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Abstract 

We have recently characterized a strain of rabbits that shows a low atherosclerotic response (LAR) to dietary 
hypercholesterolemia in contrast to the usual high atherosclerotic response (HAR) of rabbits [l]. Presently, we have 
focused on three well established and important stages of atherogenesis, i.e., monocyte adhesion to endothelium, cell 
mediated peroxidative modification of lipoproteins and induction of a receptor that recognizes modified low density 
lipoprotein (LDL). The results obtained show that (1) P-very low density lipoprotein (/3-VLDL) from LAR and HAR 
rabbits enhanced monocyte adhesion to endothelial cells to the same extent; (2) Cell mediated peroxidation of LDL 
and j?-VLDL, tested by loss of a-tocopherol and formation of thiobarbituric acid reacting substances (TBARS), was 
compared using macrophages, fibroblasts and smooth muscle cells (SMC) of LAR and HAR rabbits and no 
significant differences were found; (3) Induction of scavenger receptor by phorbol ester (phorbol 12-myristate 
13-acetate (PMA)) and platelet-derived growth factor-BB (PDGF-BB) was determined in SMC or fibroblasts from 
LAR and HAR rabbits using I,l’-dioctadecyl-3,3,3’,3’-tetramethylind~arbocyanine perchlorate-acetylated LDL 
(DiL-acLDL). We found a significantly higher uptake of DiI-acLDL in SMC and fibroblasts derived from HAR 
rabbits as compared with cells from LAR rabbits. Similar results were also obtained with [L2sI]-acLDL in fibroblasts 
from LAR and HAR rabbits with respect to cellular lipoprotein degradation after PMA pretreatment. Even though 
the attenuated atherosclerotic response to hypercholesterolemia of LAR rabbits may have multiple underlying causes, 
the most prominent so far is an apparent difference in inducibility of scavenger receptor in SMC and fibroblasts. 

Abbreviations: acLDL, acetylated LDL; P-VLDL, beta very low density lipoprotein; BHT. butylated hydroxytoluene; DiI, 
l,l’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate; DiI-LDL, Dir-labeled LDL; DiI-acLDL, Dil-labeled acLDL; 
DMEM, Dulbecco’s modified Eagle’s medium; EDTA, ethylene diamine tetraacetic acid; FBS, fetal bovine serum; HAR, high 
atherosclerotic response; HPLC, high performance liquid chromatography; LAR, low atherosclerotic response; LDL, low density 
lipoprotein; LPDS, lipoprotein deficient serum; LPS, lipopolysaccharide; PBS, phosphate buffered saline; PMA, phorbol 12-myris- 
tate 13-acetate; SDS, sodium dodecyl sulfate: SMC, smooth muscle cells; TBARS, thiobarbituric acid reactive substances. 
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1. Introduction 

In a recent paper [l], we have characterized a 
strain of rabbits, that has a low atherosclerotic 
response (LAR) to feeding of 0.5% cholesterol for 
up to 16 weeks on this diet. Thus, in the LAR 
rabbits, the lipid-stainable surface area of aorta 
amounted to only 23% after 16 weeks of choles- 
terol feeding. On the other hand, in rabbits with 
high atherosclerotic response (HAR) to choles- 
terol feeding, aortic surface involvement reached 
59% already after 12 weeks and 85% after 16 
weeks. The measurements of surface area involve- 
ment were corroborated also by a significantly 
lower chemically determined cholesterol content 
of the aorta in the LAR rabbits [l]. Both strains 
of rabbits develop similar hypercholesterolemia 
and no differences were found in the lipoprotein 
distribution and composition in the LAR and 
HAR rabbits. The reasons for this remarkable 
aortic resistance to the circulating high cholesterol 
levels are presently unknown and this study is the 
first attempt to elucidate putative mechanisms 
that could be operative in explaining the attenu- 
ated expression of atherosclerosis in the LAR 
rabbits. The delineation of mechanisms responsi- 
ble for the relative resistance of a strain of rabbits 
to high plasma cholesterol levels may be of impor- 
tance for the understanding of human atherogene- 
sis. It seems relevant to point out that the 
majority of humans are relatively resistant to 
elevated plasma cholesterol levels and the devel- 
opment of atherosclerosis may span over decades. 
This delayed onset of atherosclerosis is not seen in 
most mammalian species in which moderate hy- 
percholesterolemia is induced [2, 31. 

