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Apo-B–Containing Lipoproteins and Atherosclerosis
High plasma levels of the apo-B–containing lipoproteins are casually implicated in the
pathogenesis of atherosclerotic coronary heart disease (CHD) (1). This finding, which is
backed by many decades of experimental animal studies and human clinical trial data, has
sparked interest in defining which classes of apo-B–containing lipoprotein particles are most
atherogenic (i.e., whether there are intrinsic differences in the atherogenicity of different
classes of lipoprotein particles). There is overwhelming evidence that cholesterol-rich LDL,
the smallest of the apo-B–containing particles, are atherogenic (1–3). Patients with familial
hypercholesterolemia have a striking increase in the plasma levels of LDL and develop
severe premature atherosclerosis. On the other hand, there is substantial evidence that larger
lipoproteins, such as chylomicron and VLDL remnants, can also be atherogenic. For
example, patients with Type III hyperlipidemia accumulate cholesterol-rich VLDL and
chylomicron remnants and are susceptible to peripheral vascular disease and coronary artery
disease (4,5).

Although small LDL particles and larger remnant lipoproteins both appear to be atherogenic,
it has been difficult to discern which particles are the most potent in causing atherosclerosis.
Human epidemiologic studies do not provide unequivocal insights, in part because many
patients with coronary artery disease have increased levels of both small LDL and large
VLDL, obscuring the identity of the culprit lipoproteins. Studies of human genetic diseases
also have not provided unequivocal answers. Humans with familial hypercholesterolemia
and Type III hyperlipidemia both have high cholesterol levels and atherosclerosis. However,
even if it were possible to assemble large groups of age- and sex-matched patients with
familial hypercholesterolemia and Type III hyperlipidemia, and even if the subjects were
perfectly matched for plasma cholesterol levels and other atherosclerosis risk factors, it
might still be difficult to determine whether LDL particles or chylomicron/VLDL remnants
are the most atherogenic. One of the reasons that it would be difficult is that Type III
hyperlipidemia generally develops in young adults, whereas the elevated cholesterol levels
in patients with familial hypercholesterolemia are lifelong.
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Atherogenicity of Large, Triglyceride-Rich Lipoproteins
Most investigators have assumed that large triglyceride-rich lipoproteins are not as
atherogenic as smaller cholesterol-rich lipoproteins. Humans with deficiencies in lipoprotein
lipase or apolipoprotein CII have familial chylomicronemia, frequently maintaining plasma
triglyceride levels >2,000 mg/dl (6,7). These individuals also have high plasma cholesterol
levels, generally more than 250 mg/dl, with nearly all of the cholesterol in large
chylomicron/VLDL particles (the levels of cholesterol in the LDL and HDL fractions are
typically quite low). Those who have studied patients with familial chylomicronemia have
commented that these individuals are not particularly susceptible to coronary artery disease
(6,7). However, opinions about this issue are not uniform. Dr. Michael Hayden’s group at
the University of British Columbia has challenged the concept that patients with familial
chylomicronemia are protected from atherosclerosis (8). They reported four patients with
familial chylomicronemia (from well characterized LPL mutations—mostly missense
mutations yielding catalytically inactive protein) who had premature peripheral vascular
disease or coronary artery disease or both. Like typical chylomicronemia patients, all four of
these patients had markedly elevated plasma triglyceride levels (ranging from ~1800–4600
mg/dl), low LDL cholesterol levels (28 ± 16 mg/dl), and low HDL cholesterol levels (17 ± 7
mg/dl). Total plasma cholesterol levels were elevated (200–425 mg/dl), with nearly all of the
cholesterol in the VLDL/chylomicron fraction (i.e., the d < 1.006 g/ml lipoproteins) (8).
Whether the elevated cholesterol levels within the chylomicron/VLDL fraction were
responsible for the atherosclerosis in these patients is not entirely clear, but it seems likely to
us that this was the case.

The atherogenicity of very large, triglyceride-rich particles has also been examined in rabbit
models. More than 50 years ago, Duff and McMillan (9) found that diabetic rabbits on a
high-cholesterol diet had fewer atherosclerotic lesions than nondiabetic rabbits fed the same
cholesterol-rich diet. While the diabetic and nondiabetic rabbits both had severe
hypercholesterolemia, the diabetic rabbits also had severe hypertriglyceridemia (plasma
triglyceride levels >5000 mg/dl). The observation that hypertriglyceridemia protects diabetic
cholesterol-fed rabbits from atherosclerosis was verified and examined in more detail by the
laboratory of Dr. Donald Zilversmit (10,11). They proposed that the hypertriglyceridemic
diabetic cholesterol-fed rabbits are protected from atherosclerosis because most of the
cholesterol in these rabbits is carried in lipoproteins that are too large to enter the arterial
wall. They found that the majority of the cholesterol in the diabetic rabbits was in “giant
lipoproteins” with diameters >75 nm (10,12). They also found that the ability of lipoproteins
to enter the arterial intima depended on size, and that the “giant lipoproteins” were
“practically excluded” from the arterial wall, with an intimal clearance rate less than 5% of
LDL-sized particles (10,11).

Lipoprotein Size and Atherosclerosis in Mouse Models
During the past 15 years, the mouse has become the predominant model for studying
atherosclerosis. Mice are less expensive than rabbits or primates, and the ability to create
transgenic and gene-knockout models has made it possible to investigate the relevance of
dozens of genes in atherogenesis.

Very early after the onset of the “mouse era” in atherosclerosis research (13–16), gene-
knockout models were established for both familial hypercholesterolemia (LDL receptor
deficiency) (17,18) and Type III hyperlipidemia (apo-E deficiency) (19–22). Chow-fed apo-
E–deficient (Apoe−/−) mice manifest a dramatic accumulation of cholesterol-rich
chylomicron/VLDL lipoproteins in the plasma, even on a low-fat chow diet, and develop
advanced atherosclerotic lesions (22). LDL receptor–deficient (Ldlr−/−) mice have mild–
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moderate increases in LDL cholesterol levels on a chow diet and develop modest
atherosclerotic lesions (22). Unfortunately, direct comparisons of Apoe−/− and Ldlr−/− mice
shed little light on the relative atherogenicities of the large VLDL/LDL remnants and small
LDL particles, simply because the total plasma cholesterol levels in the two mouse models
are very different (~375–450 mg/dl in Apoe−/− mice versus only ~200–225 mg/dl in Ldlr−/−

mice) (17–22). Another confounding factor is the overlapping lipoprotein sizes in the two
models. Apoe−/− mice have elevated levels of LDL-sized particles, in addition to VLDL and
chylomicron remnants (23–27), making it difficult to determine which lipoproteins are more
important in contributing to atherosclerosis. Finally, there are significant differences in the
apolipoprotein content of lipoproteins in Apoe−/− and Ldlr−/− mice. The vast majority of
remnant lipoproteins in Apoe−/− mice contain apo-B48 (19–21,28), while the LDL in
Ldlr−/− mice contain apo-B100 (17,28).

