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Abstract

All classes of lipoproteins considered to be atherogenic con-
tain apo-B100 or apo-B48. However, there is a distinct pau-
city of data regarding whether lipoproteins containing apo-
B48 or apo-B100 differ in their intrinsic ability to promote
the development of atherosclerosis. To address this issue,
we compared the extent of atherosclerosis in three groups of
animals: apo-E—deficient mice (apo-B*'*apo-E~'~) and apo-
E—deficient mice that synthesize exclusively either apo-B48
(apo-B¥*apo-E~'~) or apo-B100 (apo-B"'%gpo-E~'7).
Mice (n = 25 in each group) were fed a chow diet for 200
days, and plasma lipid levels were assessed throughout the
study. Compared with the levels in apo-B*'*apo-E~'~ mice,
the total plasma cholesterol levels were higher in the apo-
B*¥*%gpo-E~'~ mice and were lower in the apo-B'"'%gapo-
E~'~ mice. However, the ranges of cholesterol levels in the
three groups overlapped. Compared with those in the
apo-B*'*apo-E~'~ mice, atherosclerotic lesions were more
extensive in the apo-B**8apo-E~'~ mice and less extensive
in the apo-B'"'"%gpo-E~'~ mice. Once again, however, there
was overlap among the three groups. The extent of athero-
sclerosis in each group of mice correlated significantly with
plasma cholesterol levels. In mice from different groups that
had similar cholesterol levels, the extent of atherosclerosis
was quite similar. Thus, susceptibility to atherosclerosis was
dependent on total cholesterol levels. Whether mice synthe-
sized apo-B48 or apo-B100 did not appear to have an inde-
pendent effect on susceptibility to atherosclerosis. (J. Clin.
Invest. 1997. 100:180-188.) Key words: triglycerides « lipo-
proteins « apo-E deficiency « morphometric lesion analysis «
body weight

Introduction

The B apolipoproteins (apo-B100 and apo-B48) have been
studied extensively because they play central roles in lipopro-
tein assembly and plasma lipid metabolism (1, 2). Apo-B100
(4,536 amino acids) is essential for the assembly of VLDL in
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the liver, while apo-B48 (which contains the amino-terminal
2,152 amino acids of apo-B100) is required for chylomicron
formation in the intestine. In addition to their lipid-transport
roles, these two proteins have attracted interest because all of
the classes of apo-B—containing lipoproteins LDL, intermedi-
ary density lipoproteins (IDL),' chylomicron and VLDL rem-
nants, and lipoprotein(a) are thought to play a causal role in
the development of atherosclerosis (1, 2). The atherogenicity
of apo-B—containing lipoproteins has not been explained fully,
but it is generally believed that the physical properties of apo-
B-containing lipoproteins cause them to be retained within
the arterial wall (3), where they undergo chemical and physical
modifications that confer a number of different pro-athero-
genic properties (4). For example, the avid uptake of modified
LDL by macrophages likely contributes to foam cell formation
(5). In addition, the modified LDL almost certainly lead to the
recruitment of monocytes into the arterial wall (6, 7).

Over the past few years, we have been interested in
whether apo-B48- and apo-B100—containing lipoproteins have
intrinsically different abilities to promote atherosclerosis. Pro-
found differences in their atherogenicity are easy to imagine
because the structures of the two proteins differ substantially.
For example, apo-B100 contains nearly 2,400 more amino acid
residues than apo-B48, including several strong heparin-bind-
ing regions (8). These unique structural features might make
apo-B100-containing lipoproteins bind much more avidly to
the arterial wall matrix than apo-B48—containing lipoproteins.
If so, apo-B100—containing lipoproteins might be substantially
more atherosclerogenic than apo-B48—containing lipoproteins,
even when the plasma lipid levels are comparable. It is also
possible that all of the sequences relevant to atherogenesis re-
side in the amino-terminal portion of the apo-B molecule—a
domain shared by apo-B48 and apo-B100—in which case the
apo-B48- and apo-B100-containing lipoproteins might be
equally atherogenic.

In humans, there are few data by which to judge the rela-
tive atherogenicities of apo-B48— and apo-B100-containing li-
poproteins. One school of thought holds that the postprandial
remnant lipoproteins might be particularly atherogenic (9, 10),
but these lipoproteins contain both apo-B48 and apo-B100,
making it difficult to implicate apo-B48—containing lipopro-
teins as the culprit (11). In recent years, human apo-B trans-
genic mice (12, 13), apo-E—deficient mice (14, 15), and LDL
receptor—deficient mice (16) have been used to study athero-
sclerosis. However, these mice have not provided definitive in-
sights into the atherogenicities of apo-B48 and apo-B100; be-
cause all of these mice synthesize both apo-B48 and apo-B100,

1. Abbreviations used in this paper: FPLC, fast performance liquid
chromatography; IDL, intermediary density lipoproteins.



it is difficult to infer that one form of apo-B is more athero-
genic than the other. On a chow diet, human apo-B transgenic
mice do not develop atherosclerosis when apo-B100 predomi-
nates in the plasma. On a high-fat diet, however, they develop
severe atherosclerosis in the setting of total cholesterol levels
of ~ 300 mg/dl and a huge increase in apo-B48—containing li-
poproteins (17). Apo-E—deficient mice, which have a dispro-
portionate amount of apo-B48—containing lipoproteins, attain
total cholesterol levels of ~ 450 mg/dl on a chow diet and de-
velop severe atherosclerotic lesions (14, 15). LDL receptor—
deficient mice, which have a disproportionate increase in apo-
B100, have total cholesterol levels of ~ 250 mg/dl on a chow
diet and develop only negligible atherosclerotic lesions (16).
On a high-fat diet, however, the LDL receptor—deficient mice
develop severe atherosclerosis (16). These observations, taken
together, might lead one to suspect that both forms of apo-B
could be atherogenic. However, they do not permit even tenta-
tive conclusions regarding intrinsic differences in the capacities
of apo-48- and apo-B100-containing lipoproteins to promote
atherosclerosis.

