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D ietary cholesterol withdrawal reduces vascular inflammation and
induces coronary plaque stabilization in miniature pigs
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Abstract

Objective: To study the effect of dietary cholesterol withdrawal on size and composition of LDL-hypercholesterolemia-induced
coronary plaques in miniature pigs.Methods: Pigs were on normal chow (control group), on a cholesterol-rich diet for 37 weeks
(hypercholesterolemic group) or on a cholesterol-rich diet followed by normal chow for 26 weeks (cholesterol withdrawal group).
Endothelial function was assessed with quantitative angiography after intracoronary infusion of acetylcholine, plaque load with
intra-coronary ultrasound and plaque composition with image analysis of cross-sections. The effect of porcine serum on coronary smooth
muscle cell (SMC) function was studied in vitro.Results: Cholesterol-rich diet caused LDL-hypercholesterolemia, increased plasma
levels of oxidized LDL (ox-LDL) and C-reactive protein (CRP), and induced endothelial dysfunction and coronary atherosclerosis.
Dietary cholesterol withdrawal lowered LDL, ox-LDL and CRP. It restored endothelial function, did not affect plaque size but decreased
lipid, ox-LDL and macrophage content. Smooth muscle cells and collagen accumulated within the plaque. Increased smoothelin-to-a-
smooth muscle actin ratio indicated a more differentiated SMC phenotype. Cholesterol lowering reduced proliferation and apoptosis. In
vitro, hypercholesterolemic serum increased SMC apoptosis and decreased SMC migration compared to non-hypercholesterolemic serum.
Conclusions: Cholesterol lowering induced coronary plaque stabilization as evidenced by a decrease in lipids, ox-LDL, macrophages,
apoptosis and cell proliferation, and an increase in differentiated SMC and collagen. Increased migration and decreased apoptosis of SMC
may contribute to the disappearance of the a-cellular core after lipid lowering.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction benefit of lipid lowering goes far beyond plaque regression
[2]. Acute coronary syndromes most frequently involve

Lipid lowering reduces cardiovascular morbidity and thrombosis triggered by the rupture of an atherosclerotic
mortality in a broad range of patients [1]. Lipid lowering plaque that typically consists of a large lipid core with a
trials showed only minimal increase in coronary artery thin fibrous cap and shoulder regions that are heavily
lumen [2]. However, the risk for coronary events in these infiltrated by inflammatory cells [3]. The clinical benefit of
trials was reduced by up to 70%, suggesting that the lipid lowering may greatly depend on reduced vascular

inflammation and plaque stabilization [4].
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We have previously reported that miniature pigs develop approved all animal procedures. Miniature pigs were
¨LDL-hypercholesterolemia and advanced coronary athero- obtained by crossbreeding Gottinger and Yucatan minia-

sclerosis within 6–9 months when fed a cholesterol-rich ture pigs (Charles River Laboratories) as described earlier
diet [5]. The aim of this study was to investigate the effects [5]. A total of 14 pigs were on normal chow (control
of dietary cholesterol withdrawal on coronary endothelial group), while 12 age-matched pigs were on an atherogenic
function, plaque size and composition of advanced cor- diet containing 4% cholesterol, 14% beef tallow and 2%
onary plaques. We determined the relative macrophage, hog bile at a daily amount of 1 kg/day starting at the age
smooth muscle cell (SMC) and collagen content of cor- of 4 months for 3765 (mean6S.D.) weeks (hypercholes-
onary plaques and the number of apoptotic and prolifer- terolemic group). A total of seven pigs were on the
ating cells. The degree of SMC differentiation was studied atherogenic diet for 4061 weeks followed by normal chow
by determining the number of smoothelin positive SMC. for 2661 weeks (cholesterol withdrawal group).
Smoothelin is a marker of the differentiated SMC pheno-
type [6]. 2 .2. Blood sampling and analysis