Modifying Lipid and Lipoprotein Phenotypes in Apoe−/− Mice with Apob
Mutations

Lipoprotein size and susceptibility to atherosclerosis in Apoe−/− mice have been modified by
rendering these mice homozygous for either the “apo-B48–only” or the “apo-B100–only”
mutation in Apob (29). The laboratory of Dr. Stephen Young (24,29) sought to answer a
question that had vexed the lipoprotein/atherosclerosis field for several decades: Are the two
different apo-B proteins, apo-B48 and apo-B100, intrinsically different in their abilities to
cause atherosclerosis? The two apo-B isoforms differ in size by more than 2400 amino acids
(98, 99), and it seemed plausible that they might differ in their metabolism within the arterial
wall and differ in their ability to induce atherosclerosis. To test this issue, Dr. Young’s
laboratory analyzed susceptibility to atherosclerosis in mice that synthesize exclusively apo-
B48 (Apob48/48 mice) or apo-B100 (Apob100/100 mice) (27). The Apob48/48 mice were
generated by using “pop-in, pop-out” gene targeting to insert a TGA stop codon into codon
2153 of the mouse apo-B gene. Apob100/100 mice were produced by inserting a CTA-leucine
codon into codon 2153 of the mouse apo-B gene (28). Even when the CTA-leucine codon is
edited to UTA by the apo-B RNA-editing machinery (30), no stop codon is generated, as
UTA also specifies leucine.

The Apob48/48 and Apob100/100 mice were crossed with Apoe−/− mice to produce apo-E–
deficient apo-B48–only mice (Apoe−/−Apob48/48) and apo-E–deficient apo-B100–only mice
(Apoe−/−Apob100/100) (27). When the Apoe−/−Apob48/48 mice were fed a chow diet, their
total and LDL cholesterol levels were somewhat higher than in Apoe−/−Apob+/+ mice (24).
The total and LDL cholesterol levels in the Apoe−/−Apob100/100 mice were significantly
lower than in Apoe−/−Apob+/+ mice (24). The lower LDL levels in Apoe−/−Apob100/100 mice
are almost certainly due to the fact that the apo-B100–containing LDL can be removed from
the plasma by the LDL receptor (27,28), while apo-B48–containing lipoproteins in
Apoe−/−Apob+/+ mice cannot be removed by this pathway. As illustrated in Figure 1, the
vast majority of the plasma cholesterol in the Apoe−/−Apob100/100 mice is located in the
VLDL fraction; consequently, these mice have been dubbed “VLDL-cholesterol mice” (24–
26).

We examined large groups of Apoe−/−Apob+/+, Apoe−/−Apob48/48, and Apoe−/−Apob100/100

mice (24). While the mean plasma cholesterol levels in the three groups of mice differed
significantly, the cholesterol levels in individual mice actually overlapped considerably. We
therefore were curious to determine whether, at a given cholesterol level, mice expressing
exclusively apo-B48 (Apoe−/−Apob48/48 mice) had fewer (or more) atherosclerotic lesions
than mice expressing exclusively apo-B100 (Apoe−/−Apob100/100 mice). Therefore, after 7
months on a regular chow diet, all of the Apoe−/−Apob+/+, Apoe−/−Apob48/48, and
Apoe−/−Apob100/100 mice were euthanized and perfusion-fixed. Atherosclerosis was
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measured by pinning out the aorta and then using computer-assisted morphometric
techniques to quantify the percentage of the aortic surface covered by atherosclerotic
lesions. Most of the lesions in all three groups of mice were located in the ascending aorta
and aortic arch. Atherosclerosis was more extensive in the Apoe−/−Apob48/48 mice, and less
extensive in the Apoe−/−Apob100/100 mice, compared with the Apoe−/−Apob+/+ mice (27).
Once again, however, a considerable amount of overlap existed. Importantly, the amount of
atherosclerosis correlated with total plasma cholesterol levels in all three groups of mice.
Also, all three groups appeared to fall on the same “total cholesterol vs. atherosclerosis
curve.” In other words, the Apoe−/−Apob+/+, Apoe−/−Apob48/48, and Apoe−/−Apob100/100

mice had similar amounts of atherosclerosis when their total cholesterol levels were similar.
From this study, Dr. Young’s group concluded that the total cholesterol level appeared to be
the most important factor in the development of atherosclerosis and that there did not appear
to be any significant differences between the intrinsic abilities of apo-B48– and apo-B100–
containing lipoproteins to promote atherosclerosis (24). There was no relationship between
plasma triglyceride levels and atherosclerotic lesions.

Lipoprotein Size and Atherosclerosis in Apoe−/− and Ldlr−/− Mice After
“Evening Up” the Plasma Cholesterol Levels

Ldlr−/− mice do not develop severe hypercholesterolemia because their livers synthesize
abundant amounts of apo-B48, and apo-B48–containing lipoproteins can be efficiently
cleared independently of the LDL receptor (27,28). We predicted that it would be possible to
increase LDL levels in Ldlr−/− mice by eliminating apo-B48 synthesis. To test this idea, we
bred Ldlr−/−Apob100/100 mice (27). As predicted, these mice had significantly higher plasma
cholesterol levels than the Ldlr−/−Apob+/+ mice, and essentially all of the cholesterol in their
plasma was located in the LDL, as judged by fractionation of the plasma by fast phase liquid
chromatography (FPLC) (Figure 1). We have dubbed the Ldlr−/−Apob100/100 mice “LDL-
cholesterol mice” (25–27). The distribution of cholesterol in these “LDL cholesterol mice”
was strikingly different from those of the “VLDL cholesterol mice” (Apoe−/−Apob100/100)
(Figure 1). Of note, the total plasma cholesterol levels in the Apoe−/−Apob100/100 and the
Ldlr−/−Apob100/100 mice were virtually identical (25). HDL cholesterol levels were also
indistinguishable (25). The triglyceride levels were somewhat higher in Apoe−/−Apob100/100

mice than in Ldlr−/−Apob100/100 mice (25).

