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 Epidemiological, genetic, and intervention studies have 
identifi ed apolipoprotein (apo) B-containing lipoproteins 
as a risk factor for atherosclerosis and ischemic vascular 
diseases. Apo B-containing particles consist of chylomi-
cron remnants, very low-density lipoproteins (VLDLs), in-
termediate density lipoproteins (IDLs), and low-density 
lipoproteins (LDLs). Most clinical and epidemiological data 
indicate a major role for LDL in atherogenesis ( 1 ). This is 
further supported by the development of premature athero-
sclerosis in patients with familial hypercholesterolemia 
characterized by very high LDL levels ( 2 ). However, cor-
relative and mechanistic data also support a potent 
proatherogenic role of remnant lipoproteins ( 3 ). In a sub-
stantial number of patients, especially those with the meta-
bolic syndrome or type 2 diabetes mellitus, hepatic 
clearance of remnant lipoproteins in the postprandial 
phase is delayed ( 3 ). Transendothelial migration and sub-
endothelial retention of these larger remnant lipoproteins 
may not be as great as that of smaller LDL particles, but 
they may deliver up to 40 times more cholesterol per par-
ticle to the arterial wall ( 4, 5 ). Remnant lipoproteins have 
been demonstrated in lesion-prone areas of the arterial 
wall ( 6, 7 ). Because many patients have elevated levels of 
both larger remnants and smaller LDL particles, intrinsic 
differences in the relative atherogenicity of these particles 
are diffi cult to analyze in humans. 

 A landmark experimental study by Véniant et al. ( 8 ) 
demonstrated that atherosclerosis is more pronounced in 
LDL receptor (LDLr)-defi cient apo B100-only mice than 
in apo E-defi cient apo B100-only mice despite similar 
plasma cholesterol levels. Because nearly all of plasma 
cholesterol is packed in smaller LDL particles in LDLr-
defi cient apo B100-only mice and in larger VLDL in apo 
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rabbits and heterozygous LDLr-defi cient (LDLr +/ �  ) rabbits 
with the same genetic background, LDLr +/ �   rabbits with a 
62.5% New Zealand White and 37.5% Japanese White back-
ground were intercrossed and heterozygous (12 males, 17 fe-
males) and homozygous (7 males, 12 females) littermates were 
included in the current study. To induce hypercholester-
olemia in LDLr +/ �   rabbits at a level that is approximately 
equivalent compared with LDLr  � / �   on normal chow, a diet 
containing 0.15% cholesterol at a daily food amount of 100 g 
was initiated at 3 months and continued for 18 months. Both 
homozygous and heterozygous LDLr-defi cient rabbits were 
euthanized for histological analysis at the age of 21 months. 
All experiments were conducted in conformity with the Public 
Health Service Policy on Humane Care and Use of Laboratory 
Animals and were approved by the Institutional Animal Care 
and Research Advisory Committee of the University of Leu-
ven. Blood sampling and determination of the LDLr genotype 
were performed as described before ( 21, 22 ). 

 Biochemical analyses 
 Lipoprotein ultracentrifugation and plasma lipid analysis 

were performed as described previously ( 21 ). Phospholipids 
were quantifi ed by the Wako Phospholipids B assay (Wako 
Chemical GMBH, Neuss, Germany) according to the instruc-
tions of the manufacturer. Plasma apo B100, apo B48, and apo 
E were quantifi ed by Western blot. After separation of 1  � l 
plasma in SDS-PAGE gels (6% gels for apo B; 12% gels for apo 
E), proteins were transferred to a nitrocellulose membrane 
(Amersham Biosciences, New York, NY) by wet blotting. Fol-
lowing overnight incubation with a 1:2,500 dilution of goat 
anti-human apo B antibody or a 1:1,000 dilution of goat anti-
human apo E antibody (both Rockland Inc., Gilbertsville, PA) 
and subsequent incubation with horseradish peroxidase-con-
jugated rabbit anti-goat antibody (DAKO, Glostrup, Denmark) 
in a 1:1,000 dilution, the membrane was developed using ECL 
detection reagent (Amersham Biosciences). Apo B100, apo 
B48, and apo E levels (molecular weights 515 kDa, 250 kDa, 
and 34 kDa, respectively) were quantifi ed on scanned fi lms us-
ing Image J software (Wayne Rasband, National Institutes of 
Health). 

 Determination of the apo E mass/apo B mass ratio in 
VLDL, IDL, and LDL lipoprotein fractions by Western 
blot 

 See Supplementary Materials and Methods. 

 Analysis of plasma lipoprotein size by dynamic light 
scattering 

 Dynamic light scattering experiments were performed with 
a Brookhaven 90 Plus nanoparticle size analyzer (Brookhaven 
Instruments Corporation, Holtsville, NY) at room tempera-
ture. Scattered laser light (659 nm, 15 mW) was detected un-
der an angle of 90°. The fl uctuations in the scattered laser 
light intensity were correlated by a digital autocorrelator (200 
channels between 0.1 µs and 0.1 s). Correlation functions were 
analyzed with Igor Pro 6.02A (WaveMetrics Inc., Lake Oswego, 
OR). The modeling of Decay kinetics with the Clementine 
package (Maximum Entropy method) resulted in intensity 
weighted distribution functions versus decay times. By con-
verting the decay times with instrument parameters and 
Stokes-Einstein law to hydrodynamic diameters, an intensity 
weighted size distribution was obtained. Peak positions were 
fi tted with a log-normal function to obtain the average diame-
ter of each lipoprotein particle population. 