Gaining insights into the relative atherogenicities of apo-
B48 and apo-B100 represents a fundamental step in under-
standing why the apo-B—containing lipoproteins cause athero-
sclerosis. To address the issue of the atherogenicities of apo-B48
and apo-B100, we used gene targeting in embryonic stem cells
to create mice that synthesized either exclusively apo-B48
(apo-B48-only mice) or exclusively apo-B100 (apo-B100-only
mice) (18). In this study, we compared the extent of athero-
sclerosis in apo-B48-only and apo-B100—only mice in the set-
ting of apo-E deficiency.

Methods

Generation of apo-E-deficient mice that synthesize exclusively apo-
B48 or apo-BI100. Mice that synthesize exclusively apo-B48 (apo-
B48-only mice or apo-B** mice) or exclusively apo-B100 (apo-B100~
only mice or apo-B**'% mice) (18) were bred with apo-E~deficient mice
(apo-E~'7) (19) to generate apo-B**apo-E~'~ and apo-B''%
apo-E~'~ mice. Genotyping was performed by Southern blot and
PCR analysis of tail DNA. In the course of breeding these mice, we
generated a third group of animals that were used as controls: apo-E—
deficient mice that were homozygous for the wild-type apo-B allele
(apo-B**apo-E~'7). All three groups had similar genetic back-
grounds (~ 75% C57BL/6 and 25% 129/Sv). All mice were weaned at
21 d and fed a chow diet containing 4.5% fat (Ralston Purina Co., St.
Louis, MO). Only female mice were used in our studies; they were
housed (3-5 mice per cage) in a full-barrier transgenic facility. Each
mouse was weighed at 7 wk, and 3 and 6 mo of age. All mice were
killed at exactly 200 d of age.

Western blotting and analysis of apolipoprotein distribution. To
assess the apo-B48 and apo-B100 content of mouse plasma, 2 pl of
plasma was size-fractionated on a 4% polyacrylamide-SDS gel; the
separated proteins were then transferred to a sheet of nitrocellulose
membrane for Western blot analysis with a rabbit antiserum specific
for mouse apo-B (20) and a '»I-labeled goat anti-rabbit secondary
antibody. To assess the distribution of apo-B48 and apo-B100 among the
plasma lipoproteins, pooled plasma from four female mice of each
genotype (apo-B¥*apo-E~'~, apo-B'"'%gpo-E~'~, and apo-B*'*
apo-E~'") was fractionated on a Superose 6B 10/50 column (Pharma-
cia LKB Biotechnology, Piscataway, NJ) and analyzed by Western
blot as described previously (12, 21).

Analysis of the plasma lipoproteins sizes. For each group, three
different lipoprotein fractions (VLDL [d < 1.006 g/ml], IDL [d =
1.006-1.020 g/ml], and LDL [d = 1.020-1.063 g/ml]) were prepared by

sequential ultracentrifugation of pooled plasma. Lipoprotein particle
diameters were determined optically by dynamic light scattering anal-
ysis with a Microtrak Series 9200 Ultrafine Particle Analyzer (Leeds
and Northrup, North Wales, PA) as described previously (22). These
experiments were performed on three independent preparations of li-
poproteins from different apo-B**apo-E~'~apo-B" "' ®apo-E~'~ and
apo-B*'*apo-E™'~ mice. In parallel with these experiments, VLDL
sizes were assessed in three groups of apo-E—expressing mice (apo-B*8*,
apo-B"% and apo-B*'"). Lipoprotein sizes were also determined by
negative-staining electron microscopy as described previously (23, 24).

Plasma lipid measurements. Female mice (n = 25 in each group)
were anesthetized with metophane, and blood was collected from the
retroorbital sinus. Total plasma cholesterol and triglyceride concen-
trations were measured with colorimetric assays on fresh plasma sam-
ples (Spectrum cholesterol assay; Abbott Laboratories, Irving, TX,
and GB triglyceride kit; Boehringer Mannheim Biochemicals, India-
napolis, IN). Total cholesterol and triglyceride levels were measured
at 7 wk, and 3 and 6 mo of age; cholesterol levels were also measured
when the animals were killed (200 d). Both primary and secondary
standards were included in each assay. To confirm their accuracy, all
cholesterol determinations were repeated at the end of the study, us-
ing plasma samples that had been stored at —70°C. HDL cholesterol
levels were determined at 200 d of age after the precipitation of the
apo-B—containing lipoproteins with polyethylene glycol-8000 as de-
scribed previously (12, 25).