While the total plasma cholesterol levels in Apoe−/−Apob100/100 and Ldlr−/−Apob100/100

mice were very similar, the size of the lipoprotein particles in the two models was not (25).
Nearly all of the cholesterol in the plasma of Apoe−/−Apob100/100 mice was in the VLDL,
whereas nearly all of the cholesterol in the Ldlr−/−Apob100/100 mice was in the LDL (Figure
1). The diameters of the lipoproteins were determined by dynamic light scattering analysis
with a Microtrac Series 150 Ultrafine particle analyzer. We found that the lipoproteins in the
plasma of Apoe−/−Apob100/100 mice were actually quite large (mean size of 63 nm) whereas
the vast majority of lipoproteins in Ldlr−/−Apob100/100 mice were small (mean size of 24
nm) (Figure 2) (25). Indeed, there was almost no overlap in the sizes of the apo-B–
containing lipoproteins in the plasma. Finding identical cholesterol levels but differences in
lipoprotein size implied that the numbers of particles in the plasma of the two models would
be different. Indeed, this was the case. Plasma apo-B100 levels were nearly fourfold higher
in Ldlr−/−Apob100/100 mice than in Apoe−/−Apob100/100 mice (Figure 3) (25). Thus, we had
created two hypercholesterolemic mouse models—both “apo-B100–only” and both with the
same plasma cholesterol levels—but with striking differences in lipoprotein sizes and
lipoprotein numbers (25).

To obtain insights into the relative atherogenicities of two very different lipoprotein
phenotypes, we examined susceptibility to atherosclerosis in Apoe−/−Apob100/100 and
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Ldlr−/−Apob100/100 mice (25). For controls, we analyzed Apoe−/− and Ldlr−/− mice that
were homozygous for a wild-type apo-B allele (Apoe−/−Apob+/+ and Ldlr−/−Apob+/+ mice).
All four groups of mice (n ≥ 40/group) were fed a chow diet for 40 weeks. At the 40-week
time point, the total plasma cholesterol levels (mean ± S.D.) in Apoe−/−Apob100/100 and
Ldlr−/−Apob100/100 were virtually identical (334 ± 12 and 336 ± 8 mg/dl, respectively). As
expected, the total plasma cholesterol levels were higher in Apoe−/−Apob+/+ mice (497 ± 23
mg/dl) and lower in Ldlr−/−Apob+/+ mice (235 ± 12 mg/dl) (25).

Computer-assisted morphometric techniques were used to assess the percent of the aortic
surface covered by atherosclerotic lesions at 40 weeks (25). The results were unequivocal.
Mice with larger numbers of small lipoproteins (i.e., the Ldlr−/−Apob100/100 mice) had far
more atherosclerosis than mice with smaller numbers of large lipoproteins (i.e., the
Apoe−/−Apob100/100 mice) (14.0 ± 0.46% versus only 4.8 ± 0.37% of the aortic surface; P <
0.0001) (Figure 4) (25). Of note, Apoe−/−Apob+/+ mice actually had only about one-half as
much atherosclerosis (7.47 ± 0.67% of the aortic surface) as Ldlr−/−Apob100/100 mice,
despite having far higher plasma cholesterol levels. As expected, the Ldlr−/−Apob+/+ mice
had minimal atherosclerosis (0.41 ± 0.16%, ~3% of that in Ldlr−/−Apob100/100 mice; P <
0.0001) (25). The Ldlr−/−Apob100/100 mice were far more susceptible to atherosclerosis than
Apoe−/−Apob100/100 mice. Representative pinned-out aortas from all four genotypes of mice
(Apoe−/−Apob+/+, Apoe−/−Apob100/100, Ldlr−/−Apob+/+, Ldlr−/−Apob100/100) are shown in
Figure 5 (25). The microscopic appearance of the atherosclerotic lesions in the proximal
aortas was similar in the different groups (Figure 6) (25).

When we plotted atherosclerotic lesion measurements and total cholesterol levels in
Ldlr−/−Apob100/100 and Apoe−/−Apob100/100 mice, we found that Ldlr−/−Apob100/100 mice
had far more atherosclerosis than Apoe−/−Apob100/100 mice with similar total cholesterol
levels (Figure 7) (25). A plot of atherosclerotic lesions and plasma apo-B100 levels (Figure
7) revealed that Ldlr−/−Apob100/100 mice—the group with the highest apo-B100 levels—had
the most atherosclerosis.

We also measured the amount of free and esterified cholesterol in the aortas and the rate of
aortic DNA synthesis. The Ldlr−/−Apob100/100 mice accumulated far more cholesterol in
their aortas than the Apoe−/−Apob100/100 mice, despite almost identical plasma cholesterol
levels (25) (Figure 8). We found a strong positive correlation between lesion size, measured
morphometrically, and the aortic content of esterified cholesterol, both for all of the mice in
the study (r = 0.858; P < 0.0001) and for most of the subgroups (Apoe−/−Apob+/+: r = 0.719,
P < 0.0001; Apoe−/−Apob100/100: r = 0.705, P < 0.0001; and Ldlr−/−Apob100/100: r = 0.734,
P < 0.0001) (25).

To measure DNA synthesis within the aortas, we administered 2H2O to the mice and then
assessed, by mass spectrometry, the incorporation of deuterium into newly synthesized DNA
(25). The aortic DNA synthesis rate in the experimental animals was high; nearly 10–12% of
the cells in the aorta had divided during the three weeks prior to euthanizing the mice (25).
The correlation between lesions, as assessed by morphometry, and the aortic DNA synthesis
rate was moderate (r = 0.574, P < 0.0001). The correlation between the aortic cholesterol
content and the aortic DNA synthesis rate was lower (r = 0.482, P < 0.0001 for free
cholesterol; r = 0.469, P < 0.0001 for esterified cholesterol). In line with the morphometric
results and the cholesterol measurements, the aortic DNA synthesis in the
Ldlr−/−Apob100/100 mice was almost twice as high as in Apoe−/−Apob100/100 mice (Figure 8)
(25).

