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Abstract

Apolipoprotein E3-Leiden (APOE*3-Leiden) transgenic mice
have been used to study the effect of different cholesterol-con-
taining diets on the remnant lipoprotein levels and composition
and on the possible concurrent development of atherosclerotic
plaques. On high fat/cholesterol (HFC) diet, the high ex-
pressing lines 2 and 181 developed severe hypercholesterol-
emia (up to 40 and 60 mmol/liter, respectively), whereas tri-
glyceride levels remained almost normal when compared with
regular mouse diet. The addition of cholate increased the hy-
percholesterolemic effect of this diet. In lines 2 and 181, serum
levels of apo E3-Leiden also increased dramatically upon cho-
lesterol feeding (up to 107 and 300 mg/dl, respectively). In
these high expressing APOE*3-Leiden transgenic mice, the
increase in both serum cholesterol and apo E3-Leiden occurred
mainly in the VLDL/LDL-sized fractions, whereas a consider-
able increase in large, apo E-rich HDLparticles also occurred.
In contrast to the high expressing lines, the low expressing line
195 reacted only mildly upon HFCdiet.

On HFCdiets, the high expresser APOE*3-Leiden mice
developed atherosclerotic lesions in the aortic arch, the descend-
ing aorta, and the carotid arteries, varying from fatty streaks
containing foam cells to severe atherosclerotic plaques contain-
ing cholesterol crystals, fibrosis, and necrotic calcified tissue.
Quantitative evaluation revealed that the atherogenesis is posi-
tively correlated with the serum level of cholesterol-rich
VLDL/LDL particles. In conclusion, with APOE*3-Leiden
transgenic mice, factors can be studied that influence the metab-
olism of remnant VLDL and the development of atherosclero-
sis. (J. Clin. Invest. 1994. 93:1403-1410.) Key words: familial
dysbetalipoproteinemia * atherosclerotic plaques * cholesterol-
rich diets * hypercholesterolemia * hypertriglyceridemia

Introduction

Apolipoprotein E functions as a ligand for the receptor-me-
diated uptake of chylomicron and VLDL remnants by hepatic
lipoprotein receptors ( 1-3). Normally, these remnant particles
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are rapidly removed from the circulation. However, in hu-
mans, mutations in the structural gene for apo E can lead to a
binding-defective apo E and, consequently, to a reduced clear-
ance rate of remnant particles, as has been described for pa-
tients with familial dysbetalipoproteinemia (FD)' (4, 5). The
accumulation of atherogenic remnant particles in the plasma
of FD patients results in a predisposition for coronary and/or
peripheral atherosclerosis (5).

In most cases, FD is associated with homozygosity for the
APOE*2( Arg 1 58-*sCys) allele (5). However, heterozygosity
for the rare APOE*3-Leiden allele is also associated with FD
(6). Thus in the case of APOE*3-Leiden heterozygosity, FD is
inherited in a dominant fashion. Among all homozygous
APOE*2(Arg 158-*Cys) subjects (1% in the general popula-
tion), only a small proportion ("- 4%) develops FD at a later
age. Hence, additional factors are required for the expression of
the disease. Known factors that strongly influence the severity
of FD are age, gender, nutritional status, and body mass index
(5). Although almost all heterozygous APOE*3-Leiden sub-
jects display FD, also in these subjects the severity of the disease
is largely dependent on additional environmental and/or ge-
netic factors (6).

Studying the (subtle) environmental and genetic factors in-
fluencing remnant metabolism and atherosclerosis in humans,
numerous limitations are encountered: relevant environmen-
tal variables are often hard to control; detailed biochemical
studies in humans are frequently not allowed; and humans
exhibit a considerable heterogeneity in genetic background
whereas the number of subjects carrying specific mutations or
combinations of specific mutations are usually very limited.

For the study of genetic and environmental factors which
modulate the lipoprotein remnant metabolism and the develop-
ment of atherosclerosis in vivo in a more standardized way, we
studied in this paper the feasibility of transgenic mice. Since
conventional transgenesis implies the addition of extra copies
of genes to the genome, only dominant effects can be studied
using this approach. Therefore, we chose the dominant
APOE*3-Leiden gene as a transgene. Recently, we reported the
generation of three different APOE*3-Leiden/APOCl trans-
genic mouse lines (2, 181, and 195) with different levels of
expression of the APOE*3-Leiden gene (7). It appeared that
these transgenic mice developed hyperlipidemia, which was
positively correlated with the level of expression of the trans-
gene, even on a regular mouse diet. Furthermore, the high ex-
pressing line 181 appeared to be highly responsive to choles-
terol-rich diets with regard to serum cholesterol levels in the