Analysis of atherosclerotic lesions. All animals were entered into
the study at exactly 21 d of age and killed at exactly 200 d of age. Ath-
erosclerosis was assessed by two independent techniques: by quanti-
fying sudanophilic lesions in pinned-out aortas and by quantifying Oil
Red O-staining lesions in cross sections from the aortic root. To
quantify atherosclerosis along the entire aorta, the aortic tree was dis-
sected out and analyzed, essentially as described by Tangirala et al.
(26). Briefly, female mice (n = 25 in each group) were perfused with
PBS for 3 min through a cannula inserted into the left ventricle. The
tissues were then fixed by perfusing the mouse for 20 min with a fixa-
tive solution (4% paraformaldehyde, 5% sucrose, 20 mmol EDTA,
pH 7.4). With the major branching vessels still attached, the aorta was
opened longitudinally from the iliac arteries to the aortic root. Then,
all branching vessels were removed, including the great vessels in the
neck, and a segment of the aorta (from the iliac bifurcation to a point
equidistant between the aortic valve and the bracheocephalic artery)
was removed and pinned out flat on a black wax surface, care being
taken not to place pins through atherosclerotic lesions. The lesions
were stained with Sudan IV for 6 min, destained with 80% ethanol for
3 min, and then washed and stored in the fixative solution. Sudano-
philic lesions were assessed by computer-assisted image analysis (see
below).

For microscopic analysis of atherosclerotic lesions in the proximal
aortic root, the heart and 1 mm of the thoracic aorta were removed,
embedded in Tissue-Tek OCT cryostat molds (Miles Laboratories,
Inc., Elkhart, IN), and frozen at —20°C. These tissues were used to
generate 10-pwm-thick cross sections of the proximal aorta. Using a
cryostat, 60 sections of the aortic root were obtained at 20-pwm inter-
vals, beginning at the level of the attachment of the aortic valve cusps
to the aortic ring. Tissue sections were stained in 0.5% Oil Red O in
propylene glycol for 4 h and counterstained with Mayer’s hematoxy-
lin for 1 min. For 17 randomly selected animals of each group of 25
mice, the lesions in five aortic cross sections (at 80-pm intervals) were
quantified by computer-assisted morphometric analysis, with the
most proximal section located at the take-off of the first coronary ar-
tery from the aorta (typically about the 20th section of the 60 progres-
sive sections).

Image analysis. Image analysis of the pinned-out aortas was per-
formed by a trained observer without knowledge of the genotype of
the mice. Images of the pinned-out aortas and the microscopic sec-
tions were viewed with a color video camera (CCD-IRIS; Sony, To-
kyo, Japan) mounted with an Optem 2/3 photo-eyepiece adapter to
one ocular of a light microscope (Standard RA; Carl Zeiss, Inc.,
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Thornwood, NY). Each image was captured into the framestores of
an Image-1/AT image-analysis system (software version 4.03a; Uni-
versal Imaging Corp., West Chester, PA). To assess the extent of le-
sions in the pinned-out aortas, the amount of Sudan-IV staining was
measured, using color thresholding to delimit areas of staining. Data
are reported as the percentage of the aortic surface covered by le-
sions (total surface area of the atherosclerotic lesions, in pm?, divided
by the total surface area of the aorta). Lesions were also quantified in
the aortic arch, the thoracic aorta, and the abdominal aorta.

For the analysis of aortic cross sections, the lesions in five sections
at 80-pm intervals were quantified exactly as described previously
(17), again using color thresholding to delimit areas of Oil Red O
staining. The amount of atherosclerosis was recorded as the mean le-
sion area per section.

Statistical analysis. Mean lipid levels are reported with the SEM.
Differences in triglyceride levels, cholesterol levels, and weights were
modeled by repeated-measures ANOVA with time being an intra-
group factor and genotype an intergroup factor. Statistical signifi-
cance was calculated for both factors. The extent of atherosclerotic
lesions in the pinned-out aortas is reported as the mean and SEM for
each group of mice. Differences in the extent of atherosclerosis in the
pinned-out aortas were assessed by ANOVA. Because aortic cross-
sectional data were not normally distributed, the median extent of
atherosclerosis (in wm?) is reported, along with the range for each
group, and differences in the extent of atherosclerosis between
groups were analyzed with the nonparametric Kruskal-Wallis test.
The association of lesions in the cross sections of the proximal aorta
with lesions in the pinned-out aortas was measured by rank correla-
tions. Relationships between lipid levels, body weights, and the ex-
tent of atherosclerotic lesions were assessed by both univariate and
multivariate analysis to determine if genotype had an independent
impact on lesion area. Analyses were performed on a Sun SparcSta-
tion 2 (Sun Microsystems, Inc., Fremont, CA) using the statistical
analysis system procedures (SAS Institute, Inc., Cary, NC) MIXED,
GLM, UNIVARIATE, NPARIWAY and CORR.

Results

Characterization of the genetically modified mice. Although the
plasma of the apo-B*'*apo-E~'~ mice contained both apo-B48
and apo-B100, 80-90% of the apo-B was apo-B48 (Fig. 1 A).
The plasma of the apo-B¥®apo-E~'~ contained exclusively
apo-B48, whereas the plasma of the apo-B'"'®apo-E~'~ mice
produced only apo-B100. Quantitative analysis of Western
blots with a PhosphorImager revealed that the apo-B48 levels
in the apo-B**apo-E~'~ mice were slightly more than those of
the apo-B*'*apo-E~'~ mice, and the apo-B100 levels in the
apo-B'"""%qpo-E~'~ mice were approximately threefold more
than in the apo-B**apo-E~'~ mice. As judged by fast perfor-
mance liquid chromatography (FPLC) fractionation studies,
there were no major differences in overall distribution of the
two apolipoproteins in the different lipoprotein fractions.
Apo-B48 was broadly distributed across the VLDL, IDL, and
LDL fractions in the apo-B***$apo-E~'~ mice, and apo-B100
was broadly distributed in essentially the same fractions in the
apo-B'""%qpo-E~'~ mice (Fig. 1 B).