The total plasma cholesterol levels in Apoe−/−Apob100/100 and Ldlr−/−Apob100/100 mice are
virtually identical, and the principal structural protein of lipoprotein particles, apo-B100, is
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the same in both models (25). While there are several potential explanations for these
results, we believe that the most likely explanation is the differences in the lipoprotein
phenotype, with large numbers of small lipoproteins (as in Ldlr−/−Apob100/100 mice) being
more atherogenic than lower numbers of large lipoproteins (as in Apoe−/−Apob100/100 mice)
(Figure 9) (25,26). Of note, more than half of the cholesterol in Apoe−/−Apob100/100 mice
was contained in “giant” lipoproteins with diameters greater than 70 nm—the types of
particles that have little ability to penetrate the arterial wall (10).

Interpreting the Differences in Atherosclerotic Lesions in
Apoe−/−Apob100/100 and Ldlr−/−Apob100/100 Mice

The total plasma cholesterol levels in Apoe−/−Apob100/100 and Ldlr−/−Apob100/100 mice
were almost identical, but lipoprotein sizes were not. The striking differences in the sizes of
cholesterol-carrying particles, given nearly equivalent plasma cholesterol levels, was
explained by differences in the numbers of apo-B–containing lipoprotein particles in the
plasma (25). Plasma levels of apo-B100 were almost fourfold higher in Ldlr−/−Apob100/100

mice.

Figure 9 shows the mean values for atherosclerotic lesions and cholesterol levels for each of
the four genotypes of mice. These data suggest that susceptibility to atherosclerosis changes
according to lipoprotein size. Thus, there appears to be a distinct “plasma cholesterol versus
atherosclerosis” relationship for lipoproteins of different sizes. When most of the
lipoproteins are small (i.e., in the LDL size range), as in the two groups of LDL receptor–
deficient mice, changing the plasma cholesterol levels from ~200 to ~300 mg/dl resulted in a
nearly 30-fold increase in amount of atherosclerotic lesions in the aorta (25). When most of
the cholesterol was located within large lipoprotein particles (i.e., VLDL-sized particles), as
in the Apoe−/−Apob100/100 and Apoe−/−Apob+/+ mice, increasing the plasma cholesterol level
by ~150 mg/dl increased atherosclerotic lesions by less than twofold (25).

We believe that the very steep increase in lesions with relatively small changes in LDL
levels is consistent with earlier findings in mouse models. Previously, we generated human
apo-B transgenic mice (31) and examined their susceptibility to atherosclerotic lesions on a
high-fat diet (32). The human apo-B transgene had little impact on the concentration of
VLDL-IDL particles in the plasma, but increased LDL cholesterol levels (by ~80 mg/dl).
This rather small increase in the concentration of LDL in the plasma was associated with a
greater than 10-fold increase in the extent of atherosclerotic lesions (32). Similarly,
increasing LDL levels in Apobec1 knockout mice (by rendering them homozygous for Ldlr
deficiency) resulted in a striking increase in atherosclerosis (33). A steep “atherosclerosis
versus LDL cholesterol slope” is probably not unique to mouse models. In humans, where
most of the cholesterol is in LDL particles, doubling plasma cholesterol levels increases the
risk of coronary disease sixfold (34).

It is possible, of course, that factors other than lipoprotein size and apo-B concentration
could have affected atherogenesis in Ldlr−/−Apob100/100 and Apoe−/−Apob100/100 mice
(25,26). For example, apo-E in the lipoproteins of Ldlr−/−Apob100/100 mice might somehow
increase the binding of lipoproteins to proteoglycans within the arterial wall, thereby
accelerating atherogenesis. Similarly, the apo-AIV-enrichment of VLDL in
Apoe−/−Apob100/100 mice might have had the opposite effect. Alternatively, perhaps the
LDL in the Ldlr−/−Apob100/100 mice was more susceptible to oxidation because of a longer
residence time in the plasma, leading to more atherosclerosis. Also, the macrophages in
Ldlr−/−Apob100/100 mice obviously retain the capacity to produce apo-E, while those in
Apoe−/−Apob100/100 mice do not. Bone marrow transplantation studies have suggested that
the local production of apo-E within macrophages in the arterial wall can limit the

Véniant et al. Page 6

Curr Drug Targets. Author manuscript; available in PMC 2011 February 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



progression of lesions (35). However, this “anti-atherogenic role of apo-E in the arterial
wall” would seemingly not explain our findings, given that the mice with the capacity to
synthesize apo-E (e.g., Ldlr−/−Apob100/100 mice) had more atherosclerosis, not less.

Studies with Ldlr−/−Apob100/100 and Apoe−/−Apob100/100 Mice That Are Also
Homozygous for the Obesity (Ob) Mutation

Apoe−/− and Ldlr−/− mice are useful models for examining hyperlipidemia and
atherosclerosis, but unlike many human patients with coronary artery disease, they are
neither insulin-resistant nor diabetic. To develop mouse models that exhibit both insulin
resistance and hyperlipidemia, we bred Apoe−/−Apob100/100ob−/− and
Ldlr−/−Apob100/100ob−/− mice. As expected, the body weights of the
Apoe−/−Apob100/100ob−/− and Ldlr−/−Apob100/100ob−/− mice were far greater than those of
wild-type mice (Figure 10). Postprandial blood glucose levels were significantly elevated
only in the Apoe−/−Apob100/100ob−/− mice (Figure 11A). However, both
Apoe−/−Apob100/100ob−/− and Ldlr−/−Apob100/100ob−/− mice had marked hyperinsulinemia
(P < 0.0001 vs. wild-type C57BL/6 mice, Figure 11B). The plasma insulin levels in
Apoe−/−Apob100/100ob−/− were greater than those of Ldlr−/−Apob100/100ob−/− (>50 ng/ml in
the former mice and 30–40 ng/ml in the latter; Figure 11B).