2. Materials and methods 

2.1. Isolation, modljication and labeling of 
lipoproteins 

Blood from normal donors was drawn into 
tubes containing ethylene diamine tetraacetic acid 
(EDTA, 1 mg/ml). After separation of chylomi- 

crons at 100 000 x g (density (d) < 1.006 g/ml) 
for 40 min, and very low density lipoproteins 
(VLDL) and intermediate density lipoproteins 
(IDL) at d = 1.019 g/ml, the infranatant was 
brought to d = 1.060 g/ml and centrifuged at 
150 000 x g for 24 h at 10°C. The floating low 
density lipoproteins (LDL) were obtained by tube 
slicing. Lipoprotein deficient serum (LPDS) was 
obtained after removal of all lipoproteins at 
d = 1.24 g/ml for 48 h. /3-VLDL was isolated 
from cholesterol-fed rabbits as described else- 
where [4]. LDL was acetylated (acLDL) with 
acetic anhydride and saturated sodium acetate as 
described by Basu [5]. Lipoproteins were labeled 
with 12’1 by the iodine monochloride method as 
modified for lipoproteins 161, kept sterile and used 
within l-2 weeks. LDL was labeled with the 
fluorescent probe, l,l’-dioctadecyl-3,3,3’,3’-te- 
tramethylindocarbocyanine perchlorate (DiI) ac- 
cording to the method of Pitas et al. 173, DiI-LDL 
was acetylated as described [5]. 

2.2. Isolation of rabbit alveolar macrophages 
Rabbits were fed a diet enriched with 0.5% 

cholesterol for up to 10 weeks. They were killed 
with an overdose of pentobarbital and lungs and 
aorta were removed. The lungs were kept in phos- 
phate buffered saline (PBS) until isolation of alve- 
olar macrophages. 

For bronchoalveolar lavage, the trachea was 
intubated with a flexible silicon tube and both 
lungs were filled with 50 ml PBS at room temper- 
ature. This procedure was repeated 5 to 6 times, 
all PBS washes were pooled and centrifuged for 
10 min at 180 x g at 25°C. The cell pellet was 
washed once with PBS and resuspended in Dul- 
becco’s modified Eagle’s medium (DMEM) con- 
taining 100 U penicillin/ml and 100 fig 
streptomycin/ml; 25-80 x lo6 cells could be 
isolated with this procedure. Cell viability was 
assessed by trypan blue exclusion and was 70%- 
90%. Cells were seeded in 12-well plates and used 
for LDL-oxidation experiments after 12 h. 
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2.3. Cell cultures 
Monolayers of human endothelial cells (derived 

from the iliac artery) were established by a proce- 
dure adapted from Navab et al. [8]. The cells were 
seeded in 24-well plates (Falcon) in endothelial- 
SFM medium (Gibco, Grand Island, N.Y., USA) 
with L-glutamine, 20% human serum (AB) and 
gentamicin (0.1 mg/ml). The wells were precoated 
with human fibronectin (Inotech, Dottikon, 
Switzerland) at a concentration of 7 pgg/ml PBS 
for 60 min at 25°C. Skin fibroblasts were obtained 
from rabbits of the HAR and LAR strains and 
cultured in DMEM with 10% fetal bovine serum 
(FBS) containing penicillin (100 U/ml) and strep- 
tomycin (100 pug/ml) as described for human skin 
fibroblasts [9]. The cells were between 5-12 pas- 
sages and confluent cultures were used for all 
experiments, Cultures of both HAR and LAR 
rabbit smooth muscle cells (SMC) were obtained 
from explants prepared from animals fed a choles- 
terol-enriched diet for 4 months. Lesion-free seg- 
ments of the distal thoracic aorta were stripped of 
the adventitia and intima and the remaining me- 
dia was cut into small pieces which were then 
transferred to 6-well plates (5-8 explants per well) 
containing enough medium (SmBM, supple- 
mented with 0.5 rig/ml human epidermal growth 
factor (hEGF), 2.0 rig/ml hFGF, 5% FBS, 5 
lug/ml insulin, gentamicin and amphotericin-B: 
Clonetics, San Diego, USA) to wet but not 
float the explants. Once the explants had adhered 
to the dish, additional medium was added. 
Cells had grown sufficiently to permit subcultur- 
ing after 3-4 weeks. Cells were used between 
passages 4 and 5. U937 cells were obtained from 
the American Type Culture Collection (Rockville, 
MD, USA) and cultured in RPM1 1640 with 10% 
FBS. 

2.4. Labeling of cells with the JEuorophor 
PKH2-GL 

Human monocyte-like line U-937 cells were 
labeled with the green fluorescent cell linker 
PKH2-GL according to the recommendations of 
the supplier (Sigma, St. Louis, MO, USA). Cells 
were used for adhesion experiments immediately 
after labeling. 