Lipid levels. The total cholesterol levels in the apo-B*/*
apo-E~'~ mice were higher than in the apo-B*'*apo-E~'~ mice
at 7 wk, and 3 and 6 mo, and 200 d, although the difference
reached statistical significance only at 200 d (P = 0.035). At 7
wk, the total cholesterol levels in the apo-B'*'%gpo-E~/~ mice
(247%21 mg/dl) were significantly lower (P < 0.001) than in
the apo-B*¥*apo-E~'~ mice (392+21 mg/dl) or the apo-B*'*
apo-E™'~ mice (341x23 mg/dl); these differences remained
highly significant at 3 and 6 mo, and 200 d (Fig. 2). In repeated
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Figure 1. (A) Western blot illustrating apo-B proteins in the plasma
of apo-B™*apo-E~'~ apo-B***apo-E~'~, and apo-B'""'%apo-E~'~
mice. (B) Plasma was pooled from four mice of each genotype and
size-fractionated on a Superose 6 column. Consecutive fractions were
combined and electrophoresed on 4-15% polyacrylamide-SDS gels.
Western blots were performed with a rabbit antiserum to mouse
apo-B (20), and with a '»I-labeled goat anti-rabbit secondary anti-
body.

FPLC fractionation studies, all three groups had very high
levels of VLDL cholesterol, and the differences in total choles-
terol levels were accounted for by different amounts of choles-
terol in IDL- and LDL-sized lipoproteins (18). HDL cho-
lesterol levels at 200 d were slightly, but significantly, higher
(P < 0.001) in the apo-B'%"%po-E~'~ mice (33.8%1.36 mg/dl),
than in the apo-B**apo-E~'~ mice (22.1+1.5 mg/dl) and the
apo-B®¥8apo-E~'~ mice (27.7=1.5 mg/dl). The triglyceride lev-
els were significantly higher in the apo-B'™'%gpo-E~'~ mice
than in the apo-B™"apo-E~'~ control mice, but there were
no differences in triglyceride levels between the apo-B*/*
apo-E~'~ and apo-B™*apo-E~'~ mice (Table I).

The plasma cholesterol levels increased significantly with
time in both the apo-B*¥*apo-E~'~ mice (P = 0.0002) and the
apo-B**apo-E~'~ mice (P = 0.0065). In striking contrast, the
plasma cholesterol levels decreased in the apo-B'%'%apo-E~/~
mice (P = 0.053). In the apo-B**apo-E~'~ mice and apo-B*'*
apo-E~'~ mice, cholesterol levels measured at 7 wk correlated
weakly with those measured at 200 d (r = 0.460, P = 0.020
for the apo-B®¥*¥apo-E~'~ mice; r = 0.207, P = 0.321 for the
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Figure 2. Mean plasma cholesterol levels in apo-B**apo-E™'~,
apo-B*¥*¥apo-E~'~, and apo-B""'"%apo-E~'~ mice fed a chow diet at
7 wk, 3 and 6 mo, and 200 d of age. Error bars represent SEM. *P <
0.05 versus apo-B**apo-E~'~; ¥¥%P < 0.001 versus apo-B*'*
apo-E~'=; TP < 0.001 versus apo-B**apo-E~'~.

apo-B**apo-E~'~ mice). In the apo-B'"'% mice, the correla-
tion was somewhat stronger (r = 0.574, P = 0.0041).

Body weights. Unexpectedly, we found that the body
weights of the three groups of animals were slightly different
(Fig. 3). Compared with the apo-B*"*apo-E~'~ mice at 200 d of
age, the apo-B'"%po-E~'~ mice were slightly, but signifi-
cantly, lighter (P < 0.001), whereas the apo-B*®*®apo-E~'~
mice were heavier (P < 0.05) (Fig. 3).

Atherosclerosis. Atherosclerosis was quantified by two in-
dependent techniques: measurement of sudanophilic lesions in
the pinned-out aortas and measurement of Oil Red O-staining
lesions cross sections of the aortic root. The analysis of the
pinned-out aortas revealed that the apo-B*®*8apo-E~/~ mice
had significantly more lesions than the apo-B* " apo-E~'~ mice
(P < 0.001), whereas the apo-B'""'%gpo-E~'~ mice had signifi-
cantly fewer lesions (P < 0.001) (Fig. 4). A representative ex-
ample of an entire aorta from a single apo-B**apo-E~'~
mouse is shown in Fig. 5 A. Most of the lesions were located in
the aortic arch, although some lesions extended into the tho-
racic and abdominal aortas. Representative aortic arch regions
from apo-B™Tapo-E™'~, apo-B*¥*8apo-E~'~, and apo-B'01%
apo-E~'~ aortas are shown in Fig. 5 B, C, and D, respectively.
In each aortic segment (arch, thoracic, and abdominal), the
apo-B'""%po-E~'~ mice had less atherosclerosis than the

Table I. Plasma Triglyceride Levels in the Three Groups
of Mice

Plasma triglyceride levels (mg/dl)

Genotype 7wk 3 mo 6 mo
apo-B**apo-E~'~ 80.9%+5.7 102.0+8.5 73472
apo-B¥%8apo-E~'~ 96.6x17.1 88.0*8.6 76.1x7.4
apo-B'"'%qpo-E~/~ 133.1£9.2%* 128.6£8.4* 109.5£8.1*

n = 25 in each group; *P < 0.01 versus apo-B*'*apo-E~'~ and apo-B**
apo-E~'~ mice.
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Figure 3. Body weights of apo-B**apo-E~'~, apo-B**apo-E~'~, and
apo-B'"% gpo-E~'~ mice at 7 wk, and 3 and 6 mo of age. Body
weights at 6 mo were 26.1=0.3 g in apo-B*'*apo-E~'~ mice, 26.9+0.3 g
in apo-B¥*apo-E~'~ mice, and 24.7+0.4 g in apo-B*"'%gpo-E~/~
mice. *P < 0.05 versus apo-B™Tapo-E~'~; #*P < 0.01 versus apo-B™'*
apo-E~'~ mice; ***P < 0.001 versus apo-B*'*apo-E~'~ mice; P <
0.01 versus apo-B¥*apo-E~'~;, TP < 0.001 versus apo-B**apo-E~'~.

apo-B**apo-E~'~ or apo-B*¥®apo-E~'~ mice (Fig. 4). The
apo-B¥*®apo-E~'~ mice tended to have more atherosclerosis
than the apo-B™"apo-E~'~ mice in each of the three segments,
although the difference between these two groups did not
reach statistical significance in the aortic arch segment (Fig. 4).