By 11–12 weeks of age, both Apoe−/−Apob100/100ob−/− and Ldlr−/−Apob100/100ob−/− mice
were hypertensive, compared with wild-type C57BL/6 mice (data not shown). Previously, it
has been demonstrated that Apoe−/− mice exhibit hypertension by 7.5 months of age, while
no hypertension was found at 6 weeks of age (36). Also, hypertension has been observed in
Ldlr−/−ob−/− mice when the blood pressure was measured with a telemetric system (37).

From 7–8 weeks to 15–16 weeks of age, the total cholesterol levels of
Apoe−/−Apob100/100ob−/− and Ldlr−/−Apob100/100ob−/− mice oscillated between 850 and
1,100 mg/dl, almost tenfold higher than in wild-type C57BL/6 mice (Figure 12A, P <0.001).
There were no significant differences in cholesterol levels between
Apoe−/−Apob100/100ob−/− and Ldlr−/−Apob100/100ob−/− mice at any age; however, when the
plasma lipoproteins were fractionated on an HPLC system, the distributions of VLDL, LDL,
and HDL were quite different. HDL carried most of the cholesterol in wild-type C57BL/6
mice, consistent with published observations (38) (Figure 12B). Ldlr−/−Apob100/100ob−/−

mice had more cholesterol in LDL than in VLDL or HDL; Apoe−/−Apob100/100ob−/− mice
had more cholesterol in VLDL than in LDL or HDL (Figure 12B). HDL levels in
Apoe−/−Apob100/100ob−/− and Ldlr−/−Apob100/100ob−/− mice were identical.

Plasma triglyceride levels in Apoe−/−Apob100/100ob−/− and Ldlr−/−Apob100/100ob−/− mice
were three- and three- to five-fold higher, respectively, than those in wild-type C57BL/6
mice (Figure 12C, P < 0.0001 for both). The plasma free fatty acid levels were elevated in
both Apoe−/−Apob100/100ob−/− and Ldlr−/−Apob100/100ob−/− mice (P < 0.0004 for both
groups compared with wild-type C57BL/6 mice) (data not shown).

Quantitative measurements of atherosclerosis revealed that Ldlr−/−Apob100/100ob−/− mice
(Figure 13A) had significantly more lesions Apoe−/−Apob100/100ob−/− mice (21.5 ± 5.4% of
the surface of the aorta vs. 12.3 ± 3.7%), despite having virtually identical total cholesterol
levels. Again, these findings are consistent with a greater atherogenicity of large numbers of
LDL particles. Representative examples of lesions in Apoe−/−Apob100/100ob−/− and
Ldlr−/−Apob100/100ob−/− mice are shown in Figure 13B.
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A New Model That Might Ultimately Prove Useful to Analyze the Impact of
Lipoprotein Size on Atherosclerosis—GPIHBP1 Knockout Mice

During the past year, Drs. Young, Fong, Bensadoun, and Beigneux investigated a new
knockout mouse that could ultimately yield new insights into the relationship between
lipoprotein size and atherogenesis. They found that mice lacking
glycosylphosphatidylinositol-anchored high density lipoprotein-binding protein 1
(GPIHBP1) have chylomicronemia, with extraordinarily large apo-B–containing lipoprotein
particles (39). It is now clear that GPIHBP1 plays a critical role in the lipolytic processing of
apo-B–containing lipoproteins in the plasma. Gpihbp1-deficient (Gpihbp1−/−) mice on a
chow diet have severe chylomicronemia, with grossly milky plasma (Figure 14) and plasma
triglyceride levels of 2000–5000 mg/dl. Gpihbp1 is expressed at high levels in heart and
adipose tissue and moderate levels in skeletal muscle—very similar to the pattern of
expression for lipoprotein lipase (LpL). By immunohistochemistry, GPIHBP1 is located
exclusively on the luminal face of endothelial cells, the site where lipolysis of triglyceride-
rich lipoproteins is known to occur. Also, cultured cells that have been transfected with a
Gpihbp1 cDNA bind both chylomicrons and LpL. Because GPIHBP1 binds both LpL and
chylomicrons and because Gpihbp1−/− mice develop severe chylomicronemia, we suspect
that GPIHBP1 is a physiologically significant “platform” for triglyceride hydrolysis within
capillaries (39).

Very preliminary observations suggest that chow-fed Gpihbp1−/− mice have an increased
susceptibility to atherosclerosis (Mr. Michael Weinstein, Drs. Liya Yan, Loren Fong,
unpublished observations). Should this preliminary finding hold up, this new model could
prove to be useful in exploring the impact of lipoprotein size on atherogenesis.

Initial Identification of GPIHBP1 as a Molecule with Potential Relevance to
Lipid Metabolism

Ioka et al. (40) used an expression cloning strategy to identify cDNAs (from an hepatic
cDNA library) that rendered CHO cells capable of binding fluorescently labeled HDL. One
of the cDNAs encoded scavenger receptor class B, type 1 (SR-BI)—a predictable result. The
other cDNA encoded GPIHBP1. GPIHBP1 (228 amino acids in length) consists of an
amino-terminal signal sequence, a domain rich in acidic amino acids (17 of 25 residues in
the mouse sequence, and 21 of 25 in the human sequence, are glutamate or aspartate), an
Ly-6 motif containing multiple cysteines, and a carboxyl-terminal hydrophobic domain that
is ultimately replaced by a GPI anchor (40). The GPI anchor, which tethers GPIHBP1 to the
surface of the cell, can be cleaved by a phosphatidylinositol-specific phospholipase C
(PIPLC) (40). Like SR-BI (41,42), GPIHBP1 was reported to mediate the selective uptake
of lipids. Excess unlabeled HDL reduced the binding of 125I-HDL to GPIHBP1. The authors
concluded that GPIHBP1 was probably involved in cellular cholesterol transport (40).

