antioxidants in a tissue injury model during
lipid exposure. The results support the hypothesis that an oxi-
dative modification of LDL plays an important role in athero-
genesis. They also indicate that lipid oxidation products may
enhance intimal SMCproliferation and/or migration and ex-
tracellular matrix production after arterial injury. Further-
more, the results are consistent with a possible therapeutic role
of antioxidants; e.g., in connection with the process of resteno-
sis after angioplasty of coronary arteries in humans.
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Note added in proof After acceptance of our paper, Ferns et al. have
published a study using a similar approach ( 1992. Proc. Natl. Acad. Sci.
USA. 89:11312-11316). In accordance with our results, they found
that the antioxidant probucol treatment of hypercholesterolaemic rab
bits reduced intimal size, intima/media thickness ratio, and inhibited
neointimal macrophage accumulation after balloon injury. Unlike the
present study with BHT, treatment with probucol also resulted in a
30% reduction of serum cholesterol levels.
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