The results illustrated in Figs. 2 and 4 show that the extent
of atherosclerotic lesions was greatest in the apo-B*¥*apo-E~'~
mice, which had the highest mean cholesterol level, and lowest
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Figure 4. Extent of the atherosclerotic lesions in the entire aorta, the
aortic arch, the thoracic aorta, and the abdominal aorta in apo-B™'"*
apo-E'~, apo-B*¥*%apo-E~'~, and apo-B'""%gpo-E~/~ mice (n = 25
in each group). Mean lesion surface area (=SEM) for the entire aorta
were 268,858+35,897 for the apo-B*'*apo-E~'~ mice, 355,653+34,877
for the apo-B**®apo-E~'~ mice, and 48,537+13,149 pm? for the
apo-B'"'%qpo-E~/~ mice. ***P < 0.001 versus apo-B**apo-E~'~
mice; TP < 0.001 versus apo-B¥*apo-E~'~.
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in the apo-B'""'"%po-E~'~ mice, which had the lowest choles-
terol levels. However, the extent of atherosclerosis and total
plasma cholesterol levels in the three groups overlapped signif-
icantly. To determine if one genotype had significantly more
(or less) atherosclerosis at any given cholesterol level, we plot-
ted the plasma cholesterol level at 200 d versus the extent of le-
sions in the pinned-out aortas for all mice of the study (Fig. 6).
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Figure 5. (A) Sudan IV-stained aorta from a
apo-B*¥®apo-E~'~ mouse fed a chow diet for
200 d. Lesions were located in the aortic arch
and scattered throughout the rest of the aorta,
particularly at branch points, such as the origins
of the mesenteric and renal arteries. (B-D)
Sudan I'V-stained aortic arches from an apo-B*'*
apo-E~'~ mouse (B), an apo-B¥*apo-E~'~
mouse (C), and an apo-B'""%apo-E~'~ mouse
(D). The apo-B''%gpo-E~'~ mice had fewer le-
sions than the apo-B**apo-E~'~ and apo-B*'*
apo-E~'~ mice (C). Oil Red O-stained section
through the proximal aortic root of an apo-B*'*
apo-E~'~ mouse (E). The atherosclerotic lesions
stain red. The extent of lesions in this section
was 144,740 pm?.

Within each genotype, the cholesterol levels at 200 d corre-
lated positively with the extent of atherosclerosis (r = 0.515,
P = 0.008 for the apo-B™ apo-E~'~ mice; r = 0.758, P =
0.0001 for the apo-B'"Y'"%gpo-E~'~ mice; and r = 0.37, P =
0.069 for the apo-B**apo-E~'~— mice). The reason for the
somewhat lower correlation coefficient in the apo-B*¥*8apo-E~'~
mice is not clear. However, the correlation was somewhat im-



O Apo-B**apo-E+-
0 Apo-B*¥*8apo-E--

’g‘ A Apo-B'01005p0-E--
&
g 74 o o

n a a
: ¢ 0 %07
2 57 O o ©
< a4 o o o
g 4 [m] (09 © Figure 6. Correlation
< 34 B © between the extent of
") [m} o %b o] ..
5 o] A o 0 atherosclerosis in the
'g B oA o pinned-out aortas and
= 14 A g0 the plasma cholesterol
'.g 0 o level measured at 200 d.
o b = =
2 0 100200300400500600700800 ' — O-715 (P =0.0001)

for the three groups of

Cholesterol (mg/dl) mice.

proved with the 6-mo cholesterol values (r = 0.435, P = 0.029).
When animals from all three groups were analyzed together,
there was a strong positive correlation between total choles-
terol levels and the amount of atherosclerosis (r = 0.715, P =
0.0001).

A visual inspection of Fig. 6 strongly suggested that mice of
different genotypes with similar cholesterol levels had similar
amounts of atherosclerosis. To put that assessment to a statisti-
cal test, we applied multivariate analysis to the analysis of the
experimental variables (total cholesterol level, triglyceride
level, body weight, and apo-B genotype) from all 75 mice in
the study. Multivariate analysis revealed that the total choles-
terol level was a very powerful predictor of extent of athero-
sclerosis (P = 0.0001). Triglyceride levels correlated negatively
with lesion size (P = 0.0043). This correlation was mainly
due to apo-B**apo-E~'~ mice (r = —0.44, P = 0.0277 for the
apo-B" apo-E~'~ mice; r = —0.321, P = 0.15 for the apo-B'*"®
apo-E~'~ mice; and r = —0.19, P = 0.362 for the apo-B*
apo-E~'~ mice). The apo-B genotype had no independent ef-
fect on the development of atherosclerosis. These data suggest
that the lipid levels in the plasma, and not the species of apo-B
within the lipoproteins, are the key factors that determine sus-
ceptibility to atherosclerosis.