1. Abbreviations used in this paper: FD, familial dysbetalipoproteine-
mia; HFC, high fat/cholesterol; HPS, hematoxylin-phloxine-saffron;
HRP, horseradish peroxidase; IDL, intermediate density lipoprotein;
LFC, low fat/cholesterol; SRM-A, standard rat mouse diet.
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VLDL/LDL-sized fractions. The human APOCI gene was
also included in the transgene in order to be able to introduce
simultaneously the endogenous DNAsequence that is responsi-
ble for the liver-specific expression of the APOEgene. The
potential contribution of the APOC1gene to the phenotypic
expression of these lines can be excluded as transgenic mice
with a high level expression of a similar but wild-type APOE-
APOC1 transgene do not express hyperlipidemia (8, 9).

In this paper, we used these APOE*3-Leiden transgenic
mice to study the effect of different semisynthetic cholesterol-
containing diets on the remnant lipoprotein levels and compo-
sition and on the possible concurrent development of athero-
sclerotic plaques. These mice develop atherosclerotic plaques
of which the severity is positively correlated with the serum
levels of cholesterol-rich VLDL/LDL-sized lipoproteins and
the level of expression of the APOE*3-Leiden transgene. We
can conclude that the APOE*3-Leiden transgenic mice offer a
suitable animal model system for studying the environmental
factors involved in remnant metabolism and concurrent athero-
genesis.

Methods

Animals. Transgenic mice of lines 2, 181, and 195, expressing human
APOE*3-Leiden and human APOC1genes were generated previously
(7). Microinjection has been performed in eggs from (C57BL/6J
X CBA/J) Fl females that had been mated to males of the same ge-

netic background. Transgenic and nontransgenic littermates were ob-
tained by breeding with C57BL/6J mice. Mice of F2 generation have
been used for the experiment. Identification of transgenic mice was

done by PCRanalysis on genomic tail DNA, as described before (7).
Mice of the F2 generation, 8-10 wk of age, were included in the experi-
ments. Males and females were equally distributed among the various
groups. Before the diet administration, mice were housed under stan-
dard conditions in conventional cages and were given free access to
water and regular mouse diet. Diets were administered to groups of at
least five mice of each line. Blood samples were taken before and after 6
wk of feeding. Also, during diet feeding, mice were given free access to
food and water. Animal weights were not significantly different be-
tween diets after 6 wk of diet feeding. None of the transgenic or non-

transgenic mice were lost during the entire study of 14 wk.
Composition ofthe diets. Before starting the dietary treatment, mice

were fed regular mouse diet (standard rat mouse diet [ SRM-A]; Hope
Farms, Woerden, The Netherlands). The three semisynthetic diets
were composed essentially according to Nishina et al. (10), and were

purchased from Hope Farms. The compositions of the different diets
are given in Table I. The basic diet, containing only sucrose and basic
nutrients, is designated as the low fat/cholesterol (LFC) diet. Two diets
consist of the basic diet supplemented with cocoa butter ( 15%, by
weight) and cholesterol (1%, by weight) and represent the high fat/
cholesterol (HFC) diets. These two diets differ in amounts of added
cholate (0.1 and 0.5%, by weight) and are designated as HFC/0. 1%and
HFC/0.5%, respectively. Cholate was added to facilitate intestinal up-

take of fat and cholesterol.
Lipid and lipoprotein analysis. After a 12-h fasting period, - 300

Ml of blood was obtained from each individual mouse through tail
bleeding. Total serum cholesterol and triglyceride levels (without free
glycerol) were measured enzymatically using commercially available
kits (236691 and 877557, respectively; Boehringer Mannheim GmbH,
Mannheim, Germany).

For size fractionation of lipoproteins, 150 ,l of pooled serum (from
at least three mice per group) was applied to a 25-ml Superose 6B
column (Pharmacia AB, Uppsala, Sweden) connected to an HPLC
pump system and was eluted at a constant rate of 0.5 ml/min with PBS
(pH 7.4). The effluent was collected in 0.5-ml fractions. Cholesterol

Table I. Composition of the Semisynthetic Diets

Type of diet
Diet

components LFC HFC/0. 1% HFC/0.5%

g/100 g diet

Cocoa butter - 15 15
Cholate - 0.1 0.5
Cholesterol 1I
Sucrose 50.5 40.5 40.5
Cornstarch 12.2 10 10
Cornoil 5 1 1
Cellulose 5 5.1 4.7

In addition, all diets contained 20% casein, 1% choline chloride, 0.2%
methionine, and 5.1% mineral mixture. All percentages are in
weight/weight. Energy contents of the three diets was 3,883 kcal/kg
for the LFC diet and 4,356 kcal/kg for both HFCdiets.

and triglyceride concentrations in lipoprotein fractions were measured
enzymatically, as described above.