By northern blot, GPIHBP1 transcripts were reported to be most abundant in the heart (40).
By in situ hybridization, Ioka et al. (40) found GPIHBP1 expression in cardiac muscle cells,
hepatic Kupffer cells, the sinusoidal endothelium of the liver, the bronchial epithelium, and
pulmonary alveolar macrophages. However, our immunohistochemical studies (39) have
shown that Gpihbp1 is expressed exclusively in endothelial cells, mainly in heart, skeletal
muscle, and adipose tissue. Moreover, chylomicronemia is the only obvious phenotype in
Gpihbp1−/− mice (39).
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Gpihbp1−/− Mice Are Severely Hypertriglyceridemic on a Chow Diet
Our group studied the functional importance of GPIHBP1 in lipoprotein metabolism by
examining the phenotype of Gpihbp1−/− mice. Gpihbp1−/− mice were produced by
eliminating all of the exons and introns of Gpihbp1; northern and western blots of tissues
from Gpihbp1−/− mice showed a complete absence of Gpihbp1 expression (39).

Both male and female Gpihbp1−/− mice had milky plasma on a regular chow diet (Figure
14). This phenotype was invariably quite striking by 10 weeks of age. The plasma
triglyceride levels were significantly elevated at all ages; nearly all mice had plasma
triglyceride levels >1500 mg/dl at 7–10 weeks (Figure 15), and some had levels as high as
9000 mg/dl (39) (unpublished observations). Plasma cholesterol levels were also elevated in
Gpihbp1−/− mice, with most ranging between 250 mg/dl and 500 mg/dl, with an occasional
animal having a cholesterol level greater than 800 mg/dl (39). The plasma lipid levels in
Gpihbp1+/− and Gpihbp1+/+ mice were indistinguishable. To define the distribution of lipids
within the plasma lipoprotein fractions, plasma lipoproteins were fractionated by size on an
FPLC column. The vast majority of the triglycerides and cholesterol in the Gpihbp1−/− mice
was located in large lipoproteins (i.e., in the “chylomicron/VLDL” peak) (Figure 16). The
diameters of the triglyceride-rich lipoproteins in Gpihbp1−/− mice were far larger than those
of wild-type mice, as judged by a dynamic laser light scattering technique (Figure 17) (39).
The median diameter of lipoproteins in Gpihbp1−/− mice was >150% larger than that of
Gpihbp1+/+ mice, and >15% of the particles in the plasma of Gpihbp1−/− mice had
diameters of >122 nm (Figure 17). The FPLC fractionation studies revealed that the HDL
cholesterol levels in Gpihbp1−/− mice were low (Figure 16) (43, 44).

The phenotype of Gpihbp1−/− mice differs significantly from mice lacking lipoprotein lipase
(Lpl−/−). Lpl−/− mice die within 24 h after birth (45,46) with triglyceride levels as high as
20,000 mg/dl (45). The cause of death in newborn Lpl−/− pups is not known with certainty,
but is presumed to be due to either ischemia (from chylomicrons clogging the circulation) or
starvation (due to the inability to utilize lipid nutrients in milk). A small percentage of
Lpl−/− pups can be rescued by injecting the pups with an adenovirus encoding LpL (44).
Following the injection of the LpL adenovirus, LpL is expressed in the liver; however, the
expression of LpL falls rapidly and is absent after a few weeks. This transient expression of
LpL allows some Lpl−/− pups to survive the suckling phase, and those mice can then survive
on a regular chow diet for up to two years. Interestingly, the adult Lpl−/− mice had plasma
triglyceride levels of 2000–4000 mg/dl on a chow diet—very similar to the triglyceride
concentrations in chow-fed Gpihbp1−/− mice (44). The similarity in plasma triglyceride
levels between rescued Lpl−/− mice and Gpihbp1−/− mice has led us to suspect that very
little lipolytic processing occurs in the absence of GPIHBP1 even though they have
respectable levels of LpL in the plasma following an injection of heparin.

Gpihbp1−/− Mice Have High Levels of Apo-B48 in the Plasma
The plasma lipoproteins of Gpihbp1−/− mice contain high levels of apo-B48, as judged by
SDS-polyacrylamide gel electrophoresis (47). Western blots on whole plasma samples
confirmed this finding (Figure 18). Of note, plasma apo-B100 levels did not appear to be
perturbed in Gpihbp1−/− mice.

Thus far, the assessment of apo-B isoforms in the plasma of Gpihbp1−/− mice has been
qualitative. We have not measured apo-B48 or apo-B100 concentrations, nor do we know
how the amount of apo-B48 and apo-B100 in the plasma of these mice compares with those
observed in Apoe−/− and Ldlr−/− mice. At this point, we do not know for sure whether the
accumulation of apo-B48 is largely due to intestinal particles. Also, we do not know whether
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the apparently normal amounts of apo-B100 mean that apo-B100–containing particles can
be processed without GPIHBP1.

There are several potential explanations for the striking increases in apo-B48 in the plasma
of Gpihbp1−/− mice. One is that apo-B48–containing chylomicrons are very large
lipoproteins, and it is mainly the large lipoproteins that accumulate when lipolysis is
defective. Another is that GPIHBP1 plays a specialized role in the clearance of apo-B48–
containing lipoproteins, either by binding directly to apo-B48 or indirectly by binding to
other apolipoproteins on those particles. In the future, we hope to assess the impact of
Gpihbp1 deficiency in mice that express exclusively apo-B100. If Gpihbp1−/−Apob100/100

mice do not exhibit hyperlipidemia or a striking accumulation of apo-B100 in the plasma, it
would suggest that GPIHBP1 plays a special role in the metabolism of apo-B48–containing
lipoproteins.

Mild Hypertriglyceridemia in Gpihbp1−/− Mice During the Suckling Phase
Gpihbp1−/− pups did not exhibit perinatal lethality (39), unlike the situation with newborn
Lpl−/− pups (45). We recently examined the plasma lipid levels in suckling Gpihbp1−/− and
Gpihbp1+/+ mice; the Gpihbp1−/− pups had far higher lipid levels (P < 0.001), but their
triglyceride and cholesterol levels remained <250 mg/dl. In contrast, suckling Lpl−/− pups
had plasma triglyceride levels >20,000 mg/dl (45). We do not yet understand the
mechanisms for the low lipid levels in suckling Gpihbp1−/− mice, but we are intrigued by
the fact that the suckling phase of mouse development is associated with high levels of Lpl
expression in the liver (48). We suspect that Lpl expression in the liver underlies the milder-
than-expected hyperlipidemia in Gpihbp1−/− mice during the suckling phase.