Interestingly, the significant relationship between the total
plasma cholesterol level and the extent of lesions within each
genotype was only observed with cholesterol levels obtained at
6 mo or 200 d. The cholesterol level measured at 7 wk did not
correlate with the extent of atherosclerosis at 200 d (r = 0.119,
P = 0.572 for the apo-B*"*apo-E~'~ mice; r = 0.221, P = 0.312
for the apo-B'"'%gpo-E~'~ mice; and r = 0.195, P = 0.350 for
the apo-B¥®apo-E~'~ mice). There was no significant rela-
tionship between the extent of atherosclerosis and HDL cho-
lesterol levels in any of the three groups of animals (r = 0.068,
P = 0.747 for the apo-B*"*apo-E~'~ mice; r = 0.236, P = 0.256
for the apo-B'"'"%gpo-E~'~ mice; and r = 0.087, P = 0.679 for
the apo-B*¥*apo-E~'~ mice).

The extent of atherosclerosis was also assessed by quantify-
ing lesions in cross sections of the aortic root. An example of
an Oil Red O-stained lesion from the aortic root of aapo-B*'*
apo-E~'~ mouse is shown in Fig. 5 E. Data from cross-sectional
analysis of the proximal aortic root were more variable than
data from the analysis of pinned-out aortas and could not be
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Figure 7. Extent of atherosclerotic lesions as judged by microscopic
analysis of cross sections of the proximal aortic root (n = 17 in each

group).

modeled as well. In a multivariate model including cholesterol,
triglycerides, and genotype as predictors, the 1 value for ex-
tent of atherosclerosis in aortic cross sections was lower than
that in the pinned-out aortas (+* = 0.24 versus * = 0.55). Also,
in contrast to our findings with the pinned-out aorta data, re-
siduals from the models showed that the cross-sectional data
were highly skewed (skewness = 1.9) and not normally distrib-
uted (P < 0.0001), thereby violating the assumptions for a
valid analysis by standard statistical methods. Because of these
considerations, nonparametric statistics were used to analyze
the cross-sectional data. Analysis of the data with the Kruskal-
Wallis test showed no difference in the extent of atherosclero-
sis in aortic cross sections between the apo-B*'"apo-E~'~ and
apo-B¥8apo-E~'~ mice (Fig. 7). However, the lesions in the
apo-B'"""%po-E~'~ mice were smaller than those in the other
two groups (P = 0.0008 versus apo-B™'*apo-E~'~ mice and
P = 0.0049 versus apo-B*¥*¥apo-E~'~ mice) (Fig. 7).

Despite the nonnormal distribution of the aortic cross-sec-
tional data, the plasma cholesterol levels correlated positively
with the extent of aortic root atherosclerosis (r = 0.433, P =
0.0017) when mice from all three genotypes were analyzed as
one group. A positive association between cholesterol levels
and lesions was also noted within two of the groups (r = 0.477,
P = 0.052 for the apo-B*"*apo-E~'~ mice; r = 0.518, P = 0.039
for the apo-B'"'%gpo-E~'~ mice; and r = 0.145, P = 0.579 for
the apo-B**apo-E~'~ mice). When all three groups were ana-
lyzed together, the extent of atherosclerosis overlapped, in a
manner very similar to that shown for the pinned-out aorta
data in Fig. 6. In animals with similar plasma cholesterol levels,
the amount of atherosclerosis measured in the aortic cross sec-
tions was similar.

Atherosclerosis was assessed in aortic cross sections and in
pinned-out aortas in 17 animals of each genotype, providing us
with an opportunity to assess the correlation between data ob-
tained with the two methods. There was a statistically signifi-
cant correlation between data obtained with the two methods
(r = 0.592, P = 0.0003) (Fig. 8). However, several mice, pri-
marily from the apo-B®¥*®apo-E~'~ group, had very severe ath-
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Figure 8. Correlation between the extent of atherosclerotic lesions in
the pinned-out aortas and in cross sections of the proximal aortic root
(n = 17 in each group). r = 0.592 (P = 0.0003).

erosclerosis in the pinned-out aortas but only modest amounts
of atherosclerosis in cross sections of the aortic root.

Our atherosclerosis studies suggested that the three groups
of animals developed similar amounts of atherosclerosis in
cases where the cholesterol levels were similar. Independent of
cholesterol levels, we could not detect an effect of apo-B48 or
apo-B100 synthesis on susceptibility to atherosclerosis, either
with the pinned-out aorta data or with the aortic cross-sec-
tional data. In interpreting this finding, it is important to note
that the form of apo-B species that is synthesized has a signifi-
cant effect on lipoprotein sizes and chemical compositions.
The VLDL from apo-B'"'%gpo-E~/~ mice were more en-
riched in triglycerides than the VLDL from apo-B**3apo-E~'~
(VLDL triglycerides per protein ratios of 1.55 and 0.91, re-
spectively). Moreover, lipoproteins sizes differed in the three
groups of animals. The mean size of the VLDL in apo-B'%1%
apo-E~'~ mice was significantly larger than that of the VLDL
from apo-B*'*apo-E~'~ or apo-B*¥*apo-E~'~ mice, as judged
by the dynamic light scattering technique (Table IT). The IDL
and LDL particles were also larger in the apo-B'"'%apo-E~'~
mice, although this difference was not as striking as the differ-

Table II. VLDL Particle Sizes in Six Different Groups of Mice

Genotype VLDL (nm)
apo-B* apo-E*'* 55.5*6.8
apo-B¥"apo-E*!* 542+2.7
apo-B'10gpo. FH+ 57.5+1.4
apo-B**apo-E~'~ 43.5+24
apo-B*"apo-E~'- 42.7+3.0
apo-B'"1%gpo-F/- 60.4+2.9*