Apo B/apo E-containing lipoproteins were precipitated by mixing
200 ul of pooled serum (from three mice per group) with 20 ,l of 4%
sodium phosphotungstic acid ( 11). Subsequently, 10 Al of 1 MMgCl2
was added, and the mixture was kept at room temperature for 30 min.
Thereafter, samples were centrifuged for 30 min in a minifuge. Some
150 Ml of the supernatant was applied to a Superose 6B column (Phar-
macia AB), as described above. The amount of precipitable HDLcho-
lesterol was calculated as the difference of the total area under the curve
of HDLfractions 31-41 of lipoprotein profiles before and after precipi-
tation and was corrected for sample dilution in case of precipitation.

Quantitation of human apo E. Humanapo E concentrations were
measured by sandwich ELISA. Affinity-purified polyclonal goat anti-
human apo E antibodies were used for coating. Affinity-purified poly-
clonal rabbit anti-human apo E antibodies were used as second anti-
bodies. Thereafter, the plates were incubated with swine anti-rabbit
IgG antibodies conjugated with horseradish peroxidase (HRP). Fi-
nally, HRPdetection was performed using HRPsubstrate tetramethyl-
benzidine. Pooled plasma from healthy human subjects with known
apo E level was used as a standard.

Histological assessment of atherosclerosis. After 14 wk of diet feed-
ing, mice were killed. A complete gross necropsy was performed, and
the entire aorta from the aortic valves to the iliac bifurcation was dis-
sected. In addition, parathymic fat tissue was sampled to screen for the
presence of arterial lesions in the carotid arteries. After phosphate-buf-
fered formalin fixation, the heart was trimmed according to a modified
method of Paigen et al. ( 12). In brief, the heart and the ascending aorta
were cut perpendicular to the heart axis at four levels: (a) just beneath
the atrial tips, (b) through the aorta and just above the atria, (c) at the
level of the aortic sinus and the aortic valves, and (d) between aortic
sinus and level a. In total, four heart sections were microscopically
examined. The proximal 0.5 cm of aorta ascendens and aortic arch
were divided into two parts for transverse sections. The remainder of
the thoracic and abdominal aorta was divided into two parts for trans-
verse and longitudinal sections. All tissue samples were dehydrated and
paraffin embedded. 3-,Mm sections were routinely stained with hema-
toxylin-phloxine-saffron (HPS). Additional stains used were Ver-
hoeff's, van Gieson's, and von Kossa's silver stain. The total arterial
endothelial surface examined was comparable for all animals.

For semiquantitative assessment, the arterial lesions were classified
into five categories: (1) early fatty streak: per section up to 10 foam
cells present in the intima, (2) regular fatty streak: more than 10 foam
cells present in the intima, (3) mild plaque: extension of foam cells into
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the media and mild fibrosis of the media without loss of architecture,
(4) moderate plaque: foam cells in the media, fibrosis, cholesterol
clefts, mineralization and/or necrosis of the media, and (5) severe
plaque: as 4 but more extensive and deeper into the media. Every indi-
vidual arterial lesion was classified accordingly. Within a group the
total number of both mild lesions (categories 1-3) and moderate plus
severe lesions (categories 4 and 5) of all mice was counted. After divid-
ing the total number of lesions (mild and moderate plus severe, sepa-
rately) by the number of mice per group, two separate mean scores for
each group of animals were obtained.

Statistical analysis. Number Cruncher Statistical System version
5.02 (Kaysville, UT) was used for statistical analysis. Since the trans-
genic and nontransgenic mice were littermates and measured lipid pa-
rameters showed non-Gaussian distributions, we used nonparametric
tests for statistical analysis. Mann-Whitney rank sum test was used
when two groups were compared. P values < 0.05 were regarded as
significant.

Results

Effect of different diets on serum lipid and apo E3-Leiden lev-
els. When kept on SRM-A, serum cholesterol and triglyceride
levels were significantly higher in transgenic lines 2 and 181
mice than in nontransgenic littermates (Table II). In trans-
genic line 195 mice elevations of serum lipid levels did not
reach statistical significance. The serum levels of apo E3-Lei-
den correlated well with the extent of hyperlipidemia in the
transgenic mice.