Markedly Delayed Clearance of Retinyl Palmitate in Gpihbp1−/− Mice
After oral administration of retinyl palmitate, retinyl esters are packaged into chylomicrons
in the intestine and enter the circulation. Once the particles are taken up, the retinyl esters
are not re-secreted. Thus, their disappearance from the plasma reflects the rate of
chylomicron clearance. In wild-type mice, the retinyl esters peak quickly (within 1–3 h), and
retinyl esters are almost absent from the plasma after 10 h. In Gpihbp1−/− mice, the plasma
levels of retinyl esters are >10-fold higher than those in Gpihbp1+/+ mice, and the high
levels of retinyl esters persist in the plasma for more than 24 h (Figure 19) (39). Given the
profound delay in the clearance of retinyl palmitate in Gpihbp1−/− mice, we suspect that
many other lipids would also have a prolonged circulation time in these mice. For example,
we suspect that oxidized lipids in the diet would be absorbed by Gpihbp1−/− mice and then
circulate for many hours or days. If so, they conceivably could contribute to the
development of atherosclerotic lesions.

GPIHBP1 Is Located on the Luminal Face of the Capillary Endothelium of
Tissues That Process Triglyceride-Rich Lipoproteins

When confronted with the finding of chylomicronemia in mice lacking a GPI-anchored cell-
surface protein, we thought that there was only one plausible hypothesis—that GPIHBP1 is
somehow involved in the LpL-mediated processing of triglyceride-rich lipoproteins along
the luminal face of capillary endothelial cells. In support of this general concept, we found
that GPIHBP1 is expressed highly in heart, adipose tissue, and skeletal muscle (39)—the
very same tissues that express high levels of LpL and CD36, a fatty acid transporter (49). In
addition, confocal immunofluorescence microscopy revealed that GPIHBP1 is found along
the luminal surface of endothelial cells in both the heart and brown adipose tissue (39)
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(Figure 20). GPIHBP1 is also expressed within capillaries of skeletal muscle, but it is not
expressed at significant levels in capillaries of the brain (39).

Reduced Levels of LpL in the Postheparin Plasma of Gpihbp1−/− Mice
We separated LpL and hepatic lipase (HL) in postheparin plasma by heparin-sepharose
chromatography and then quantified HL and LpL activities. In four experiments, LpL
activity was ~20–70% lower in Gpihbp1−/− mice than wild-type mice, and the LpL:HL ratio
in the Gpihbp1−/− mice was reduced by ~35–90% (P = 0.03) (39). We also used a mouse
LpL–specific ELISA to measure LpL mass in whole plasma (following an injection of
heparin). The mean postheparin LpL protein mass was significantly lower in Gpihbp1−/−

mice than in wild-type control mice (175 ± 111 vs. 581 ± 98 ng/ml; P < 0.001) (39). In
contrast, the levels of LpL mass in the preheparin plasma samples were similar in wild-type
and Gpihbp1−/− mice. At this point in our studies, we face a conundrum: Gpihbp1−/− mice
have a respectable amount of enzymatically active LpL in the plasma after an injection of
heparin, yet there is seemingly almost no lipolysis of the triglyceride-rich lipoproteins. How
can this be explained? We do not know the answer to this question, but we speculate that the
LpL that is released by heparin in Gpihbp1−/− mice is released from pools of LpL that are
not directly relevant to lipoprotein lipolysis (39).

GPIHBP1 Binds Both LpL and Chylomicrons
Because Gpihbp1−/− mice exhibit striking chylomicronemia, we hypothesized that
GPIHBP1 likely functions as a binding site—along the capillary endothelium—for LpL or
chylomicrons or both (39). The fact that GPIHBP1 contains a strongly negatively charged
domain lent some plausibility to this hypothesis, since LpL and several apolipoproteins
within chylomicrons contain positively charged domains (and since those positively charged
domains are known to mediate both protein–protein and protein-heparan sulfate interactions)
(2,50). To explore this possibility, we constructed a full-length mouse Gpihbp1 cDNA
expression vector (39). When we transfected LDL receptor–deficient CHO cells with the
Gpihbp1 expression vector, we observed high levels of GPIHBP1 expression at the cell
surface, as judged by immunocytochemistry. Importantly, we found that this cell-surface
GPIHBP1 could be released with PIPLC (39). To assess the ability of GPIHBP1 to bind
LpL, we examined the binding of avian LpL to a mutant CHO cell line (pgsA-745) that
cannot synthesize HSPGs (51). The GPIHBP1-expressing pgsA-745 cells bound 10–20-fold
more LpL than cells transfected with empty vector; this binding was saturable, and
nonspecific binding was minimal (Figure 21). All of the LpL binding could be released with
PIPLC (39). Recently, we also found that GPIHBP1 also binds to human LpL, and that this
LpL can be released by treatment with PIPLC or heparin (39).

We also tested the binding of fluorescently-labeled chylomicrons to GPIHBP1 on LDL
receptor–deficient CHO cells. We found that cells transfected with an empty vector did not
bind chylomicrons, whereas the cells transfected with the Gpihbp1 expression vector bound
chylomicrons quite avidly (Figure 22) (39). Chylomicron binding was dramatically reduced
by treating the transfected cells with PIPLC (39). The ability of GPIHBP1 to bind both to
LpL and to chylomicrons was consistent with our hypothesis that GPIHBP1 plays a critical
role in lipolysis, perhaps by drawing chylomicrons and LpL into close proximity along the
luminal surface of capillaries (39).

Chylomicrons contain several apolipoproteins (e.g., apo-B48, apo-E, and apo-AV) with
positively charged domains; these apolipoproteins are known to bind, via electrostatic
interactions, to negatively charged molecules such as heparin sulfate or HSPGs (52–54). It is
easy to imagine that one or more of these apolipoproteins on chylomicron particles could
mediate binding to the strongly negatively charged amino-terminal domain of GPIHBP1.
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We imagined that apo-AV could be a good candidate as a ligand for GPIHBP1, since Apoav
deficiency in mice causes hypertriglyceridemia associated with decreased LpL-mediated
lipolysis (55–57). Indeed, our recent experiments have shown, quite unequivocally, that apo-
AV–phospholipid disks bind strongly to Gpihbp1-transfected cells (39). In the future, it will
be interesting to assess the binding of apo-E–phospholipid disks to GPIHBP1.