Values are means*=SEM for three independent experiments on pooled
plasma samples. *P < 0.001 versus apo-B*'*apo-E~'~ and apo-B*"
apo-E~'~ mice.
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ence in VLDL particle sizes. These differences were confirmed
by negative-staining electron microscopy. The mean size of par-
ticles in the VLDL-IDL fraction was 32.2*+12.7 nm in the
apo-B"""%po-E~'~ mice versus 28.5+8.6 nm in the apo-B*/*
apo-E~'~ mice (P < 0.001). In the latter experiments, 30% of
the VLDL-IDL particles from the apo-B'*'%gpo-E~'~ mice
were > 40 nm versus only 10% of VLDL-IDL from the apo-
B*¥%gpo-E~'~ mice. As judged by electron microscopy, the
mean LDL particle size was 23.929.1 nm in the apo-B!1%
apo-E~'~ mice versus 22.9+8.2 nm for the LDL from apo-B**
apo-E~'~ mice (P = 0.010).

Discussion

High plasma levels of apo-B—containing lipoproteins unques-
tionably play a causal role in the development of atherosclero-
sis (27). However, the structural features of apo-B that con-
tribute to its atherogenic properties are not completely
understood. As a first step toward approaching this issue, we
asked whether there might be intrinsic differences in the
atherogenicity of lipoproteins containing the two naturally oc-
curring forms of apo-B, apo-B100, and apo-48. To address this
question experimentally, we used gene targeting to generate
apo-B48-only and apo-B100-only mice (18) and then com-
pared their susceptibility to atherosclerosis in the setting of
apo-E deficiency. We chose a background of apo-E deficiency
because it has been shown that apo-E—deficient mice develop
advanced atherosclerotic lesions while consuming a chow diet
(14, 15).

Plasma lipid levels were measured repeatedly during the
course of our study, and the extent of atherosclerosis was as-
sessed by two techniques: measuring lesion sizes in cross sec-
tions of the aortic root (28, 29) and measuring lesions in aortas
that had been pinned out en face (26). Compared with the apo-
B**apo-E~'~ mice, the apo-B**apo-E~'~ mice had slightly
but significantly higher plasma cholesterol levels and the apo-
B1%1%g50-E~'~ mice had lower levels. In each genotype and
across all three groups of animals, the extent of atherosclerosis
correlated with the plasma cholesterol levels. As judged by the
analysis of pinned-out aortas, the apo-B**8apo-E~'~ mice had
more atherosclerosis than the apo-B™"apo-E~'~ mice, which
had more than the apo-B'*'%gpo-E~'~ mice. However, there
was a significant amount of overlap among the three groups of
animals, and mice from all three groups had similar amounts of
atherosclerosis when cholesterol levels were similar. In other
words, there were no data to suggest that the presence of apo-
B100 in the plasma might yield significantly more (or less) ath-
erosclerosis than apo-B48, in cases where cholesterol levels
were similar.

This conclusion—that there were probably no major differ-
ences in the intrinsic atherogenicity of apo-B48 and apo-
B100—is subject to several caveats. One is that the apo-B*/*
apo-E~'~ and apo-B'""'%gpo-E~'~ mice had different choles-
terol levels, making it necessary for us to base our conclusions
on the facts that animals with similar cholesterol levels had
similar amounts of atherosclerosis, that the cholesterol versus
atherosclerosis relationship appeared to be very similar in the
three groups of animals, and that multivariate analysis re-
vealed no significant effect of apo-B genotype on the develop-
ment of lesions. Second, the length of the apo-B molecule has
secondary effects on lipoprotein size and composition, making
it difficult to draw unequivocal conclusions regarding the in-



trinsic atherogenicity of the apo-B molecules themselves. For
example, the VLDL from apo-B'*'%gpo-E~/~ mice were sub-
stantially larger and more enriched in triglycerides than the
VLDL from apo-B**3apo-E~'~ mice. While the presence of
apo-B100 in the plasma did not appear to lead to an overall in-
crease in atherosclerosis (compared with apo-B48), it is impor-
tant to realize that the presence of apo-B100 might have multi-
ple effects on atherogenesis. For example, the larger size of the
apo-B'"'%po-E~'~ VLDL might mitigate atherosclerosis,
while apo-B100’s additional heparin-binding domains might
act to promote atherosclerosis. A third caveat is that the HDL
cholesterol levels differed slightly in the three groups of mice,
with the apo-B'"'%gpo-E~'~ mice having significantly higher
HDL levels.

The lower IDL and LDL cholesterol levels in the apo-B'®1%
apo-E~'~ mice (18) were almost certainly due to the fact that
apo-B100-containing IDL and LDL can be removed from the
plasma by the LDL receptor. The VLDL cholesterol levels in
the apo-B'"'%gpo-E~'~ mice do not appear to be reduced, as
judged by FPLC fractionation studies (18), probably because
the apo-B100 molecules on large VLDL particles are not in
the proper conformation for binding to the LDL receptor (30).
To analyze this issue further, we have begun to compare the
turnover of apo-B48- and apo-B100—containing lipoproteins
in apo-B**apo-E~'~ mice (Véniant, M., and S. Young, unpub-
lished data). Preliminary results indicate that apo-B100—con-
taining LDL are cleared significantly more rapidly than the
apo-B48—containing LDL, while the clearance rates for apo-
B100—containing VLDL are no greater than those for apo-
B48—containing VLDL.