After 6 wk on the LFC diet, lines 2 and 181 mice showed a
strong increase in serum cholesterol (two- and threefold, respec-
tively) and serum triglyceride levels (2- and 1 -fold, respec-
tively). Mean apo E3-Leiden levels in these transgenic mice
also increased significantly (up to 54 and 147 mg/dl, respec-
tively). Line 195 mice did not show a strong increase in serum

lipid levels on LFC diet compared with the control mice (Ta-
ble II).

Feeding transgenic lines 2 and 181 mice the HFC/0. 1%diet
resulted in a dramatic rise in serum cholesterol levels, while
serum triglyceride levels decreased relative to the LFC diet (Ta-
ble II). The apo E3-Leiden level in lines 2 and 181 mice on

HFC/0.1% diet also increased to extremely high levels: 107
and 300 mg/dl, respectively. Further increasing the cholate
content up to 0.5% (HFC/0.5% diet) resulted in a further in-
crease in cholesterol levels, whereas the opposite effect was ob-
served for serum triglycerides and serum apo E3-Leiden levels.
Again, only a moderate response on serum lipid levels during
these diets was observed for the low expressing line 195 and
control mice. In the transgenic line 195 mice, apo E3-Leiden
levels remained low during all three diet regimens.

Apo E3-Leiden and serum lipid levels. The results pre-
sented in Table II suggest a differential effect on serum apo
E3-Leiden and serum cholesterol levels in lines 2 and 181 mice
when being fed different diets. To further demonstrate this, for
each line separately, the mean level of apo E3-Leiden is plotted
against the corresponding mean serum cholesterol level ob-
tained per diet, as indicated (Fig. 1 ). Strikingly, for both lines 2
and 181 the highest apo E3-Leiden levels were found after the
HFC/0. 1% diet rather than after the most severe hypercholes-
terolemic HFC/0.5% diet. In contrast to these observations, in
line 195 mice no such relationship was observed.

Distribution of lipids and apo E3-Leiden among lipopro-
tein fractions after different diets. Because of the differential
effect of the three diets on cholesterol and triglyceride levels
(Table II) and the absence of a linear correlation between
mean serum cholesterol and mean apo E3-Leiden levels as
shown in Fig. 1, we evaluated the distribution of cholesterol,
triglyceride, and apo E3-Leiden among the various lipoprotein

Table II. Serum Lipid and Lipoprotein Concentrations after 6 Wkof Dietary Treatment

Diet

SRM-A LFC HFC/0.1% HFC/0.5%
Mouse

line TC TG apo E TC TG apo E TC TG apo E TC TG apo E

mmol/liter mg/dl mmol/liter mg/dl mmol/liter mg/dl mmol/liter mg/dl

2 Total 3.2±0.7* 2.7±0.7* 36±18 6.4±0.4*t 5.4+±1.*t 54±13 26.2±1.5** 3.3±0.4* 107±42* 39.9±9.0*t 1.6±0.1* 68±14*
VLDL 1.4 2.1 ND 2.3 3.9 1.9 13.0 2.0 6.9 21.1 1.1 12.3
IDL/LDL 0.5 0.5 ND 1.4 0.9 12.4 7.0 0.6 43.7 10.7 0.3 28.1
HDL 1.2 0.2 36.0 2.8 0.5 39.7 6.3 0.7 56.5 8.1 0.2 27.6

181 Total 4.8±1.3* 2.7±1.0* 91±28 13.3±1.9*t 29.4±9.4*t 147±9t 43.7±13.2** 10.5±3.7*4 300±78t 59.1±9.8** 4.5±2.3** 189±71$
VLDL 1.8 2.3 0.2 8.1 23.2 21.7 27.1 8.5 44.4 39.2 3.6 38.9
IDL/LDL 0.5 0.3 ND 1.7 3.7 7.3 8.2 1.4 80.0 11.3 0.5 73.9
HDL 2.4 0.1 90.8 3.5 2.4 117.8 8.1 0.6 175.6 8.6 0.3 76.2

195 Total 2.5±0.4 0.7±0.2 3±1 3.1±1.0 0.5±0.3 4±1* 4.1±0.7*t 0.3±0.2 2±1 8.1±1.7*4 0.3±0.4*t 2±1
VLDL 0.1 0.3 ND 0.3 0.2 ND 0.9 0.1 ND 3.9 0.1 0.6
IDL/LDL 0.2 0.2 ND 0.4 0.1 0.3 0.7 0.1 0.3 1.5 0.1 0.3
HDL 2.2 0.3 3.0 2.4 0.2 3.7 2.5 0.1 1.8 2.7 0.1 1.1