E-defi cient apo B100-only mice, this suggests that LDL is 
more proatherogenic than VLDL. One of the limitations 
of this study is that the presence or absence of apo E may 
affect atherosclerosis progression independent of lipopro-
tein levels. Apo E is not only required for the clearance of 
remnant lipoproteins but is also expressed by macrophages 
and smooth muscle cells in the vascular wall ( 9–12 ). Vascu-
lar apo E expression results in pleiotropic antiatherogenic 
effects such as stimulation of reverse cholesterol transport, 
antioxidant activity, antiproliferative effects on T-lympho-
cytes, and inhibition of smooth muscle cell proliferation 
( 9–13 ). 

 Clinical observations and pathological data from the 
Pathobiological Determinants of Atherosclerosis in Youth 
study strongly suggest that the effect of cardiovascular risk 
factors on atherogenesis is dependent on the topographic 
site ( 14–16 ). Several murine studies have demonstrated 
site-specifi c effects of therapeutic interventions, of differ-
ent types of immunodefi ciency, or of genetic defi ciencies 
( 16, 17 ). Atherosclerosis in patients with type III hyper-
lipoproteinemia, characterized by the presence of large 
amounts of chylomicron and VLDL remnants, tends to 
affect peripheral and cerebral vessels more commonly 
than in patients with familial hypercholesterolemia ( 18 ). 
Although genetic and other confounding factors may 
account for this difference, the relative atherogenicity of 
VLDL and LDL may be dependent on the topographic 
site. To test this hypothesis, we designed a study compar-
ing atherosclerosis at four different topographic sites in 
homozygous LDLr-defi cient rabbits fed normal chow and 
heterozygous LDLr-defi cient rabbits fed a 0.15% choles-
terol diet to match plasma cholesterol levels. The main 
difference in lipoprotein composition between these rab-
bits is higher LDL levels in the former and higher  � -VLDL 
levels in the latter. Heterozygous and homozygous litter-
mates born from heterozygous breeding couples were 
included to minimize variation in genetic background. 
Our results show that the intimal area at 21 months is 
higher in homozygous LDLr-defi cient rabbits than in 
heterozygous LDLr-defi cient rabbits specifi cally in those 
topographic sites where intimal apo E levels were signifi -
cantly lower compared with heterozygous LDLr-defi cient 
rabbits. 

 MATERIALS AND METHODS 

 Animal experiments 
 New Zealand White rabbits were obtained from the Univer-

sity of Gent (Merelbeke, Belgium). Watanabe Heritable Hy-
perlipidemic rabbits ( 19, 20 ), characterized by homozygous 
LDLr defi ciency, were originally obtained from Charles River 
(Cléon, France). These rabbits with 100% Japanese White 
background were crossed with New Zealand White rabbits and 
the heterozygous female offspring was backcrossed with the 
homozygous males. The homozygous offspring was further 
backcrossed with 100% New Zealand White rabbits, until 
heterozygous LDLr-defi cient rabbits in a fi nal background of 
62.5% New Zealand White and 37.5% Japanese White were 
generated. To generate homozygous LDLr-defi cient (LDLr  � / �  ) 
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 RESULTS 

 Feeding a 0.15% cholesterol diet to LDLr +/ �   rabbits 
results in similar plasma cholesterol but higher VLDL 
cholesterol and lower LDL cholesterol levels than in 
LDLr  � / �   rabbits fed normal chow 