Previous studies have investigated the effect of dietary
lipid lowering in animal models of diet-induced athero- Peripheral venous blood was drawn from an ear vein.
sclerosis. Atherosclerosis was induced in the thoracic aorta Total cholesterol, HDL cholesterol and triglyceride levels
of rabbits by a cholesterol-rich diet [7] or by combining were measured by enzymatic methods (Boehringer Mann-
cholesterol-rich diet with injury [8,9]. Dietary lipid lower- heim, France). LDL cholesterol levels were calculated with
ing reduced macrophage infiltration, lipid content and the Friedewald formula. Plasma ox-LDL was measured as
apoptosis and promoted accumulation of collagen and described before [14]. In vitro porcine ox-LDL was
SMC in the thoracic aorta of rabbits [7–9]. Both the lipid prepared as described before [14]. Plasma levels of CRP
profile and the composition of thoracic atherosclerotic were measured with an immunoturbidimetric assay
lesions in rabbits differ however from the human lipid (Roche) with a detection limit of 3 mg/ l.
profile and the composition of human coronary plaques.
The lipid profile, more particularly the occurrence of LDL 2 .3. Anesthesia
hypercholesterolemia, and the composition of advanced
coronary plaques in hypercholesterolemic miniature pigs Pigs received intramuscular (i.m.) injections of 250
better reflect hypercholesterolemia and coronary athero- mg/day aspirin for 3 days prior to procedures. Pigs were
sclerosis in man. The effect of dietary cholesterol lowering sedated with azaperone (0.1 ml /kg i.m.). Anesthesia was
was also investigated in the thoracic aorta [10] and induced with 10 mg/kg ketamine i.m., 0.1 ml /kg xylazine
coronary arteries in primates [11,12]. Lipid depletion of and 5 mg/kg sodium pentobarbital i.v. Pigs were intubated
the coronary arteries was demonstrated 6 months after and ventilated with O -enriched room air. Anesthesia was2

dietary lipid lowering, whereas regression of the atheros- maintained with a continuous infusion of 2–5 mg/kg per h
clerotic lesion was observed 20 months after dietary lipid propofol after a loading dose of 100 mg, i.v. ECG and
lowering [13]. The mechanisms underlying the repopula- arterial pressure were continuously monitored.
tion of the a-cellular core with smooth muscle cells was
however not investigated in those studies. The aims of this 2 .4. Coronary artery instrumentation
study were therefore to study the effect of cholesterol
withdrawal on stabilization of advanced coronary plaques The left carotid artery was exposed, an 8F arterial
and more particularly to investigate the repair mechanisms introducer sheath was inserted and a left Judkins guiding
that lead to the repopulation of the a-cellular core with catheter was advanced into the aortic root. Then 15,000 IU
smooth muscle cells after cholesterol lowering. We there- heparin and 250 mg acetyl salicylic acid, 15 mg lidocaine
fore investigated in vitro the effect of normal and hy- and 100 mg bretylate were administered i.v. [15]. A 2.2F
percholesterolemic serum on the migration, proliferation, coronary infusion catheter (Boston Scientific) was
apoptosis and matrix production by coronary artery-de- positioned in the proximal left anterior descending cor-
rived smooth muscle cells. onary artery (LAD).

2 .5. In vivo endothelial reactivity
2 . Methods

Endothelial function was assessed in all pigs of the
2 .1. Animal procedures cholesterol withdrawal group before and after cholesterol

withdrawal, and in nine age-matched control pigs. Baseline
The investigation conforms theGuide for the Care and angiographies were recorded after 5 min of saline infusion.

Use of Laboratory Animals published by the US National To assess endothelium-dependent vasoreactivity, acetyl-
Institutes of Health (NIH Publication No. 85-23, revised choline (Miochol, Cibavision) was infused at a concen-

241996). The Institutional Review Board of the KU Leuven tration of 10 M at 1 ml /min for 3 min [16]. Nitro-
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glycerin (200mg) was injected as an intracoronary bolus viewed in polarized light [17]. Elastin content was mea-
through the guiding catheter to assess endothelium in- sured on Verhoeffs-stained sections and by measuring
dependent vasoreactivity. Hemodynamic data and coronary autofluoresence of the coronary lesion [18,19]. Lesions in
angiographies were obtained at every phase. Coronary the hypercholesterolemic and the cholesterol withdrawal
artery diameter of three end-diastolic frames 5–10 mm group were classified using the Stary classification into
distal from the infusion catheter was measured using early lesions (Stary I–III) and more advanced lesions
quantitative angiography software (Quantcor.QCA V2.0). (Stary classification IV and above) [20].
The percentage change in coronary diameter after acetyl-
choline and after nitroglycerine versus baseline was calcu- 2 .9. Immunohistochemistry
lated.