2.5. Adherence of U937 cells to endothelial 
monolayers 

The assay used for measuring adherence of 
human monocyte-like U937 cells to endothelial 
monolayers derived from human iliac artery was 
adapted from a technique described by Kume et 
al. [lo]. Confluent endothelial monolayers in 24- 
well plates were washed with serum free DMEM 
and were incubated in DMEM for 3 h with 
different agents: lipopolysaccharide (LPS) 1 ,ug/ml 
(derived from Escherichia coli, 055:B5, Sigma 
Chemical Co., StLouis, USA), human LDL 100 
pug protein/ml, j?-VLDL isolated from three hy- 
percholesterolemic LAR and HAR rabbits (100 
pg protein/ml), and PBS as blank. Thereafter, the 
cells were washed twice with DMEM. PKH2-la- 
beled monocytes were added to the wells at a final 
concentration of 5 x lo5 cells/ml and were al- 
lowed to settle onto the monolayer for 30 min. 
Plates were sealed, inverted, and centrifuged for 5 
min at 250 x g to separate non-adherent mono- 
cytes. The remaining cells were lysed with 0.1 N 
NaOH/O.l% sodium dodecyl sulphate (SDS) and 
the fluorescence was measured (excitation 490 nm, 
emission 504 nm) with a Perkin-Elmer model LS 
50 B luminescence spectrometer. Each adherence 
assay was performed in quadruplicates, the PBS 
and LPS values are from 8 replicates. Results are 
expressed as the ratio of fluorescence intensity per 
well normalized to the PBS-treated controls. 

2.6. Cell-mediated modljication of LDL, 
determination of a-tocopherol and thiobarbituric 
acid reactive substances (TBARS) 

Freshly isolated macrophages were seeded in 12 
well plates (1 x lo6 cells/well) and kept in 
DMEM with 10% FBS for 12 h. Non adherent 
cells were removed and the remaining cells were 
incubated with HAM’s FlO and LDL as described 
below. Rabbit skin fibroblasts or SMC were 
grown in 12-well plates to confluence and used for 
incubation with LDL in HAM’s FlO. Rabbit 
SMC were used for incubation with rabbit /?- 
VLDL. Studies on cell-mediated lipoprotein mod- 
ification were performed in the same manner for 
all types of cells. Cells were washed once with 
medium and incubated with 1.5 ml of HAM’s 
FlO, which was supplemented with 3 PM freshly 
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prepared FeSO, and LDL (200 pg cholesterol/ml) 
or /3-VLDL (400 pg cholesterol/ml), respectively 
[ll]. LDL and B-VLDL were used directly after 
desalting by chromatography (Bio-Rad Econo- 
Pat 10 desalting columns). In addition, LDL or 
B-VLDL were incubated in cell-free dishes in the 
presence and absence of CuCl, (4.2 ,uM) as con- 
trol for maximal and minimal oxidation. All ex- 
periments were performed in duplicates. After 
incubation for up to 24 h, media were removed 
and 1 ml was immediately mixed with saline- 
EDTA (EDTA 1 mg/ml) and centrifuged. The 
supernatant was stored at - 80°C for measure- 
ment of TBARS and a-tocopherol content of 
LDL or p-VLDL. 

a-Tocopherol content of LDL or /3-VLDL was 
determined fluorometrically by high performance 
liquid chromatography (HPLC) (Merck/Hitachi, 
Darmstadt, Germany) according to Lehmann and 
Martin [12] with some modifications. Briefly, 50 
~1 aliquots were mixed with 100 ,~l ethanol con- 
taining butylated hydroxytoluene (BHT) (1 g/l) 
and 6-tocopherol (1 fig/ml) as an internal stan- 
dard. Thereafter, tocopherols were extracted with 
400 ~1 n-hexane. After evaporation, the residue 
was dissolved in methanol and 10 ,ul of the solu- 
tion was injected onto a Merck LiChrospher Cl8 
reversed phase column (250 x 4 mm) using 
methanol as mobile phase. The excitation and 
emission wavelength was 295 and 330 nm, respec- 
tively, essentially as described by Burton et al. 
[13], except that the column was run at room 
temperature and the flow rate was 1 ml/min. The 
detection limit for a-tocopherol was 0.1 ng and a 
linear response was obtained up to 1500 ng. 