Control Total 2.1±0.3 0.5±0.3 - 2.9±0.2* 0.6±0.2 - 2.8+0.5* 0.1±0.1* - 5.7±1.6* 0.1±0.1t -

VLDL 0.2 0.2 - 0.3 0.4 - 0.3 0.1 - 2.5 0.1 -

IDL/LDL 0.1 0.1 - 0.4 0.1 - 0.3 0.1 - 1.2 0.1 -

HDL 1.8 0.2 - 2.2 0.1 - 2.2 0.1 - 1.9 0.1 -

TC, total cholesterol (free plus esterified); TG, triglyceride; apo E, apo E3-Leiden. Total cholesterol, triglyceride, and apo E3-Leiden values are the mean serum lev-
els±SD of five mice per group. * P < 0.05, indicating the difference between transgenic and nontransgenic groups of mice on the same diet, using nonparametric
Mann-Whitney tests. * P < 0.05, indicating the difference between semisynthetic diet and regular SRM-Awithin each line, using nonparametric Mann-Whitney.
The cholesterol, triglycerides, and apo E in VLDL, IDL/LDL, and HDLwere calculated from the serum total cholesterol, triglycerides, and apo E and the area
under the curve in the lipoprotein profile (as determined by gel filtration chromatography using a Superose 6B column [Pharmacia AB]). As observed in control mice
on SRM-A fraction, numbers 20-25, 26-30, and 31-41 correspond to VLDL, IDL/LDL, and HDL, respectively. ND, not detectable.
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nl 81 was also observed in the HDL-sized fractions of the transgenic
181 lines 2 and 181 with the HFCdiets. Onthe contrary, in line 195

and in the nontransgenic littermates HDLcholesterol was not
influenced by cholesterol feeding. As shown for line 181 in Fig.

/K> 2, the increase in HDL cholesterol is mainly because of an
increase in the fraction of larger HDLparticles. This suggests
the generation of apo E-rich HDL particles with cholesterol

2 feeding. To investigate this further, lipoprotein gel permeation
0 \ profiles were made before and after precipitation of apo B/apo
/KA E-containing lipoproteins in serum with sodium phospho-

° 195 tungstic acid (Fig. 3). In nontransgenic littermates (control
=_4

195
mice) only a small proportion of the HDLfraction is precipita-

0 10 20 30 40 50 60 ble, irrespective of cholesterol feeding. On the contrary, in line
181 a major proportion ofthe HDLcholesterol could be precip-

Serum Cholesterol (mmol/I) itated together with the VLDL- and IDL/LDL-sized fractions,
both after cholesterol feeding and after a regular SRM-Adiet.

-orrelation between mean serum cholesterol and human Similar experiments have been carried out for lines 2 and 195
iden levels in transgenic mice of lines 181, 2, and 195. and control mice. Wecalculated that on HFC/0. 1% diet the
are obtained from Table II and represent mean levels after major proportion of HDL cholesterol is precipitable in lines
rnsgenic mice SRM-A(o), LFC (A), HFC/0.1% (o), or 181 and 2 (85 and 80%, respectively), whereas in line 195 and

in nontransgenic littermates this proportion is much lower (40
and 8%, respectively).

Table II also presents the quantitative distribution of apo
Therefore, serum lipoproteins were size fractionated, E3-Leiden protein among the various lipoprotein fractions.
crose 6B (Pharmacia AB) gel permeation chromatog- For all three lines the HDL fraction is the major apo E3-Lei-
LFig. 2 lipoprotein profiles are shown for transgenic den-containing lipoprotein fraction, after the application of
mice after 6 wk of SRM-Adiet (a) and after 6 wk of each diet regime. In addition, in lines 2 and 181 cholesterol
Lisynthetic diets (b, c, and d). For all three semisyn- feeding also resulted in a dramatic increase in the amount of
ts, the increase in cholesterol was most prominent in apo E3-Leiden present in the VLDL- and IDL/LDL-sized
L- and intermediate density lipoprotein (IDL)/LDL- fractions. In line 195 only very low amounts of apo E3-Leiden
-tions. In addition, triglycerides were almost exclu- appear in the VLDL-and IDL/LDL-sized fraction when being

sively confined to these fractions. Strikingly, as compared with
the LFC diet, feeding the HFCdiets leads to VLDL- and IDL/
LDL-sized fractions that are relatively rich in cholesterol, in
particular with higher percentages of cholate (compare b with c
and c with d). A similar dietary response was found for line 2
mice (results not shown).