 Heterozygous and homozygous littermates born from 
heterozygous LDLr-defi cient breeding couples were 
included in the study to minimize variation in genetic 
background. A 0.15% cholesterol diet was initiated in 
heterozygous LDLr-defi cient rabbits at the age of 3 months 
to match plasma cholesterol levels with chow-fed homozy-
gous LDLr-defi cient rabbits. Lipoprotein levels in both 
LDLr +/ �   and LDLr  � / �   rabbits were determined at the age 
of 3 months, 4 months, 5 months, 6 months, and subse-
quently every 3 months till the age of 21 months. Average 
cholesterol concentrations for the 18 month time period 
in different lipoprotein classes isolated by ultracentrifuga-
tion are shown in   Table 1  . Plasma cholesterol levels were 
similar in male LDLr +/ �   diet rabbits compared with male 
LDLr  � / �   rabbits ( Table 1 ). In LDLr  � / �   rabbits, average 
plasma cholesterol was 1.3-fold ( P  < 0.0001) higher in fe-
males compared with males. Because no sex difference of 
plasma cholesterol in LDLr +/ �   diet rabbits was observed, 
levels were 1.2-fold ( P  < 0.01) lower in LDLr +/ �   diet fe-
males than in LDLr  � / �   females. Major differences in lipo-
protein class cholesterol were observed for VLDL and LDL 
particles. VLDL cholesterol in male and female LDLr +/ �   
diet rabbits was 3.0-fold ( P  < 0.0001) and 1.5-fold ( P  < 
0.0001) higher, respectively, than in their LDLr  � / �   coun-
terparts. In contrast, LDL cholesterol was 2.4-fold ( P  < 
0.0001) and 2.5-fold ( P  < 0.0001) lower in male and female 
LDLr +/ �   diet rabbits, respectively, than in their LDLr  � / �   
counterparts. No signifi cant differences in HDL choles-
terol levels were observed between both genotypes. Aver-
age plasma triglycerides were 1.5-fold ( P  = NS) and 3.7-fold 
( P  < 0.0001) lower in male and female LDLr +/ �   diet rab-
bits, respectively, compared with LDLr  � / �   rabbits ( Table 
1 ). This was predominantly due to 2.9-fold ( P  < 0.05) and 
6.5-fold ( P  < 0.0001) lower levels of triglycerides in IDL in 
male and female LDLr +/ �   diet rabbits, respectively, than in 
LDLr  � / �   rabbits ( Table 1 ). The phospholipid content of 
different lipoproteins in LDLr +/ �   diet rabbits and LDLr  � / �   
rabbits is provided in supplementary Table I. Diameters of 
VLDL, IDL, and LDL isolated from female LDLr +/ �   diet 
and LDLr  � / �   rabbits were determined by dynamic light 
scattering and are provided in   Table 2  . No signifi cant dif-
ferences in these diameters were observed between both 
models of hyperlipidemia. To confi rm LDL particle size 
determined by dynamic light scattering, non-denaturing 
gel electrophoresis was performed on LDL fractions ob-
tained by ultracentrifugation. Size distribution of LDL 
particles of the four different rabbit groups are shown in 
supplementary Figure I. Peak diameters ranged from 22.4 
nm to 25.8 nm. For both sexes, LDL size distribution was 
similar in LDLr +/ �   diet and LDLr  � / �   rabbits. 

 Consistent with differences in the relative content of 
VLDL and LDL, plasma apo B100 levels quantifi ed 
by Western blot were 1.5-fold ( P  < 0.0001) and 2.3-fold 

 Non-denaturing gel electrophoresis for LDL particle size 
determination 

 See Supplementary Materials and Methods. 

 Histological analyses 
 At the age of 21 months, cholesterol-fed LDLr +/ �   rabbits (n = 

29) and chow-fed LDLr  � / �   rabbits (n = 19) were anesthetized 
with 12.5 mg/kg Ketamine 1000 Ceva ®  (Ceva Animal Care, Brus-
sels, Belgium) and 5 mg/kg Rompun ®  (Bayer, Gent, Belgium) 
subcutaneously and euthanized by intravenous injection of an 
overdose of sodium pentobarbital together with heparin (100 
mg/kg, intravenous) to prevent post mortem clotting. The entire 
aorta from the heart to the iliac arteries was excised, immersed in 
Dulbecco’s Modifi ed Eagle Medium (Gibco ® , Carlsbad, CA), and 
adventitial fat was removed. At four distinct locations throughout 
the arterial tree (ascending thoracic aorta, descending thoracic 
aorta, abdominal aorta at the level of the renal arteries, and the 
abdominal aorta just above the bifurcation), two adjacent seg-
ments were excised. Proximal segments at each location were 
embedded in OCT compound and snap-frozen in liquid nitro-
gen. Caudal segments were immersion fi xed in 1% paraformal-
dehyde overnight followed by paraffi n embedding. Then 7 
µm-thick paraffi n-embedded sections were stained with hema-
toxylin and eosin for quantifi cation of the intimal, medial, and 
luminal area at 170 µm spaced intervals. Intimal area was quanti-
fi ed as the area between the internal elastical membrane and the 
endothelial lining. At each location, fi ve sections were analyzed 
per rabbit and the average value was used to represent that ani-
mal for statistical purposes. 

 To determine the relative collagen content in the intima, par-
affi n sections stained with Sirius red (Sigma-Aldrich, Steinheim, 
Germany) were observed under polarized light ( 23 ), and the 
thick, tightly packed red-colored collagen fi bers were quantifi ed 
as percentage of the intimal area. Relative lipid content within 
the lesions was determined by staining cryosections with Oil Red 
O (BDH Laboratory Supplies, Poole, UK). For all stainings, com-
puter-assisted image analysis was performed using KS300 software 
(Zeiss, Zaventem, Belgium). 

 Paraffi n-embedded sections were immunostained with mouse 
anti-rabbit RAM11 (DAKO; 1:50 dilution), mouse anti-human 
smooth muscle  � -actin (DAKO; 1:500 dilution), goat anti-
human apo B (Rockland Inc.; 1:200 dilution), goat anti-human 
apo E (Rockland Inc.; 1:100 dilution), and the monoclonal 
anti-LPL antibody 5D2 (MAb 5D2 kindly provided by Dr. J. 
Brunzell, University of Washington, Seattle, WA; 1:100 dilu-
tion). The relative macrophage, smooth muscle cell, apo B, apo 
E, and LPL content as percentage of intimal area within the red 
color range of the spectrum were determined by computer as-
sisted image analysis using KS300 software (Zeiss). For all quan-
tifi cations, fi ve sections were analyzed per rabbit at each location 
and the average value was used to represent that animal for sta-
tistical purposes. 