TBARS were determined according to Wallin et 
al. [14] with some modifications. Briefly, to tubes 
containing 200 ~1 of sample, 50 ~1 of 50% (w/v) 
trichloroacetic acid (TCA) and 75 ,~l of 1.3% 
thiobarbituric acid in 0.3% (w/v) NaOH were 
added. The tubes were heated in a thermoblock 
for 60 min at 90°C and then cooled in ice water. 
Samples were centrifuged for 6 min to eliminate 
turbidity. Finally, 200 ~1 of the sample were 
transferred to a 96-well plate (Sarstedt, Ntirm- 
brecht, Germany) and the absorbance at 530 nm 
minus the absorbance at 630 nm was read in a 
Dynatech MR 7000 microplate reader (Dynatech 

Deutschland GmbH, Denkendorf, Germany). 
TBARS were quantified using a standard curve of 
malondialdehyde (MDA) equivalents, generated 
by acid hydrolysis of 1,1,3,3-tetraethoxypropane 
(TEP) (Sigma T-9889). 

2.7. Induction of scavenger receptor activity 
Confluent cultures of skin fibroblasts or SMC 

derived from rabbits of the HAR and LAR 
strains were used in these experiments. Prior to 
the start of the experiment the culture medium 
was removed. The cells were washed with PBS 
and incubated for 48 h in culture medium con- 
taining 10% lipoprotein deficient serum (LPDS) 
without or with 50 rig/ml of phorbol 12-myristate 
13-acetate (PMA) or 10 mg/ml platelet-derived 
growth-factor BB (PDGF-BB). 

For measurement of degradation of [1251]- 
acLDL, fibroblasts were washed with PBS and 
incubated in fresh medium containing 10% LPDS 
and 10 pg/ml of [1251]-acLDL. The degradation of 
[1251]-labeled lipoproteins was determined as de- 
scribed [ 151. Specificity of lipoprotein degradation 
was determined in the presence of a 25-fold excess 
of unlabeled lipoprotein and these values have 
been subtracted from all data reported. All incuba- 
tions were performed in triplicate for 4 h at 37°C. 

To study the uptake of DiI-acLDL, cultured 
SMC were incubated at 37°C for 18 h with 20 
pg/ml DiI-acLDL and specificity of acLDL up- 
take was determined in the presence of 25-fold 
excess of unlabeled lipoprotein [ 161. Fibroblasts 
were incubated in DMEM with 20 pg/ml of DiI- 
acLDL for 15 h at 37°C and at 4°C. Thereafter, 
the cells were washed twice with 0.4% bovine 
serum albumin (BSA) (Behring, Marburg, Ger- 
many) in PBS and 3 x with PBS and were lysed 
with 0.1 N NaOH/O.l% SDS. Fluorescence inten- 
sity was determined in a Perkin Elmer model LS 
50 B luminescence spectrofluorometer with excita- 
tion and emission wavelengths set at 520 and 578 
nm, respectively. Standard solutions of DiI- 
acLDL were prepared in 0.1 N NaOH/O.l% SDS 
with a linear response over a concentration range 
from 10 to 5000 ng protein/ml. Specific uptake of 
DiI-acLDL by SMC (ng/mg cell protein) was 
determined as the difference of cell-associated 
fluorescence in the presence and abscence of an 
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excess of unlabeled acLDL. The cellular uptake of 
DiI-acLDL by fibroblasts was calculated as the 
difference between cell-associated fluorescence at 
37°C and 4°C and expressed as ng of acLDL 
protein/mg of cell protein [16]. Protein was deter- 
mined according to Lowry et al. [17]. All incuba- 
tions were done in triplicate and values agreed 
within 10% of the mean. 

2.8. Materials 
HAM’s FlO with glutamine was obtained from 

Gibco (Grand Island, NY, USA) and Biochrom 
(Berlin, Germany). DMEM with 1000 mg glu- 
cose/l was obtained from Sigma (St. Louis, MO, 
USA). RPM1 1640 was obtained from Sigma (St. 
Louis, USA). FBS was obtained from Biochrom 
(Berlin, Germany). Sodium ‘*?odide was obtained 
from Amersham (Braunschweig, Germany). DiI 
was obtained from Molecular Probes (Eugene, 
OR, USA). Recombinant human platelet derived 
growth factor BB homodimer was obtained from 
Genzyme (Cambridge, MA, USA) 

2.9. Statistical analysis 
P-values were calculated by Student’s t-test. 

3. Results 

In this study, we attempted to unravel some of 
the mechanisms which could be responsible for 
the attenuated atherosclerotic response of LAR 
rabbits to cholesterol feeding, in spite of marked 
hypercholesterolemia. First, we inquired whether 
/?-VLDL of LAR and HAR rabbits will affect 
differently the interaction between monocytes and 
endothelial cells, which is one of the first steps in 
atherogenesis. To that end, human endothelial 
cells in culture were pretreated for 3 h with /?- 
VLDL (isolated from 3 LAR and 3 HAR rab- 
bits), with LPS or with human LDL. Thereafter 
the medium was removed, the endothelial cell 
layer washed and monocytes (U 937) labeled with 
PKH2 were added for 30 min. Endothelial cells 
preincubated with PBS served as controls. The 
number of adhering U937 cells was determined 
and normalized to the PBS values. As shown in 
Fig. 1, pretreatment with p-VLDL resulted in a 
marked stimulation of monocyte adhesion which 