A quantification of the lipid distribution among the various
lipoprotein fractions is presented in Table II for all three lines
and control mice. In addition to a cholesterol increase in the
VLDL- and IDL/LDL-sized fractions, a cholesterol increase

a b c

73 SRM-A LFC HFC/O.1I%
E
E

2.0

A10 CC

15 25 35 45 15 2535 45
15

26 35 45

fed cholesterol.
Histological assessment of atherosclerosis. The results pre-

sented above indicate that in mice of lines 2 and 181, when fed

either the HFC/0. 1% or HFC/0.5% diet, an accumulation in
the plasma of cholesterol-rich remnant lipoproteins occurred
to an extent which can be considered as atherogenic. Athero-
genesis in mice, after administration of the different diets, was

assessed by histological analyses. After being fed the diets for a

period of 14 wk, each group of transgenic mice was analyzed
for development of atherosclerotic lesions in the aortic arch,

d

15 25 35 45

A B C

Fraction number

Figure 2. Distribution of serum cholesterol and
triglycerides among lipoprotein fractions. Lipo-
protein fractions were separated by gel filtration
chromatography using a 25-ml Superose 6B col-
umn (Pharmacia AB) as described in Methods.
Lipoprotein profiles are shown for transgenic line
181 mice fed SRM-Aor one of the specified diets
(LFC, HFC/0. 1%, and HFC/0.5%) for 6 wk. Each
run is performed with a pool of serum of at least
three mice of the same group. Fractions corre-

sponding to VLDL, IDL/LDL, and HDL(as ob-
served in nontransgenic mice on SRM-A) are in-
dicated by bars A, B, and C, respectively.
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Figure 3. Distribution of serum cholesterol among lipoprotein frac-
tions before (solid line) and after (dotted line) precipitation of apo
B/E-containing lipoproteins. Apo B/E-containing lipoproteins are

precipitated with sodium phosphotungstic acid as described in Meth-
ods. Cholesterol profiles for nontransgenic mice and transgenic line
181 mice are given as indicated after feeding SRM-Aor the HC/0. 1%
diet. Fractions corresponding to VLDL, IDL/LDL, and HDL (as
observed in nontransgenic mice on SRM-A) are indicated by bars A,
B, and C, respectively.

descending aorta, and in the carotid arteries. The atheroscle-
rotic lesions are classified in five categories as described in
Methods. Examples of early and regular fatty streaks and mild,
moderate, and severe plaques are shown in Fig. 4.

In Table III the mean number per mouse of early plus regu-

lar fatty streaks plus mild plaques on the one hand (Fig. 4, b-d)
and the mean number per mouse of moderate plus severe

plaques on the other hand (Fig. 4, e andf) are presented. With
either diet used, no signs of atherosclerosis were observed in
nontransgenic littermates and in transgenic line 195 mice.
With the LFC diet, causing severe hypertriglyceridemia but less
severe hypercholesterolemia (Table II), mice of lines 2 and 181
developed no or only very mild lesions. On the contrary, after
HFCdiets these lines developed severe atherosclerosis. An in-
crease in the amount of cholate from 0.1 to 0.5% resulted in
relatively more severe plaques per mouse. Line 181 mice, with
the most severely elevated levels of cholesterol-rich VLDL- and
IDL/LDL-sized lipoproteins on both HFC diets, were more

Table III. Atherosclerotic Lesions in APOE*3-Leiden Transgenic
Mice on Different Diets

Diet
Mouse

line SRM-A LFC HFC/0. 1% HFC/0.5%

Number offatty streaks/plaques per mouse*

Control -I- -I- -I- -I-
195 -/- -1- -1- -1-
2 -I- 1.0/- 2.8/0.8 2.0/3.0
181 -I- -I- 1.0/2.5 1.3/5.7

Semiquantitative analysis of atherosclerosis in groups of transgenic
and nontransgenic mice was determined after 14 wk of diet feeding.
The values are the mean of at least three mice and represent the
mean number of fatty streaks and mean number of plaques per mouse
as observed during histological assessment as described in Methods.
A dash means no lesions were observed. * Fatty streaks represent
mild lesions of categories 1-3 (see Fig. 4, b-d); plaques represent
severe lesions of categories 4 and 5 (see Fig. 4, e andf).

susceptible to the formation of severe atherosclerotic plaques
than line 2 mice. No differences were observed between males
and females with respect to atherosclerosis susceptibility.