To compare the intrinsic atherogenicities of the apo-B48
and apo-B100 molecules themselves, it would be desirable to
compare them directly under conditions in which every experi-
mental variable (such as plasma cholesterol concentration, li-
poprotein size, and diet) was identical in every group of ani-
mals. Unfortunately, we doubt that it will be possible to attain
such ideal experimental conditions. For example, one could
probably match cholesterol levels in apo-B®¥*apo-E~'~ and
apo-B""%po-E~'~ mice with different diets, but it is ques-
tionable whether one could match both cholesterol levels and
triglyceride levels. Differential effects of different diets on lipo-
protein composition and gene expression in the liver and arte-
rial wall could also confound the interpretation of the results.
Additionally, one could analyze atherosclerosis in apo-B48—
only and apo-B100-only mice in the setting of either LDL re-
ceptor deficiency (31) or combined apo-E/LDL receptor defi-
ciency (32). However, we strongly suspect that the cholesterol
levels in these animals probably would not be well-matched.
As we continue to test the proposition that apo-B48 and apo-
B100 have similar intrinsic capacities to promote atherogene-
sis, we will probably have to accept the fact that it will be next
to impossible to compare the atherogenicity of apo-B48 and
apo-B100 in settings in which every experimental variable is
well-matched.

In this study, we used two different independent methods
to measure atherosclerosis: standard microscopic analysis of
cross sections of the aortic root (28, 29), and the more recent
en face analysis of the pinned-out aorta reported by Tangirala
et al. (26). In animals with advanced lesions, such as the apo-
E—deficient animals studied here, quantifying atherosclerosis
in the pinned-out aortas carries significant advantages. First,
the data are less variable than those obtained with the aortic

cross-sectional analysis. The pinned-out aorta data showed lit-
tle skewness (—0.1) whereas the aortic cross section data were
highly skewed (1.9). From the standpoint of planning an ex-
periment, a lower level of experimental variability translates
into a need for fewer animals to achieve a study with identical
power.2 Moreover, the analysis of pinned-out aortas is less
time- and labor-intensive than analysis of aortic cross sections.

Several findings regarding the plasma lipids were interest-
ing and noteworthy. First, plasma cholesterol levels correlated
strongly with the extent of lesions in each genotype. To our
knowledge, no one has yet reported a positive correlation be-
tween cholesterol levels and lesions in apo-E—deficient mice,
even in mice more extensively backcrossed into the C57BL/6
strain. Second, cholesterol levels at 7 wk of age did not corre-
late with extent of atherosclerosis at 200 d. Thus, single choles-
terol measurements at this stage of maturity apparently cannot
be used to predict the extent of atherosclerosis later in life.
Third, the apo-B100-only mice had higher triglyceride levels
throughout the study. Higher triglyceride levels in apo-B100—
only mice are also observed in the setting of apo-E expression
(18). Although we do not know the mechanism for the higher
triglyceride levels, we have speculated previously (18) that the
apo-B100 molecule may not permit as complete hydrolysis of
triglycerides in lipoproteins.

An unexpected finding was that there were significant
weight differences between the different groups of animals,
with the apo-B*¥%apo-E~'~ mice being significantly heavier
and the apo-B'""'%gpo-E~'~ mice being lighter than apo-B*™'*
apo-E~'~ mice. We do not know whether this relates to differ-
ences in adiposity or to lean body mass, and it is probably pru-
dent to be cautious about these observations because they
were not made in inbred strains. However, the fact that the
apo-B48-only and apo-B100-only mutations produced oppo-
site effects on body weight suggests that the intrinsic differ-
ences between the two molecules may affect fuel metabolism
and nutritional status. In support of this interpretation, Lyn
Powell-Braxton has recently measured body weights in 24 hy-
brid APOBEC-1 knockout mice (33) (which synthesize only
apo-B100) and 18 wild-type littermate controls and docu-
mented that the APOBEC-1 knockout mice had significantly
lower body weights (P = 0.0043) (Powell-Braxton, L., per-
sonal communication).

We suspect that the apo-E—deficient mouse models charac-
terized in this study may prove to be useful for future studies
of lipoprotein metabolism and atherosclerosis (the animals
used in this study are available from the investigators and will
be placed in the Jackson Laboratories). For studies of lipopro-
tein metabolism, the intrinsic metabolic heterogeneity result-
ing from the synthesis of both apo-B48 and apo-B100 may be

2. For example, using the data from this study, we calculated that, to
attain an 80% chance of detecting a 25% difference in atherosclerosis
between apo-B*¥*apo-E~'~ and apo-B"'"apo-E~'~ mice at the P =
0.05 level, 48 mice would be required for the pinned-out aorta analy-
sis versus 240 mice for the cross-sectional analysis. Similarly, to attain
an 80% chance of detecting a 15% difference between apo-B'%1%
apo-E~'~ and apo-B*'*apo-E~'~ mice at the P = 0.05 level would re-
quire 12 animals for the pinned-out aorta analysis and 63 for the
cross-sectional analysis, respectively. (Even though the cross-sec-
tional data are not normally distributed, it is appropriate to estimate
the sample size using this type of power calculation [34]).
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undesirable, making the use of apo-B**apo-E~'~ or apo-B'%1%
apo-E~'~ mice attractive. For some atherosclerosis studies, it
might be useful to use apo-B*¥*8apo-E~'~ mice because they
develop more extensive lesions than the apo-B™apo-E~'~
mice. On the other hand, some investigators might want to use
apo-B'""%po-E~'~ mice, which develop atherosclerotic le-
sions without severe hypercholesterolemia.
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