was higher than that elicited by LPS or LDL. 
However, the response to /I-VLDL from LAR 
rabbits was not different from that to a-VLDL 
isolated from HAR rabbits. Since lysophos- 
phatidylcholine was shown to influence monocyte 
adhesion to endothelium, we also determined the 
phospholipid composition of the HAR and LAR 
p-VLDL; the finding of similar concentrations of 
lysophosphatidylcholine (data not given) corrobo- 
rated the results described above. 

Peroxidation of lipoproteins is thought to play 
an important role in the early stages of atherogen- 
esis by promoting foam cell formation. Most 
probably peroxidation of lipoproteins occurs 
within the aortic wall where they come in contact 
with macrophages and SMC. Therefore, in the 
next experiments we compared the effects of incu- 
bation of LDL with alveolar macrophages derived 
from LAR and HAR rabbits; the parameters 
measured were loss of a-tocopherol and forma- 
tion of TBARS. The data of the experiments were 
normalized, taking the zero time values of a-toco- 
pherol as 100%, and it can be seen that during 

‘0 LAR 
(3-VLDL 

7-l 

HAR 
$-VLDL 

12 

Fig. I. Adhesion of U 937 monocytes to human endothelial 
cells preincubated with LPS, LDL or /I-VLDL from HAR and 
LAR rabbits. Confluent human endothelial cells, grown in 
24-well plates, were incubated for 3 h with LPS (1 fig/ml), 
human LDL, LAR /I-VLDL and HAR /I-VLDL (100 pg 
protein/ml) or PBS alone. After washing, cells were incubated 
with PKHZ-labeled U 937 monocytes (0.5 x lO”cells/well) for 
30 min. Supernatant was removed, plates were inverted and 
centrifuged for 5 min at 250 x g. The adhering cells were 
lysed in I ml 0.1 N NaOH/O.l% SDS and fluorescence was 
determined and corrected for autofluorescence of endothelial 
cells alone. Fluorescence of each well was then normalized to 
fluorescence intensity of endothelial cells preincubated with 
PBS. Values represent mean i- S.E.M. of 4- 12 samples (N). 
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Fig. 2a.b. Time course of loss of LDL-a-tocopherol in the 
presence of alveolar macrophages (a) and fibroblasts (b) 
derived from LAR-rabbits (open circles) and HAR-rabbits 
(closed circles). Cell-free values are indicated by open squares. 
All experiments were performed in HAM’s F-10 medium 
supplemented with 3 ,oM FeSO,. LDL (200 fig cholesterol/ml) 
was incubated in the presence or absence of rabbit alveolar 
macrophages or skin fibroblasts, in a humidified atmosphere 
(5% CO,) at 37°C. LDL-a-tocopherol concentrations were 
measured fluorometrically by HPLC as described under meth- 
ods and the zero time value was expressed as 100%. Individual 
experiments were carried out in duplicates. Values are means 
+ SE. of all experiments in each category. The differences 
between LDL-a-tocopherol incubated with cells derived from 
HAR and LAR rabbits were not statistically significant at any 
time point studied. In Fig. 2a (macrophages), n = number of 
experiments: LAR = 5; HAR = 2; cell-free values = 5. All ex- 
perimental values from 5 h onwards are significantly different 
from cell-free values (P < 0.05-0.001). In Fig. 2b (fibrob- 
lasts), n = number of experiments: LAR = 2; HAR = 3; cell- 
free values = 3. All experimental values from 4 h onwards are 
significantly different from cell-free values (P < 0.05-0.001). 

8 h of incubation with macrophages there was a 
70% decrease in a-tocopherol content of LDL 
exposed to cells of the HAR and LAR rabbits 
(Fig. 2a). The experiments performed with 
macrophages were repeated with rabbit skin 

fibroblasts (Fig. 2b). As shown in Fig. 2a,b, no 
significant differences between the cells of the 2 
rabbit strains were seen with respect to the loss of 
a-tocopherol from LDL. As the u-tocopherol 
content of LDL was almost depleted after 24 h, 
we determined TBARS at this time interval. In- 
crease of LDL TBARS formed in the presence of 
macrophages or fibroblasts from both rabbit 
strains occurred at this time interval and no sig- 
nificant difference was seen between the cells of 
HAR and LAR rabbits (Table 1). 