 Statistical analysis 
 Data are expressed as means ± SEM. Areas under the curve 

were calculated using Prism4 (GraphPad Software, San Diego, 
CA). Lipid and histological parameters were compared between 
LDLr +/ �   diet and LDLr  � / �   rabbits by a Student’s  t -test (Graph-
Pad Software). Multiple regression analyses to adjust for plasma 
cholesterol, plasma triglycerides, and sex were performed by Sta-
tistica 7.1 (Statsoft, Tulsa, OK). The assumption of normality was 
verifi ed by a Normal Probability Plot and Shapiro-Wilk test. Pear-
son correlation coeffi cients and semipartial Pearson correlation 
coeffi cients were calculated by Statistica 7.1 (Statsoft). A two-
sided  P -value < 0.05 was considered statistically signifi cant. 
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higher, respectively, in LDLr  � / �   rabbits than in LDLr +/ �   
diet rabbits. A subgroup analysis performed per sex showed 
that this difference was signifi cant ( P  < 0.05) for both sexes 
in the ascending aorta, whereas at the level of the renal 
arteries, the difference between LDLr  � / �   rabbits and 
LDLr +/ �   diet rabbits was only statistically signifi cant ( P  < 
0.01) in females. No signifi cant differences in intimal area 
were observed between both models of hyperlipidemia at 
the descending thoracic aorta or the abdominal aorta just 
above the bifurcation. However, a trend for higher intimal 
area in LDLr  � / �   rabbits was observed at the latter site. 

 Because the main difference between LDLr +/ �   diet rab-
bits and LDLr  � / �   rabbits is the amount of VLDL and LDL 
cholesterol, the data in  Table 3  suggest that the relative 
atherogenicity of VLDL and LDL is dependent on the to-
pographic site. However, differences of plasma choles-
terol, plasma triglycerides, and sex may have contributed 
to the observed differences in  Table 3 . Therefore, multiple 
regression analyses were performed by using intimal area 
as dependent variable and plasma cholesterol ( Table 1 ), 
plasma triglycerides ( Table 1 ), LDLr genotype/diet 
(LDLr  � / �   chow / LDLr +/ �   0.15% diet), and sex as inde-
pendent variables. At the level of the ascending thoracic 
aorta, LDLr genotype/diet was an independent determi-
nant ( P  < 0.05) of the intimal area after adjustment for 
plasma cholesterol, plasma triglycerides, and sex, whereas 
the other regressors were not signifi cant predictors. Sex 
was an independent determinant ( P  < 0.05) of the intimal 
area in the abdominal aorta at the level of the renal arter-
ies. Therefore, separate multiple regression analyses were 
performed in both sexes. Multiple regression analysis in 
male rabbits did not show an independent predictor of 
the intimal area. In female rabbits, LDLr genotype/diet 

( P  < 0.0001) lower in male and female LDLr +/ �   diet rab-
bits, respectively, compared with LDLr  � / �   rabbits. No sig-
nifi cant differences of apo B48 levels were observed ( Table 
1 ). Plasma apo E levels were not signifi cantly different be-
tween male LDLr +/ �   diet and male LDLr  � / �   rabbits and 
were 1.4-fold ( P  < 0.001) higher in female LDLr +/ �   diet 
rabbits compared with female LDLr  � / �   rabbits ( Table 1 ). 
The apo E mass/apo B mass ratio of different lipoproteins 
(expressed in arbitrary units) is provided in supplemen-
tary Table I. These ratios are signifi cantly higher in IDL 
and LDL of LDLr +/ �   diet rabbits than in the respective 
lipoproteins of LDLr  � / �   rabbits (supplementary Table I). 

 The relative atherogenicity of VLDL and LDL is 
dependent on the topographic site 

 Atherosclerosis was quantifi ed at the age of 21 months 
in the ascending thoracic aorta, the descending thoracic 
aorta at the level of the ligamentum arteriosum, the ab-
dominal aorta at the level of the renal arteries, and the 
abdominal aorta just above the bifurcation. The intimal 
area is indicated in   Table 3   and representative sections are 
shown in   Fig. 1  . The intimal area in the ascending thoracic 
aorta and in the abdominal aorta at the level of the renal 
arteries was 1.4-fold ( P  < 0.05) and 1.5-fold ( P  < 0.05) 