On frozen sections, macrophages were stained with the
2 .6. Intracoronary ultrasound swine specific mAb 74-12-25, ox-LDL with the mAbs

M1H11 and OX4E6 [21], myeloperoxidase with the mAb
Intracoronary ultrasound (ICUS) of the LAD was per- MPO-7 (Dako), and collagen type I with mAb I-8H5

formed to assess vessel and lesion size. In the control and (ICN).a-SM actin and smoothelin were detected with a
hypercholesterolemic group ICUS was performed at sac- mouse monoclonal IgG2a recognizinga-SM actin or a
rifice. In the cholesterol withdrawal group, ICUS was mouse monoclonal IgG1 cross-reacting with smoothelin as
performed before cholesterol withdrawal and at sacrifice. previously described [22,23]. In advanced lesions, stained
A 0.0140 guide wire (Cordis, Belgium) was advanced into areas on ten sections were measured using the Quantimet
the LAD and a 3F 64-MHz multi-array IVUS probe (IVUS 600 image analyzer in color detection mode as described
Visions Five-64F/X, Endosonics, Belgium) was placed in earlier [21].
the LAD. Automatic pullback video loops of the proximal
LAD were recorded and stored on CD-ROM for off-line 2 .10. Proliferation and apoptosis
analysis. Total vessel, intimal and lumen areas were
determined in ten frames of the LAD proximal from D1 Replicating cells were detected with the Ki67-specific
and averaged. monoclonal antibody MIB-1 (Immunotech). Double stain-

ing for a-actin and Ki67 was performed to detect replicat-
2 .7. Sacrifice and coronary artery sampling ing SMC. A modified TUNEL protocol was used for the

detection of apoptotic cells in atherosclerotic plaques [7].
The chest was opened in deep pentobarbital and Total cell density was measured and proliferating and

ketamine anesthesia. Pigs were injected with saturated apoptotic cells were counted. Five sections per lesion were
potassium chloride solution to induce ventricular fibrilla- analyzed and numbers were averaged. TUNEL staining
tion and the heart was excised. was combined with PAS staining to identify apoptotic

The coronary artery system was flushed and pressure SMC surrounded by a PAS-positive cage [7]. Caspase-3
perfusion fixed at 100 mmHg with 1500 ml of 4% positive cells were stained with the polyclonal antibody
paraformaldehyde in PBS (PFA). The coronary arteries H-277 (Santa-Cruz).
were excised and the LAD was divided into twelve 3-mm
rings. One half was cryo-embedded in tissue freezing 2 .11. Smooth muscle cell culture
medium by immersion in pre-cooled 2-methylbutane and
stored until sectioning at280 8C. The other half was SMC of coronary arteries from miniature pigs were
immersed in 70% ethanol and subsequently paraffin em- isolated using the explant-outgrowth method [24]. Cells
bedded. were maintained in culture in Dulbecco’s modified essen-

tial medium (DMEM) supplemented with 10% fetal bovine
2 .8. Morphometric analysis of coronary lesions serum (FBS), 100 U/ml penicillin and 100mg/ml strep-

tomycin. All experiments were performed with cells of less
Sections (7mm) of the proximal LAD were stained with than five passages.

hematoxylin-eosine to assess lesion size and ICUS was
also performed. An average of 18 sections spanning a2 .11.1. SMC apoptosis
3-mm segment of the LAD were measured and averaged. Cells were seeded on two or four chamber glasses till
Morphometric analysis of sections was performed using sub-confluent and starved for 48 h with DMEM-FBS 0.2%.
the Leica Quantimet 600 image analysis system (Leica, Thereafter, cells were incubated with DMEM sup-
Brussels, Belgium). Total lipid deposition in the lesions plemented with either 0.2% FBS, 10% FBS, 10% control
was determined in oil-red-O stained sections. The total pig serum (CPS), 10% hypercholesterolemic pig serum
amount of collagen in the lesion was determined on (HPS), 10% pig serum after cholesterol withdrawal
picrosirius red stained sections viewed in normal light. (CWPS) or in vitro oxidized pig LDL (10mg/ml) for 48
Triple helix collagen was measured on the same sections h. TUNEL staining was performed to assess apoptosis [7].
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2 .12. SMC proliferation and migration 3 . Results