We determined also the peroxidation of rabbit 
/?-VLDL by aortic SMC from 3 LAR and 3 HAR 
rabbits. In analogy to the findings with rabbit 
skin fibroblasts or macrophages and LDL, no 
difference was seen in the formation of TBARS by 
SMC of the two strains. The mean TBARS values 
were 2.7 and 2.8 nmol MDA equivalents/mg j?- 
VLDL cholesterol/24 h for the SMC of HAR and 
LAR rabbits, respectively. 

Another parameter studied was the induction of 
the scavenger receptor activity in non-macrophage 
cells. This receptor and especially its induction by 
PMA has been well documented by Pitas for 
rabbit aortic SMC and fibroblasts [18]. In the 
present experiments, we have asked whether there 
might be a difference in the induction of scavenger 

Table 1 
TBARS formation after 24 h incubation of LDL in presence 
of alveolar macrophages or fibroblasts from LAR- and HAR- 
rabbits 

TBARS, nmol/mg LDL cholesterol 

HAR-macrophages 
LAR-macrophages 
HAR-fibroblasts 
LAR-fibroblasts 
CuCl, (4.2 FM) 

4.1 * 1.3 (3) 
7.0 f 1.6 (5) 
2.6 + 0.4 (3) 
4.0 + 1.4 (2) 

21.0 k 3.2 (5) 

All experiments were performed in HAM’s F-10 medium 
supplemented with 3 PM FeSO,. LDL was incubated for 24 h 
in a humidified atmosphere (5% COJ at 37°C in the presence 
or absence of cells. As control for maximal oxidation, LDL 
was incubated in the absence of cells with 4.2 PM CuCI,. 
TBARS were measured as described under Methods. All val- 
ues were corrected for TBARS formation in the absence of 
cells. All experiments were performed in duplicates. Values 
represent means + S.E.M. of all experiments in each group. 
(n) = number of experiments with cells derived from different 
rabbits. 



J. Thiery et al. 1 Atherosclerosis 121 (1996) 63- 73 69 

Fig. 3. Extent of atherosclerotic involvement of the aortic arch and thoracic aorta in 4 HAR (upper row) and 4 LAR rabbits (lower 
row) fed a 0.5% cholesterol enriched diet for 4 months. The aortae are unstained and the lesions appear white while areas without 
lesions appear dark. TC = plasma cholesterol concentrations at sacrifice (mg/dl). 

receptor activity in cells derived from LAR and 
HAR rabbits. We examined cultured SMC from 
aortae of HAR and LAR rabbits fed cholesterol 

for 4 months. The aortae of these rabbits are 
depicted in unstained form in Fig. 3. The induc- 
tion of scavenger receptor activity by PMA or 

Fin d Fig. 4. Photomicrographs showing the uptake of fluorescently labeled DiI-acLDL by smooth muscle cells derived from one HAR uscle cells derived from one HAR 
0 (No. 273, left) and one LAR rabbit (No. 255, right). Cells were preincubated with 50 rig/ml phorbol l2-myristate l3-acetate (PMA) ight). Cells were preincubated with 50 rig/ml phorbol l2-myristate l3-acetate (PMA) 
for 48 h, and incubated with DiI-acLDL (20 pg/ml) for 18 h. 
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Table 2 
Induction of scavenger receptor activity in aortic SMC derived from HAR- and LAR-rabbits 

Experiment Strain Rabbit Uptake of DiI-acLDL 
no. ng/mg cell protein/l8 h 

Medium With PMA HAR vs. LAR With PDGF-BB HAR vs. LAR with PDGF-BB 
with PMA P P 

I HAR 273 372 k 14 14 886 + 448 <O.OOl 1616 + 100 0.005 
LAR 255 206 k 72 821 + 75 538 + 167 

II HAR 243 445*59 9399 k 363 <O.OOl 3189 + 263 <O.OOl 
LAR 262 641 j; 109 2033 f 96 834 k 49 

III HAR 191 336 + 12 5939 f 194 < 0.001 886k44 io.001 
LAR 254 200 f 124 1497 f 169 346 + 38 

In each experiment, uptake of DiI-acLDL by SMC derived from an HAR and a LAR rabbit was studied after preincubation with 
medium alone, PMA (50 rig/ml), or PDGF-BB (10 pg/ml). Scavenger receptor activity is expressed as mean specific uptake ( f S.E.) 
of DiI-acLDL in triplicate dishes. Comparisons represent uptake of DiI-acLDL by SMC of each pair of rabbits after stimulation 
with PMA or PDGF-BB. 