 TABLE 1. Average VLDL, IDL, LDL, HDL, and plasma cholesterol and triglyceride levels (mg/dl), and 
plasma apo B100, apo B48, and apo E levels in heterozygous LDLr-defi cient rabbits fed a 0.15% 

cholesterol diet or in homozygous LDLr-defi cient rabbits fed normal chow 

LDLr +/ �   Diet LDLr  � / �  

Male Female Male Female

VLDL cholesterol 190 ± 8.5 170 ± 7.3 64 ± 2.8**** 110 ± 3.0  c,  ****
IDL cholesterol 210 ± 8.0 230 ± 14 180 ± 10* 280 ± 6.2  c,  ****
LDL cholesterol 82 ± 9.1 68 ± 4.0 200 ± 10**** 170 ± 8.8  a,  ****
HDL cholesterol 24 ± 1.7 26 ± 1.0 25 ± 2.0 23 ± 1.3
Plasma cholesterol 500 ± 19 500 ± 19 470 ± 14 590 ± 14  c,   ** 
VLDL triglycerides 29 ± 4.9 9.0 ± 3.5  a  27 ± 1.2 41 ± 3.8  a,   *** 
IDL triglycerides 39 ± 1.6 23 ± 4.5  a  120 ± 26* 150 ± 11****
LDL triglycerides 38 ± 8.1 17 ± 6.5 40 ± 12 30 ± 4.5
HDL triglycerides 23 ± 4.1 13 ± 3.8 10 ± 3.5 9.1 ± 4.0
Plasma triglycerides 130 ± 29 62 ± 6.3  a  190 ± 18 230 ± 21****
Plasma apo B100 1.0 ± 0.049 0.83 ± 0.12 1.5 ± 0.078**** 1.9 ± 0.059  b,  ****
Plasma apo B48 0.11 ± 0.0089 0.090 ± 0.015 0.088 ± 0.014 0.071 ± 0.020
Plasma apo E 1.0 ± 0.074 1.1 ± 0.061 0.89 ± 0.11 0.84 ± 0.045***

Data are expressed as means ± SEM (n = 7 to 10 for each condition). The atherogenic diet was initiated in the 
heterozygous rabbits at the age of 3 months. Lipoproteins were isolated by ultracentrifugation of plasma samples 
obtained at the age of 3 months, 4 months, 5 months, 6 months, and subsequently every 3 months till the age of 21 
months. Average values for the 18 months follow-up period were obtained by dividing the area under the curve by 
time. Plasma apo B100 and apo B48 levels are expressed relative to the apo B100 value in male LDLr +/ �   rabbits on 
diet. Plasma apo E levels are expressed relative to the apo E value in male LDLr +/ �   rabbits on diet. *:  P  < 0.05, **: 
 P  < 0.01, ***:  P  < 0.001, ****:  P  < 0.0001 for difference between heterozygous rabbits on diet and homozygous 
rabbits.

  a    P  < 0.05.
  b    P  < 0.001.
  c    P  < 0.0001 for sex difference.

 TABLE 2. Diameter of VLDL, IDL, and LDL in female rabbits 

LDLr +/ �   Diet LDLr  � / �  

VLDL 61 ± 11 60 ± 11
IDL 33 ± 2.8 33 ± 5.3
LDL 27 ± 0.40 25 ± 1.9

Data are expressed in nm and represent means ± SEM (n = 4). 
Diameters were determined by dynamic light scattering using a 
Brookhaven 90 Plus nanoparticle size analyzer.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 
.html 
http://www.jlr.org/content/suppl/2010/01/19/jlr.M003509.DC1
Supplemental Material can be found at:

http://www.jlr.org/


1482 Journal of Lipid Research Volume 51, 2010

LDLr +/ �   diet rabbits at location of the ascending thoracic 
aorta and the abdominal aorta at the level of the renal ar-
teries, respectively ( Table 4 ). No signifi cant differences in 
collagen content were observed at the other two topo-
graphic locations. Immunohistochemistry for the detec-
tion of smooth muscle  � -actin positive smooth muscle cells 
and RAM11 positive macrophages revealed a 2.6-fold ( P  < 
0.001) higher smooth muscle cell content and a 1.7-fold 
( P  < 0.05) lower macrophage content in the intima of 
LDLr  � / �   rabbits compared with LDLr +/ �   diet rabbits at 
the level of the descending thoracic aorta, whereas no sta-
tistical signifi cant differences were observed for the other 
locations ( Table 4 ). Oil Red O staining showed that the 
percentage lipid covered intimal area was 1.2-fold ( P  < 
0.01) lower and 1.2-fold ( P  < 0.05) lower in LDLr  � / �   rab-
bits than in LDLr +/ �   diet rabbits at the ascending thoracic 
aorta and at the abdominal aorta just above the bifurca-
tion, respectively ( Table 4 ), but not at the other two sites 
( Table 4 ). Immunohistochemical quantifi cation of lipo-
protein lipase (LPL) showed that the percentage LPL pos-
itive intimal area was 1.7-fold ( P  < 0.01) higher in LDLr  � / �   
rabbits than in LDLr +/ �   diet rabbits at the level of the de-
scending thoracic aorta, whereas no statistically signifi cant 
differences were observed at other sites, similar as for apo 
B ( Table 4 ). Consistent with a role of LPL in lipoprotein 
retention, the percentage apo B positive intimal area was 
1.8-fold ( P  < 0.01) higher in LDLr  � / �   rabbits than in 
LDLr +/ �   diet rabbits at the level of the descending tho-
racic aorta, whereas no statistically signifi cant differences 
were observed at other sites ( Table 4 ). Intimal apo E levels 
were 1.8-fold ( P  < 0.001), 2.0-fold ( P  < 0.0001), and 1.9-
fold ( P  < 0.001) higher at the level of the ascending tho-
racic aorta, the abdominal aorta at the level of the kidneys, 
and the abdominal aorta at the level of the bifurcation, 
respectively, in LDLr +/ �   diet rabbits than in LDLr  � / �   rab-
bits. No signifi cant difference of intimal apo E was ob-
served at the level of the descending thoracic aorta ( Table 
4 ). High magnifi cation multipanel images of the different 
pathological parameters incorporated in  Table 4  are 
shown in supplementary Figures II, III, IV, and V for 
LDLr +/ �   diet rabbits. Extracellular localization of lipids 
and apolipoproteins and colocalization of apolipoproteins 