To measure proliferation, SMC were seeded in 12-well 3 .1. Plasma lipid levels and CRP
plates in DMEM-10% FBS. Sub-confluent cells were
starved for 96 h in DMEM-0.2% FBS. Thereafter, 0.2% The cholesterol-rich diet induced a significant increase
FBS, 10% CPS, 10% HPS or 10% CWPS plus 0.5mCi/ml of total cholesterol, LDL-cholesterol, HDL-cholesterol and

3of [ H]thymidine were added simultaneously for 48 h. circulating ox-LDL but not of triglycerides within 4 weeks
Cells were washed twice with PBS. Trichloracetic acid- (Table 1). Thereafter, levels remained unchanged. After
insoluble material was solubilized in 0.2 N NaOH and diet withdrawal, plasma lipids returned to baseline values
radioactivity was quantified in ab-scintillation liquid within 4 weeks. Ox-LDL values 6 months after cholesterol
counter. To assess migration, scraping injury was per- withdrawal were similar to baseline values (Table 1).
formed on subconfluent cells in six-well plates [25]. Levels of CRP were below detection limit in 13 out of 14
Thereafter, 0.2% FBS, 10% FBS, 10% CPS, 10% HPS or control pigs and in six out of seven pigs after cholesterol
10% CWPS was added for 48 h. Cell nuclei were stained withdrawal, but above 3 mg/ l in nine out of 12 hy-

¨using the May-Grunwald-Giemsa method and the number percholesterolemic pigs (Table 1).
of migrating cells and the migrating distance were assessed
in ten high power fields (hpf) along the scraped line.

3 .2. In vivo endothelial reactivity

242 .13. Extracellular matrix production Infusion of acetylcholine (10 M) induced vasocon-
striction of the LAD in pigs on cholesterol-rich diet. In

SMC were seeded in six-well plates in DMEM-10% contrast, acetylcholine did not significantly change the
FBS. Sub-confluent cells were maintained in 0.2% FBS, lumen in control pigs or in pigs of the cholesterol
0.2% CPS, 0.2% HPS or 0.2% CWPS for 9 days. Matrix withdrawal group after withdrawal of the cholesterol-rich
production was assessed by supplementing medium with 5 diet. Endothelial independent vasodilatation was not differ-

3
mCi/well of [ H]proline (Amersham) and quantifying ent between groups, as shown in Table 1.

3incorporated [ H]proline, as previously described [15].

3 .3. Coronary plaque load
2 .14. Statistics

In control pigs, intima was not detectable by ICUS.
Groups were compared by non-parametric Kruskal–Wal- Cholesterol feeding induced significant coronary plaque

lis test or by non-parametric Mann–WhitneyU-test. In progression (Fig. 1). Intimal areas in the proximal LAD
vivo endothelial reactivity and ICUS data in diet pigs measured by ICUS correlated with intimal areas deter-
before and after cholesterol withdrawal were compared by mined by morphometric analysis of cross-sections (R’s5
Wilcoxon matched pairs paired test. Probability values of 0.64,P,0.05) (Table 1). Cholesterol withdrawal did not
,0.05 were considered statistically significant. result in a decrease of plaque load.

Table 1
Lipid values, endothelial function and atherosclerosis

Control Hypercholesterolemic Cholesterol ANOVA chi- 1 vs. 2 1 vs. 3 2 vs. 3
a(1) (2) withdrawal (3) squareP P P P

Lipids and CRP (n514) (n512) (n57)
LDL-C (mg/dl) 1768 2686150 12610 ,0.001 ,0.001 NS ,0.001
HDL-C (mg/dl) 2969 81619 2765 ,0.001 ,0.001 NS ,0.001
TG (mg/dl) 65636 49627 99646 NS – – –
Ox-LDL (mg/dl) 0.7360.15 2.6761.29 0.8560.11 ,0.001 ,0.001 NS ,0.001
CRP (mg/ l) ,3 (12/14) ,3 (3/12) ,3 (6/7) ,0.01 ,0.01 NS ,0.05

4.7 (1/14) 5.462.6 (9/12) 3.8 (1/7)

Endothelial function (n59) (n57) (n56)
aAcetylcholine 20.3669.3% 217.668.9% 23.57615.7% 0.019 ,0.05 NS ,0.05
bNitroglycerine 11.4764.7% 7.2962.7% 9.0863.4% NS – – –

Lesion assessment (n514) (n512) (n57)
2Intimal area (mm ) 0.1560.11 0.8860.70 1.1860.45 ,0.001 ,0.001 ,0.01 NS

Data are means6S.D. of n experiments per group.
a Percentage diameter change after acetylcholine versus baseline.
b Percentage diameter change after nitroglycerine versus baseline.
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Fig. 1. Intra-coronary ultrasound of the proximal LAD from a control pig (A), a hypercholesterolemic pig (B), and a pig of the cholesterol withdrawal
group before (C) and after cholesterol withdrawal (D). The atherogenic diet induced coronary atherosclerosis. Cholesterol withdrawal did not decrease
plaque size. I, intima; L, lumen; M, media.