PDGF-BB was measured as uptake of DiI-acLDL 
by the SMC in culture and data of experiments 
with 3 pairs of HAR and LAR cells are shown in 
Table 2. The baseline uptake of DiI-acLDL was 
very low and did not differ between SMC derived 
from both rabbit strains. However, after preincu- 
bation with PMA, the uptake of DiI-acLDL by 
SMC derived from HAR rabbits increased 18-40- 
fold while the uptake of DiI-acLDL by SMC 
from LAR rabbits was only 3-7-fold above base- 
line (Table 2). This finding is illustrated in the 
photomicrographs showing the uptake of DiI-la- 
beled acLDL by SMC derived from both rabbit 
strains (Fig. 4). 

The induction of scavenger receptor activity 
was also measured as degradation of [‘251j-acLDL 
by fibroblasts derived from both rabbit strains. 
The results of one single experiment with cells of 
each strain are given in Fig. 5. It can be seen that 
a lo-fold induction of degradation of [*251]- 
acLDL occurred after PMA stimulation of the 
fibroblasts from the HAR rabbit; ‘the induction 
was much lower in the cells of the LAR rabbit 
(Fig. 5). In order to validate the findings shown in 
Fig. 5, comparison of scaven.ger receptor induc- 
tion in fibroblasts was repeated with cells from 6 
LAR and 6 HAR rabbits. The results are summa- 
rized in Table 3 as the difference (A) between 
degradation of [‘251]-acLDL obtained with PMA 
and without PMA. The means If: S.E. of the 

paired comparisons for each strain of rabbits 
showed a significantly higher induction of scav- 
enger receptor activity in fibroblasts from the 
HAR strain compared with cells from the LAR 
strain (Table 3). Comparable results were ob- 
tained measuring cellular uptake of DiI-acLDL 
(Table 4). The inducibility of scavenger receptor 
activity was determined also in skin fibroblasts 
from 3 ‘wild strain’ rabbits by measuring the 
degradation of [1251]-acLDL. The mean value of A 
+ PMA-PMA was 91.4, similar to that observed 
with fibroblasts from HAR rabbits, i.e., 82.2 
(Table 3). 

The LDL receptor activity as measured by 
[1251]-LDL degradation in cultured fibroblasts was 
similar in both strains. The ratio of degradation 
+ PMA/-PMA was 1.6 + 0.46 and 1.5 + 0.5 for 
the HAR and LAR rabbit strains, respectively; it 
was 1.3 + 0.14 for cells from control rabbits. 

4. Discussion 

In the present study, we have considered several 
possible mechanisms that could contribute to the 
low atherosclerotic response in our strain of rab- 
bits in spite of prolonged exposure to high levels 
of plasma cholesterol. Feeding of cholesterol to 
rabbits results in elevation of plasma /3-VLDL 
and the latter has been shown to enhance mono- 
cyte adhesion to endothelium [19, 201. Among the 
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first questions posed was whether there might be a 
difference in the j?-VLDL of the LAR and HAR 
rabbits with respect to enhancement of monocyte 
adhesion to endothelium, which is the first step in 
the cellular sequence of events which culminates 
in atherogenesis [21]. In a model system, using a 
human monocyte cell line (U937) and human 
endothelial cells, /?-VLDL isolated from both 
strains of rabbits markedly enhanced monocyte 
adhesion, but there was no difference between 
LAR and HAR b-VLDL. The other parameter 
studied with respect to p-VLDL was the phos- 
pholipid composition in view of the chemotactic 
effect of lysophosphatidylcholine for monocyte 
recruitment [22, 231 and its role in upregulation of 
the expression of inducible leukocyte adhesion 
molecules [lo: 241. However, the lysophos- 
phatidylcholine content in p -VLDL isolated from 
the plasma of both strains did not differ. 

It is generally accepted that peroxidation of 
lipoproteins plays a prominent role in atherogene- 
sis [25,26] and the presence of oxidized LDL in 
arterial lesions supports this concept [27,28]. We 

60- 
HAR 

O- I t I 
PMA - + + 

Fig. 5. Induction of scavenger receptor activity in fibroblasts 
from HAR and LAR rabbits. Confluent cultures of fibroblasts 
from one HAR and one LAR rabbit were preincubated for 48 
h with or without PMA. Thereafter, cells were incubated for 4 
h with [‘251]-acLDL in presence and absence of a 25-fold 
excess of unlabeled acLDL. Noniodide degradation products 
in medium were determined. All data presented are after 
subtraction of nonspecific degradation. Values are means of 
triplicate dishes in each experiment, which agree within 10%. 