was an independent determinant ( P  < 0.05) of the intimal 
area in the abdominal aorta at the level of the renal arter-
ies after adjustment for plasma cholesterol ( P  = NS) and 
plasma triglycerides ( P  = NS). In a secondary multivariate 
analysis, average lipid values refl ecting the entire lifespan 
of the rabbits instead of average lipid values correspond-
ing to month 3 until month 21 ( Table 1 ) were entered in 
the model to account for the absence of signifi cant hyper-
lipidemia in LDLr +/ �   rabbits in the fi rst 3 months of life. 
The secondary analysis confi rmed the results of the pri-
mary analysis. Taken together, LDLr genotype/diet is an 
independent determinant of atherosclerosis in the ascend-
ing aorta in both sexes and in the abdominal aorta at the 
level of the renal arteries in female rabbits after adjust-
ment for plasma cholesterol and plasma triglycerides. 
Because heterozygous and homozygous LDLr-defi cient 
rabbits are littermates and thus have a similar genetic 
background, LDLr +/ �   diet and LDLr  � / �   rabbits only differ 
in the relative distribution of their lipoproteins. Thus, 
LDLr genotype/diet as an independent determinant of 
the intimal area in two topographic sites but not in the two 
others strongly suggests that the relative atherogenicity of 
VLDL and LDL is dependent on the topographic site. 

 The correlation between plasma cholesterol levels and 
intimal area was low at most topographic sites (supple-
mentary Table II), which may refl ect the absence of major 
interindividual differences of plasma cholesterol levels in 
LDLr +/ �   diet rabbits and in LDLr  � / �   rabbits of the same 
sex. 

 Differences of the histological composition of 
atherosclerotic lesions between LDLr +/ �   diet and 
LDLr  � / �   rabbits are dependent on the topographic site 

 To further evaluate differences in atherogenesis be-
tween LDLr +/ �   diet and LDLr  � / �   rabbits, the histological 
composition of the lesions was evaluated by quantifi cation 
of the relative amount of collagen, smooth muscle cells, 
macrophages, and Oil Red O positive area (  Table 4  ). 
Quantifi cation of the intimal collagen content by picro-
Sirius red staining and visualization by polarized light 
showed 1.3-fold ( P  < 0.001) and 1.2-fold ( P  < 0.05) higher 
collagen content in LDLr  � / �   rabbits compared with 

 TABLE 3. Intimal area at different topographic locations determined at the age of 21 months in heterozygous 
LDLr -efi cient rabbits fed a 0.15% cholesterol diet and in homozygous LDLr-defi cient rabbits 

Ascending 
Thoracic Aorta

Descending 
Thoracic Aorta

Abdominal 
Aorta Kidney

Abdominal Aorta 
Bifurcation

Both sexes
 LDLr +/ �   diet (n = 29) 9.7 ± 0.57 6.3 ± 0.45 1.2 ± 0.14 0.32 ± 0.055
 LDLr  � / �   (n = 19) 14 ± 1.0** 5.8 ± 0.49 1.9 ± 0.19** 0.47 ± 0.12
Male rabbits
 LDLr +/ �   diet (n = 12) 11 ± 0.88 5.9 ± 0.60 1.2 ± 0.28 0.21 ± 0.069
 LDLr  � / �   (n = 7) 14 ± 1.2* 5.1 ± 0.73 1.3 ± 0.33 0.44 ± 0.098
Female rabbits
 LDLr +/ �   diet (n = 17) 9.0 ± 0.71 6.6 ± 0.65 1.3 ± 0.15 0.40 ± 0.075
 LDLr  � / �   (n = 12) 14 ± 1.5** 6.2 ± 0.63 2.2 ± 0.19  a,   *** 0.48 ± 0.18

Data are expressed in mm 2  and represent means ± SEM. The atherogenic diet was initiated in the heterozygous 
rabbits at the age of 3 months. Both cholesterol-fed LDLr +/ �   rabbits and chow-fed LDLr  � / �   rabbits were euthanized 
for histological analysis at the age of 21 months. *:  P  < 0.05, **:  P  < 0.01, ***:  P  < 0.001 for comparison of LDLr +/ �   
diet versus LDLr  � / �  .

  a    P  < 0.05 for sex difference.
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difference between both hyperlipidemia models is the 
content of cholesterol in VLDL and LDL particles. The 
main fi ndings of the current study are: 1) LDL is more 
pro-atherogenic than VLDL in the ascending thoracic 
aorta and the abdominal aorta at the level of the kidneys 
but clearly not at the level of the descending thoracic 
aorta; 2) LPL levels in the intima were higher in LDLr  � / �   
rabbits at the level of the descending thoracic aorta and 
this coincides with higher intimal apo B levels at this site; 
and 3) intimal apo E levels are strikingly higher in those 
sites in LDLr +/ �   diet rabbits with less atherosclerosis than 
in LDLr  � / �   rabbits, whereas no difference of intimal apo 
E is observed at the level of the descending thoracic aorta. 
Taken together, these data suggest that intimal apo E lev-
els may play a role in the topographic differences in the 
relative atherogenicity of VLDL and LDL. 