Discussion

Previously, we reported the generation of three different
APOE*3-Leiden transgenic mouse lines (7). In the present
study the effect of different semisynthetic cholesterol-contain-
ing diets on lipoprotein profiles is evaluated, with special refer-
ence to both the level and composition of VLDL/LDL-sized
lipoproteins and on the development of atherosclerotic lesions.
All three transgenic lines studied are more responsive to HFC
feeding than nontransgenic littermates (Table II). This respon-
siveness is positively correlated with the basal level of apo E3-
Leiden, despite the presence of endogenous mouse apo E. The
observation that the low expresser line 195 responded much
less obviously to the different diets indicates that a threshold
level of human apo E3-Leiden is required for developing hyper-
lipidemia with cholesterol feeding. There is some evidence that
the amount of apo E maybecome rate-limiting in the clearance
of remnant lipoproteins: (a) the injection of apo E in rabbits
has been shown to transiently reduce lipid levels ( 13), and (b)
overexpression of rat apo E in transgenic mice resulted in re-
duced lipid levels because of an increased clearance of VLDL
and, consequently, resistance to diet-induced hypercholesterol-
emia ( 14, 15). These facts, taken together with our finding that
overexpression of apo E3-Leiden leads to strongly elevated
lipid levels, support our former conclusion that apo E3-Leiden
behaves like a dominant trait in the expression of hyperlipo-
proteinemia in these transgenic mice, as in human beings. We
hypothesize that on the surface of the remnant particles, apo
E3-Leiden affects the proper conformation of the effective en-
dogenous mouse apo E protein, providing the relative quantity
of the apo E3-Leiden protein is high enough.

The semisynthetic diets used in this study are comparable
with the diets defined by Nishina et al. (10) and are the first
synthetic mouse diets that lead, like some nondefined diets, to
the development of atherosclerotic lesions in inbred mice. In
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addition, these diets resulted in minimal lipid accumulation in
the liver and formation of gallstones, which are prerequisites
for proper studies regarding diet-induced hyperlipidemia.
These diets contain sucrose (up to 50%, Table I), which has
been shown before to increase in humans and in some other
animals the production and secretion of VLDL triglyceride by
the liver, resulting in hypertriglyceridemia ( 16, 17). This in-
creased hepatic lipogenesis can occur since fructose bypasses
phosphofructokinase which is the rate-limiting enzyme in the
glycolytic pathway (10). From the present study, it is obvious
that the overproduction of VLDL having been fed sucrose also
leads to hypertriglyceridemia in the APOE*3-Leiden trans-
genic mice, provided the transgene is expressed sufficiently (Ta-
ble II).

HFCdiets resulted in severe hypercholesterolemia in high
expressing transgenic APOE*3-Leiden mice, whereas serum
triglyceride decreased as compared with the levels obtained
after the LFC diet (Table II). A lowering of triglyceride levels
concomitant with an increase in serum cholesterol in HFC
diet-fed mice has been described before by LeBoeuf et al. ( 18,
19) and Paigen et al. (20). This effect was more pronounced
with higher concentrations of cholate in the diets (Table II),
which is in agreement with the results reported by Nishina et al.
( 10). Cholate facilitates the emulsification of cholesterol and
triglyceride and thereby their intestinal absorption. However,
whether cholate itself is the direct cause of lowering the triglyc-
eride levels is at present subject to speculation.

In the high expressing lines 2 and 181 but not in the low
expressing line 195, cholesterol increments also occurred in the
HDLfraction, which is the result of the generation of relatively
large and apo E-rich HDLparticles (Figs. 2 and 3, Table II).
The increase in these lipoproteins might be because of the fact
that mice do not have cholesterol ester transfer protein activity
(21, 22). Presumably, in normal mice and in line 195 these apo
E-rich HDLparticles will be cleared efficiently from the circu-
lation through the LDL receptor with the endogenous mouse
apo E as ligand, whereas in the high expressing APOE*3-Lei-
den mice this receptor-mediated clearance is disturbed.

The increase in serum cholesterol mainly occurred in the
VLDL- and IDL/LDL-sized fractions and correlated posi-
tively with the level of expression of the transgene (Table II). In
addition, in the VLDL- and IDL/LDL-sized fractions the cho-
lesterol to triglyceride ratio increased after an HFCdiet, espe-
cially at higher cholate concentrations in the diet, and concomi-
tant with a redistribution of the apo E3-Leiden protein from
HDL to this particular lipoprotein fraction (Fig. 2, Table II).
Thus, cholesterol and apo E-rich remnant VLDL accumulate
in the serum with cholesterol feeding.