3 .4. Coronary plaque type and composition cholesterolemic group (29.367.7 vs. 19.263.8%, P,
0.05). Smoothelin-positive plaque area was 2.8-fold higher

A total of five hypercholesterolemic pigs showed only in the cholesterol withdrawal than in the hypercholes-
early (Stary type I–III) lesions that mainly consisted of terolemic group (19.068.4 vs. 6.762.4%, P,0.01). The
lipid-loaded macrophages (Fig. 2e), while seven hyper- percentage of thea-SM actin positive area that was
cholesterolemic pigs had more advanced lesions (Stary positive for smoothelin was 64621% following cholesterol
IV–V). The cellular and extracellular composition of withdrawal compared to 35611% in hypercholesterolemic
advanced lesions from the latter pigs was compared with pigs (P,0.05) (Figs. 2 and 3).
those of size-matched lesions from pigs of the cholesterol
withdrawal group, as illustrated in Figs. 2 and 3. Overall, 3 .6. Extracellular matrix composition
advanced atherosclerotic lesions in the hypercholes-
terolemic group had a cell-rich cap area consisting of Advanced atherosclerotic lesions in hypercholes-
smooth muscle cells, a shoulder area containing macro- terolemic pigs had a collagen-rich cap and a collagen-poor
phages and an a-cellular core. Lesions following choles- core. After cholesterol withdrawal, collagen density
terol withdrawal did not show the cap/core structure. throughout the lesions was higher. Birefringence of the
Smooth muscle cells were equally distributed throughout collagen in plaques was higher after cholesterol withdraw-
the lesions that were devoid of macrophages and lipids. al, indicating more mature and organized triple helix
Macrophage positive area, lipid stained area and ox-LDL collagen. The organized-to-total collagen ratio was sig-
stained area were, respectively, 20615, 23617, and nificantly higher in the cholesterol withdrawal group than
12613% in advanced atherosclerotic lesions and 4.861.7, in the hypercholesterolemic group (Figs. 2 and 3). Plaque
4.062.6 and 2.261.6% (P,0.05 for all) in lesions follow- areas positive for type I collagen (9.7611 vs. 31611% of
ing cholesterol withdrawal (Fig. 2). Myeloperoxidase plaque area in hypercholesterolemic and cholesterol with-
stained area colocalized with macrophage positive area, as drawal group, respectively,P,0.001) were similar to
illustrated in Fig. 2d. Furthermore, lipid withdrawal re- plaque areas positive for Sirius red under polarized light
sulted in increased collagen and extracellular matrix (8.662.6 vs. 28610%, respectively,P,0.001). Elastin
accumulation (Figs. 2i–p and 3). deposition, assessed by auto-fluorescence measurement

and measurement of Verhoeffs-stained areas, was not
3 .5. SMC differentiation significantly different between the hypercholesterolemic

and cholesterol withdrawal group (Verhoeffs: 3.161.8 vs.
Mean a-SM actin-positive plaque area was 1.5 times 4.162.5%, respectively,P5NS; autofluorescence: 6.464.2

larger in the cholesterol withdrawal than in the hyper- vs. 1268.2%, respectively,P5NS).
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Fig. 2. Photomicrographs show an oil-red-O stained section of an early (a) and advanced atherosclerotic lesion (b) in the LAD from a hypercholesterolemic
pig, and of a lesion in the LAD from a pig of the cholesterol withdrawal group (f). Macrophages were predominant in early (e) and advanced lesions (c) of
hypercholesterolemic pigs. Macrophage-area colocalized with myeloperoxidase positive area (d, h). Dietary cholesterol withdrawal depleted thelesion of
macrophages (g).a-SM actin and smoothelin staining revealed a higher number of more differentiated SMC in coronary plaques from pigs after cholesterol
withdrawal (m, n) than from hypercholesterolemic pigs (i, j). Sirius red staining viewed under normal (k, o) and polarized light (l, p) showed the cap/core
structure in advanced lesions of hypercholesterolemic pigs and the more homogeneous distribution of collagen after cholesterol withdrawal (100mm).
Advanced lesions of the hypercholesterolemic pigs consist typically of a cap (C), shoulder (S) and a-cellular (A) core, whereas after cholesterol withdrawal
lesions are more homogeneous of structure.