 The 0.15% cholesterol diet in LDLr +/ �   rabbits was cho-
sen to match plasma cholesterol levels with male LDLr  � / �   
rabbits. Similarly as described before by Havel et al. ( 24 ), 
female LDLr  � / �   rabbits have higher plasma cholesterol 
levels than their male counterparts. Therefore, matching 
of cholesterol levels between different groups was imper-
fect. In addition, LDLr +/ �   diet rabbits and LDLr  � / �   rabbits 
differ in plasma triglyceride levels. Hypertriglyceridemia 
in LDLr  � / �   rabbits refl ects triglyceride accumulation in 
both VLDL, IDL, and LDL, similarly as previously de-
scribed ( 24 ). The high levels of triglycerides in IDL in 
LDLr  � / �   rabbits are related to low hepatic lipase activity 
( 25 ). In contrast, remnant lipoproteins in cholesterol-fed 
rabbits are triglyceride poor ( 26 ). To adjust for differences 
in plasma cholesterol, plasma triglycerides, and sex, we 
performed a multiple regression analysis to evaluate 
whether the LDLr genotype/diet was an independent de-
terminant of the intimal area. Our data show that LDLr 
genotype/diet is an independent determinant of the inti-
mal area in the ascending thoracic aorta in both sexes and 
in the abdominal aorta at the level of the renal arteries in 
female rabbits. LDLr genotype/diet in a multiple regres-
sion model adjusted for plasma cholesterol, plasma triglyc-
erides, and sex essentially refl ects differences in lipoprotein 
classes. First, a critical aspect in the design of the current 
study was that only heterozygous and homozygous litter-
mates born from heterozygous breeding couples were in-
cluded so that the genetic background is similar in LDLr +/ �   
and LDLr  � / �   rabbits. Second, LDLr expression in the vas-
cular wall does not affect atherogenesis ( 27 ). Therefore, 
our data strongly suggest that whether LDL is more 
proatherogenic than VLDL is dependent on the topo-
graphic site. 

 LPL is produced by macrophages or smooth muscle 
cells ( 28, 29 ) in the vascular wall and promotes lipopro-
tein retention ( 5 ), whereas apo E, lipoprotein derived or 
produced locally by macrophages ( 28 ) or smooth muscle 
cells ( 11 ), has pleiotropic anti-atherogenic effects ( 9–13 ). 
Intimal LPL levels were higher in LDLr  � / �   rabbits in the 
thoracic aorta at the level of the ligamentum arteriosum 
and this coincided with higher intimal apo B levels com-
pared with LDLr +/ �   diet rabbits. However, the intimal area 
was not different between both models of hyperlipidemia 

with LPL is illustrated in supplementary Figure VI for 
LDLr  � / �   rabbits. 

 DISCUSSION 

 In the current study, complex atherosclerotic lesions 
were compared at four different topographic sites in ho-
mozygous LDLr-defi cient rabbits and heterozygous LDLr-
defi cient rabbits fed 0.15% cholesterol to match plasma 
cholesterol levels with LDLr  � / �   rabbits. The principal 

  Fig.   1.  Representative hematoxylin and eosin stained sections of 
the ascending thoracic aorta (A, B), the descending thoracic aorta 
(C, D), the abdominal aorta at the level of the renal arteries (E, F), 
and the abdominal aorta just above the bifurcation (G, H) in 
heterozygous LDLr-defi cient rabbits fed a 0.15% cholesterol diet 
(left panels) and in homozygous LDLr-defi cient rabbits (right 
panels).   
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 Whereas the results of the current manuscript suggest 
that the atherogenicity of VLDL and LDL is dependent 
on the topographic site, several issues should be consid-
ered in the interpretation of the current study. First, the 
composition of VLDL, IDL, and LDL particles differs be-
tween LDLr +/ �   diet rabbits and LDLr  � / �   rabbits. There-
fore, other factors than quantitative differences in the 
amount of VLDL cholesterol and LDL cholesterol be-
tween both conditions may contribute to the observed 
topographic differences in atherosclerosis susceptibility. 
Second, VLDL in cholesterol-fed rabbits represents 
 � -VLDL and differs in composition from classical human 
VLDL or even human cholesterol-enriched VLDL. Third, 
differential retention of apo B48 containing lipoproteins 
versus apo B100 containing lipoproteins may be model 
dependent as previously shown by Proctor and Mamo 
( 31 ) and may contribute to the observed differences. 
Fourth, rabbit LDL contains apo E (32, 33) in contrast to 
human LDL ( 34 ). 