The accumulation of cholesterol- and apo E-rich remnant
lipoproteins in the plasma also occurs in patients with familial
dysbetalipoproteinemia and is considered to be an atherogenic
condition (5). Although the number of examined animals per
group was small and the method of measuring atherosclerotic
lesions was only semiquantitative, the development of athero-

sclerotic lesions in the APOE*3-Leiden transgenic mice ap-
peared to be positively correlated with the serum level of choles-
terol-rich VLDL/LDL-sized lipoproteins.

Advanced human atherosclerotic lesions (plaques) are
characterized by (a) a fibrous cap, composed mostly of smooth
muscle cells and connective tissue, (b) a cellular area beneath
the cap consisting of a mixture of macrophages and smooth
muscle cells containing lipid droplets, and (c) a deeper necrotic
core which contains cellular debris, extracellular lipid droplets,
cholesterol crystals, and calcium deposits (23, 24). Recently, it
has been reported that homozygous apo E-deficient mice also
develop extensive hyperlipidemia and atherosclerosis, even on
a regular mouse diet (25-27). However, no evidence has yet
been presented of cholesterol clefts, necrosis, and mineraliza-
tion in these mice after 4 wk of dietary treatment. It is possible
that this period of dietary treatment is too short for the develop-
ment of progressed atherosclerotic lesions. However, the possi-
bility that the absence of apo E protein on the surface of rem-
nant particles leads to a different mechanism of generation of
the lipid-laden macrophages in the fatty streaks and, eventu-
ally, to a different plaque histology may also not be excluded.

Our results clearly show that after 14 wk of cholesterol feed-
ing the advanced atherosclerotic lesions in the APOE*3-Lei-
den transgenic mice do resemble their human counterparts: in
these mice the plaques contain lipid-filled foam cells, fibrosis,
necrotic areas, cholesterol crystals, and mineralization (Fig. 4).
In these mice plaques developed not only near the sinus valves
but also in the carotid arteries and in other parts of the aorta,
especially near sites of arterial bifurcations. Wedid not find
any atherosclerotic lesions in nontransgenic littermates that
had been fed cholesterol. In contrast, Stewart-Phillips and
Lough (28) did observe atherosclerosis in nontransgenic
C57BL/6J mice having been fed cholesterol. The discrepancy
between their results and our findings could be because of: (a)
the length of dietary treatment (35 vs 14 wk), (b) the fact that
our nontransgenic littermates are not fully C57BL/6J inbred
(F2 generation), and (c) the fact that the lesions have been
quantified using the HPS staining method. Although this
method allows histological characterization of the lesions, it
might be less suitable for detecting small fatty streaks as com-
pared with the common lipid staining method with oil red 0.

Wealso did not find sex differences regarding the suscepti-
bility to develop atherosclerotic lesions. This is in conflict with
the results reported by Paigen et al. (29) and Warden et al.
( 30), showing that females are more susceptible to atherosclero-
sis than males. The absence of sex differences in our study
might also be because of the rather semiquantitative method of
measuring atherosclerotic lesions and to the relatively small
numbers of mice analyzed.

We conclude that the APOE*3-Leiden transgenic mice
present a suitable animal model system for studying the factors
influencing the hepatic VLDL synthesis and their effect on the
plasma level of atherogenic remnant lipoproteins. Moreover,
since in these mice the plaque formation is reproducible and

Figure 4. Representative photographs of various stages of the atherosclerotic process observed in aorta and carotid arteries of transgenic
APOE*3-Leiden mice. (a) Aorta without lesions. (b) Aorta with small fatty streak (arrow). (c) Aorta with regular fatty streak. Media not af-
fected. (d) Aorta with mild plaque. Extension of foam cells into the media (arrow) and early fibrosis (arrowhead). Structure of the media intact.
(e) Moderate plaque in a carotid artery with foam cells and cholesterol clefts (arrowhead). Media moderately affected. Note the interrupted
internal elastic lamina (arrow). (f) Severe plaque in aorta showing extensive destruction of the media. Note foam cells, cholesterol clefts, fibrosis
(long arrow), multifocal necrosis (arrowhead), and mild mineralization (short arrow). All pictures represent HPS-stained slides (X 170).
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easily modifiable by administration of different diets and since
plaque histology resembles that in humans, these mice may
also be used for testing antiatherosclerotic drugs.
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