3 .7. Apoptosis and proliferation compared to 0.2960.18% of cells in lesions from pigs
after cholesterol withdrawal. In hypercholesterolemic pigs,

In advanced atherosclerotic lesions from hypercholes- the lesion cap and shoulder region were particularly rich in
terolemic pigs, 1.760.72% of all cells were TUNEL- proliferating cells, as illustrated in Fig. 4. Double staining
positive, compared to 0.2760.29% of cells in lesions from fora-actin and Ki67 revealed less than 10% of all
pigs after cholesterol withdrawal (Fig. 4). TUNEL-positive replicating cells to be SMC.
cells colocalized with caspase-3 positive cells (Fig. 4) [26].
Combined TUNEL and PAS staining showed that
1167.8% of TUNEL-positive cells in advanced lesions 3 .8. Effect of hypercholesterolemic serum on SMC
were surrounded by a PAS-positive cage, indicating that apoptosis, migration, proliferation and matrix synthesis
they were of SMC-origin. in vitro

In advanced atherosclerotic lesions from hypercholes-
terolemic pigs, 3.463.1% of cells were Ki67 positive HPS induced more apoptosis of SMC than FBS, CPS
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Fig. 3. Meana-SM actin and smoothelin areas in advanced lesions from hypercholesterolemic pigs (j) and from pigs after dietary cholesterol withdrawal
(h). Lesions from hypercholesterolemic pigs contained less smooth muscle cells that were less differentiated as indicated by the lower smoothelin-to-a-SM
actin ratio. Lesions after cholesterol withdrawal contained more collagen that was more organized.

and CWPS (Fig. 5a). Apoptosis was also increased in the different from that in the presence of FBS, CPS or CWPS
presence of 10mg/ml porcine in vitro oxidized LDL (Fig. 5d).
(1764.5 vs. 2.360.17%,P,0.05, ox-LDL/0.2% FBS vs.
0.2% FBS). Compared to CPS and CWPS, HPS reduced
the number of migrating SMC after scraping injury (Fig. 4 . Discussion
5b) as well as their migration distance (data not shown).

3The proliferation rate, assessed by [ H]thymidine in- Our study shows that cholesterol withdrawal decreased
corporation, was not different when SMC were incubated both plasma levels and plaque accumulation of ox-LDL
with 10% FBS, 10% CPS, 10% HPS or 10% CWPS (Fig. and reduced inflammation as evidenced by a decrease of
5c). Matrix synthesis in the presence of HPS was not CRP. Dietary cholesterol withdrawal in miniature pigs

Fig. 4. Photomicrographs of Ki67 stained lesions from a hypercholesterolemic pig (a) and a pig after cholesterol withdrawal (b) show abundant cell
proliferation in shoulder areas of atherosclerotic plaques in hypercholesterolemic pigs and reduced cell proliferation in lesions after cholesterol withdrawal.
TUNEL staining demonstrated more TUNEL-positive cells in atherosclerotic lesions from hypercholesterolemic pigs (c) compared to lesions after
cholesterol withdrawal (d). PAS staining shows more prominent extra-cellular matrix after cholesterol withdrawal (f) than in lesions of hypercholes-
terolemic pigs (e). Combining PAS and TUNEL staining showed TUNEL-positive cells surrounded by a matrix cage in atherosclerotic lesions
(TUNEL-positive cellb). Caspase-3 stained lesions showed caspase-3 positive cells in a lesion from a hypercholesterolemic pig (g), but not in a lesion
from a pig after cholesterol withdrawal (h; caspase-3 positive cellb) (50 mm).
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Fig. 5. Hypercholesterolemic serum induced more apoptosis of cultured coronary SMC than control serum or serum obtained after cholesterol withdrawal
(a; ANOVA P,0.001, *P,0.05 vs. 10% HPS). HPS impaired migration of SMC compared to CPS, CWPS and FBS. There was no significant difference
between control serum and serum obtained after cholesterol withdrawal (b; ANOVAP,0.0001, *P,0.05 vs. HPS). HPS had no effect on SMC
proliferation compared to CWPS, CPS and FBS (c; ANOVAP,0.01, *P,0.05 vs. 0.2% FBS). HPS had no effect on extra-cellular matrix synthesis
compared to CPS and CWPS (d; ANOVAP5NS).