 In conclusion, the current study using genetically 
matched rabbits suggests that the relative atherogenicity 
of VLDL and LDL is dependent on the topographic site. 
Intimal apo E levels may play an important role in these 
topographic differences.  

at this site. In contrast, intimal apo E levels were signifi -
cantly lower in LDLr  � / �   rabbits than in LDLr +/ �   diet rab-
bits in those topographic sites where LDL is signifi cantly 
more atherogenic than VLDL (ascending thoracic aorta, 
abdominal aorta at the level of the kidneys) or where LDL 
tends to be more atherogenic than VLDL (lower abdomi-
nal aorta at the level of the bifurcation). Taken together, 
the observed differences of intimal apo E levels may play 
an important role in the topographic differences in the 
relative atherogenicity of VLDL and LDL. 

 We euthanized LDLr +/ �   diet rabbits and LDLr  � / �   rab-
bits at the same age of 21 months. Thus, the exposure time 
to hyperlipidemia was slightly different in LDLr +/ �   rabbits 
fed a 0.15% cholesterol diet initiated after weaning at the 
age of 3 months and LDLr  � / �   rabbits exposed to genetic 
hyperlipidemia starting in utero. However, because aging 
has a major impact on atherosclerosis development in rab-
bits ( 30 ), histological analysis at the same age is more im-
portant than an identical cholesterol exposure time. 
Furthermore, when we accounted for the absence of sig-
nifi cant hyperlipidemia in LDLr +/ �   diet rabbits in the 
fi rst 3 months of life in a secondary multivariate analy-
sis, the results of the primary multivariate analysis were 
confi rmed. 

 TABLE 4. Histological composition of intimal lesions at different topographic locations determined at the age 
of 21 months in heterozygous LDLr-defi cient rabbits fed a 0.15% cholesterol diet initiated at the age of 3 

months and in homozygous LDLr-defi cient rabbits 

Ascending 
Thoracic Aorta

Descending 
Thoracic Aorta

Abdominal 
Aorta Kidney

Abdominal Aorta 
Bifurcation

Collagen
(% intimal area)

 LDLr +/ �   diet 39 ± 1.5 21 ± 1.5 26 ± 1.9 32 ± 2.3
 LDLr  � / �  30 ± 2.0*** 21 ± 1.9 21 ± 1.3* 26 ± 2.1
Smooth muscle cells 

(% intimal area)
 LDLr +/ �   diet 0.71 ± 0.092 0.61 ± 0.093 0.98 ± 0.14 1.7 ± 0.22
 LDLr  � / �  0.64 ± 0.19 1.6 ± 0.21*** 1.0 ± 0.10 1.1 ± 0.17
Macrophages

(% intimal area)
 LDLr +/ �   diet 1.0 ± 0.086 1.3 ± 0.20 1.2 ± 0.20 1.3 ± 0.23
 LDLr  � / �  0.89 ± 0.10 0.76 ± 0.096* 0.99 ± 0.22 1.2 ± 0.40
Oil Red O area

(% intimal area)
 LDLr +/ �   diet 11 ± 0.65 5.7 ± 0.26 7.8 ± 0.42 7.3 ± 0.44
 LDLr  � / �  9.0 ± 0.52** 6.2 ± 0.19 7.3 ± 0.35 6.1 ± 0.41*
LPL

(% intimal area)
 LDLr +/ �   diet 3.6 ± 0.26 3.4 ± 0.40 3.6 ± 0.37 4.8 ± 0.34
 LDLr  � / �  4.2 ± 0.43 5.8 ± 0.67** 3.9 ± 0.41 5.1 ± 0.50
Apo B

(% intimal area)
 LDLr +/ �   diet 6.3 ± 0.89 5.5 ± 0.52 4.7 ± 0.45 4.8 ± 0.79
 LDLr  � / �  6.1 ± 0.84 9.7 ± 1.1** 6.6 ± 0.88 5.9 ± 1.2
Apo E

(% intimal area)
 LDLr +/ �   diet 11 ± 1.1 10 ± 0.51 12 ± 1.0 9.1 ± 0.88
 LDLr  � / �  6.2 ± 0.69*** 9.9 ± 0.73 5.9 ± 0.68*** 4.9 ± 0.68***

Data are pooled for both sexes (n = 29 for LDLr +/ �   diet and n = 19 for LDLr  � / �  ) and represent means ± SEM. 
The contribution of male and female rabbits to pooled data is identical as in  Table 3 . For each parameter, the 
relative content as percentage of the intimal area was determined within the red/brown color range of the spectrum 
on high resolution images of complete cross-sections. For the relative collagen content, Sirius red stained slides 
were observed under polarized light and the red-colored collagen fi bers were quantifi ed as percentage of the 
intimal area. All data were obtained by computer assisted image analysis. *:  P  < 0.05, **:  P  < 0.01, ***:  P  < 0.001 for 
comparison of LDLr +/ �   diet rabbits versus LDLr  � / �   rabbits.
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