therefore investigated the peroxidative capacity of 
cells from LAR and HAR rabbits. So far, the two 
parameters of cell-mediated modification of LDL 
studied were loss of vitamin E and. formation of 
TBARS. In the classical studies by Esterbauer 
[29], it has been established that in the presence of 
Cuf + a relatively rapid loss of a-tocopherol 
from LDL preceded the generation of aldehydes. 
Incubation of alveolar macrophages and skin 
fibroblasts from LAR and HAR rabbits with 
human LDL resulted in a linear decrease of lipo- 
protein a-tocopherol which was followed by the 
generation of TBARS. The kinetics of 
macrophage-mediated depletion of a-tocopherol 
in human [‘251]-LDL were determined using 
mouse peritoneal macrophages and our findings 
are comparable in general to those reported ear- 
lier [ll]. However, we observed a much slower 
rate of a-tocopherol consumption, which may be 
explained by the use of native LDL in our studies, 
since iodination of lipoproteins has been shown to 
enhance peroxidation [30]. With respect to the 
parameters measured, fibroblasts and macro- 
phages from HAR and LAR rabbits exhib- 
ited the same peroxidative potential to modify 
LDL. The same was true using aortic SMC and 
j?-VLDL as substrate. 

Modified lipoproteins have been shown to be 
recognized by scavenger receptors present in 
macrophages and their uptake does result in 

Table 3 
Scavenger receptor induction in skin fibroblasts of HAR and 
LAR rabbits determined by degradation of [‘“SI]-acLDL 

Fihroblasts derived from 
rabbits 

Rabbit strain 
Rabbit cell donors (n) 
Experiments (n) 
Mean of A + PMA-PMA 
S.E. of mean 
P-value 

HAR LAR 
6 6 

11 12 
82.2 8.1 
23.6 8.6 

<O.Ol 

In each experiment, the degradation of [12jI]-acLDL was stud- 
ied in triplicate dishes with or without pretreatment with 50 
rig/ml of phorbol myristate acetate (PMA). Scavenger receptor 
stimulation was calculated as the difference (A) of degradation 
of [‘*‘I]-acLDL (ng/mg cell protein/4 h) determined in cells 
pretreated with or without PMA. P-value by t-test. 
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Table 4 
Analysis of scavenger receptor induction in skin fibroblasts of 
HAR and LAR rabbits determined by uptake of DiI-acLDL 

Fibroblasts derived from 
rabbits 

Rabbit strain 
Rabbit cell donors (n) 
Experiments (n) 
Mean of A + PMA-PMA 
S.E. of mean 
P-value 

HAR LAR 
3 3 
7 9 

1118 216 
250 61 

<O.OOl 

In each experiment, the uptake of DiI-acLDL was studied in 
triplicate dishes with or without pretreatment with 50 rig/ml of 
phorbol myristate acetate (PMA). Scavenger receptor stimula- 
tion was calculated as the difference (A) of uptake of DiI- 
acLDL (ng/mg cell protein/l5 h) determined in cells pretreated 
with or without PMA. P-value by t-test. 

cholesterol accretion [31]. The presence and in- 
ducibility of scavenger receptor has been demon- 
strated also in rabbit aortic smooth muscle cells 
and rabbit skin fibroblasts [18,32-341. Recently, 
scavenger receptor expression in rabbit SMC in 
vivo and its regulation by atherogenic diets was 
also reported [35]. In the present study, we com- 
pared the catabolism of acLDL by SMC and 
fibroblasts isolated from LAR and HAR rabbits 
prior to and after stimulation with phorbol ester. 
In analogy to the findings of Pitas [17, 33, 341, a 
very significant induction of the scavenger recep- 
tor activity, as evidenced by an enhanced degra- 
dation of [lz51]-acLDL or uptake of DiI-acLDL 
was demonstrated in cells from HAR rabbits. 
However, in SMC and fibroblasts derived from 
LAR rabbits, this stimulation of scavenger recep- 
tor activity was markedly attenuated. 

What could be the in vivo relevance of these 
findings? Oxidatively modified lipoproteins have 
been demonstrated in atherosclerotic vessels 
[27,28]. The scavenger receptor which can be in- 
duced in rabbit SMC has been shown to recognize 
oxidized lipoproteins in addition to acLDL [34]. 
The induction of scavenger receptor in SMC has 
been shown to proceed through activation of 
protein kinase C [18] by platelet secretory products 
[33]. Moreover, rabbit aortic SMC were shown to 
have increased scavenger receptor activity follow- 
ing incubation with interferon-gamma or tumor 

necrosis factor-alpha (TNF-ct) [35]. The activation 
of the scavenger receptor-mediated uptake of 
modified lipoproteins has been suggested to con- 
tribute to the formation of foam cells of SMC 
origin [33,34,35]. Thus, the impaired induction of 
scavenger receptors in cells of LAR rabbits could 
contribute to the attenuated development and de- 
layed onset of atherosclerosis. 
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