induced a stable phenotype of coronary plaques without a migratory properties on coronary SMC of porcine serum in
regression of plaque size. Plaque stabilization was evi- vitro. We have previously shown that in vitro ox-LDL
denced by decreased lipid and macrophage content, and impaired migration of coronary SMC from hypercholes-
accumulation of collagen and differentiated SMC in the terolemic pigs [15]. Apoptosis of SMC may also determine
former a-cellular core of these plaques. Our in vitro SMC number. A PAS-positive cage suggesting SMC-origin
experiments support the hypothesis that the increase in surrounded|10% of TUNEL-positive cells in plaques of
SMC content of coronary plaques in the cholesterol hypercholesterolemic pigs. It is however difficult to exact-
withdrawal group is due to restored SMC migration and ly assess the origin of TUNEL-positive cells that surround
decreased SMC apoptosis. In vitro oxidized LDL the a-cellular core. Earlier studies have demonstrated that
mimicked the effect of hypercholesterolemic serum. macrophages and ox-LDL induce SMC apoptosis [28] that

Smooth muscle cells are the only vascular cells that can lead to cap thinning and mechanical weakening of the
synthesize collagen fibers. Therefore, SMC number and plaque [29]. Ox-LDL co-localized with apoptotic cells in
function are important determinants of the mechanical human coronary lesions [30]. Plasma and plaque levels of
strength of atherosclerotic plaques [27]. Cholesterol with- ox-LDL were increased in hypercholesterolemic pigs. In
drawal induced accumulation of SMC in the former a- vitro, hypercholesterolemic serum and ox-LDL induced
cellular core. A higher smoothelin-to-a-SM actin ratio SMC apoptosis. These data support the role of ox-LDL as
evidenced a more differentiated SMC phenotype following an active component in hypercholesterolemic serum and
cholesterol withdrawal. Differences in SMC content of coronary plaques for the induction of SMC apoptosis.
lesions can be due to differences in proliferation, migration Cholesterol withdrawal increased both SMC and col-
and/or apoptosis. Coronary plaques of both hypercholes- lagen content of coronary plaques. Extracellular matrix
terolemic pigs and pigs after cholesterol withdrawal con- synthesis by SMC was not different in the presence of
tained few proliferating SMC, therefore migration rather hypercholesterolemic serum compared to non-hypercholes-
than proliferation may determine SMC number. This is terolemic serum. Hypercholesterolemia induces infiltration
supported by our in vitro data showing that hypercholes- of macrophages in the intima that secrete proteolytic
terolemic serum impaired SMC migration but had no effect enzymes such as matrix metalloproteinases (MMP). They
on SMC proliferation. Cholesterol withdrawal restored the degrade the extracellular matrix and thereby contribute to
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plaque remodeling and weakening [31–33]. We have inflammation and decreased macrophage and lipid content
previously shown that macrophage mediated degradation in coronary plaques. It increased collagen and SMC
of extra-cellular matrix hampered the adhesion of SMC to content and differentiation. Reduced inflammation and
the degraded matrix [15]. Cholesterol withdrawal restored increase of the mechanical strength of the plaque may
endothelial function in coronary arteries that was associ- prevent rupture and coronary thrombosis in patients.
ated with reduced macrophage infiltration in the coronary
lesions. Increased collagen content of coronary plaques
after cholesterol withdrawal is therefore most likely due to A cknowledgements
decreased macrophage mediated matrix degradation and
increased SMC content, rather than to increased matrix Peter Verhamme is a doctoral fellow of the Fonds voor
synthesis by SMC. Furthermore, increased birefringence of Wetenschappelijk Onderzoek (FWO)-Vlaanderen. The In-
collagen in plaques after cholesterol withdrawal indicates teruniversitaire Attractiepolen Program (P5/01/02) and
more mature and organized triple helix collagen [17]. FWO-grant G.0088.02 have supported this study.
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