We have also examined the binding of LpL and chylomicrons to Gpihbp1-transfected and
nontransfected wild-type CHO-K1 cells (which synthesize HSPGs normally). For LpL, we
observed a highly significant 70% increase of binding to the transfected cells compared to
non-transfected cells. When comparing CHO-K1 cells and CHO-745 cells both transfected
with Gpihbp1, CHO-K1 cells bound 60% more LPL. Total binding to the transfected cells
reflects binding to Gpihbp1 and probably also to heparan sulfate chains. For chylomicrons,
increased chylomicron binding to the transfected cells was easily detectable. For apo-AV,
the levels of binding to the nontransfected cells were very high—so high that differences
between Gpihbp1-transfected and nontransfected cells were obscured (Dr. Peter Gin,
unpublished observations).

It would obviously be desirable to assess binding of all of these ligands to endothelial cells
rather than transfected cells. However, preliminary studies suggest that GPIHBP1 is not
expressed in aortic endothelial cells or late-passage microvascular endothelial cells from the
heart (Dr. Brandon Davies, unpublished observations).

Although GPIHBP1 on the surface of CHO cells clearly has the capability of binding to LpL
and chylomicrons in vitro, we emphasize that the precise role of GPIHBP1 in lipolysis is
incompletely understood. While GPIHBP1 likely acts as a platform for lipolysis, the details
are sketchy. One possibility is that GPIHBP1 binds LpL and chylomicrons, and that both of
these roles are essential. Another possibility is that the main role of GPIHBP1 is in binding
chylomicrons, and that LpL binds secondarily to the lipoproteins, perhaps being recruited
from surrounding HSPGs. Still another possibility is that the principal role of GPIHBP1 is
the binding of LpL, and that LpL, rather than GPIHBP1 itself, plays a predominant role in
binding chylomicrons in the bloodstream.

Might Apo-B48 Play a Role in the Binding of Chylomicrons to GPIHBP1?
Another interesting hypothesis is that GPIHBP1 could act as a receptor for apo-B48, the key
structural protein of chylomicrons. Abundant evidence indicates that apo-B48–containing
remnants are taken up by liver receptors via interactions with apo-E on these particles (28).
Thus far, however, there has been little convincing evidence that apo-B48 itself specifically
mediates binding to any cell-surface receptor. However, if apo-B48 were to bind directly to
GPIHBP1 on the surface of endothelial cells within capillaries, it would make some
physiologic sense, as it would provide a mechanism to unload the cargo of apo-B48–
containing intestinal lipoproteins (i.e., triglycerides) to physiologically relevant tissues (i.e.,
muscle and adipose tissue—tissues where GPIHBP1 is expressed).

Both apo-B48 and chylomicrons (defined as intestinal lipoproteins that are initially secreted
into the lymph) are found only in mammals (58). Similarly, GPIHBP1 is found in all
mammals, including platypus (an aquatic egg-laying mammal), but is absent from the
genomes of lower organisms. We suspect that apo-B48 and GPIHBP1 are both mammalian
adaptations to optimize the delivery of triglycerides to vital tissues. In the future, we believe
that it will be interesting to determine if apo-B48 binds specifically to GPIHBP1. It will also
be interesting to determine if the processing of apo-B100–containing lipoproteins is equally
dependent on GPIHBP1 and to determine if Gpihbp1−/−Apob100/100 mice would manifest
equally severe hypertriglyceridemia.
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Spontaneous Atherosclerotic Lesions in Chow-fed Gpihbp1−/− Mice
We had predicted that the Gpihbp1−/− mice on a chow diet would not manifest spontaneous
atherosclerotic lesions, simply because the lipoproteins in the plasma of these mice were so
immense. However, preliminary observations suggest that Gpihbp1−/− mice do indeed
develop atherosclerosis (Mr. Michael Weinstein, Drs. Liya Yan, Loren Fong, unpublished
observations). If this finding holds up, it would raise several issues. Can large triglyceride-
rich lipoproteins somehow drive the formation of atherosclerotic lesions? Is the
atherosclerosis in these mice largely dependent on the level of cholesterol in the triglyceride-
rich lipoproteins? If so, would the atherosclerosis in these mice be eliminated with
ezetimibe? Given the striking delay in the clearance of chylomicrons, would dietary
oxidized lipids exhibit a markedly prolonged circulation time? Would oxidized lipids in the
diet increase the susceptibility of Gpihbp1−/− mice to atherosclerosis? In the future, it would
be interesting to address each of these questions.
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Figure 1.
Lipid and lipoprotein levels in Apoe−/−Apob100/100 (n = 44) and Ldlr−/−Apob100/100 (n = 42)
mice. (A) Distribution of cholesterol within different lipoprotein fractions. (B) Mean plasma
cholesterol levels in Apoe−/−Apob100/100 (n = 44) and Ldlr−/−Apob100/100 (n = 42) mice at
40 weeks of age. Reproduced from a paper by Véniant et al. (25) with permission from the
American Society of Clinical Investigation.
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Figure 2.
Lipoprotein sizes in Apoe−/−Apob100/100, Ldlr−/−Apob100/100, Ldlr−/−Apob+/+, and
Apoe−/−Apob+/+ mice. The median diameter of lipoproteins in Apoe−/−Apob100/100 mice (n
= 15) was 140% larger than in Ldlr−/−Apob100/100 (n = 21) mice, 90% larger than in
Ldlr−/−Apob+/+ mice (n = 17), and 50% larger than in Apoe−/−Apob+/+ mice (n = 16). The
size of VLDL (d < 1.006 g/ml) particles ranged from an average of 33.4 nm in
Ldlr−/−Apob100/100 mice to 61 nm in Apoe−/−Apob100/100 mice; the size of IDL (d = 1.006–
1.020 g/ml) particles ranged from an average of 27 nm in Ldlr−/−Apob100/100 mice to 38 nm
in Apoe−/−Apob100/100 mice; the size of LDL (d = 1.020–1.052 g/ml) particles was 23 nm in
Apoe−/−Apob100/100 plasma, 20 nm in Apoe−/−Apob+/+ plasma, 22 nm in Ldlr−/−Apob100/100

plasma, and 19 nm in Ldlr−/−Apob+/+ plasma. The difference in size between the bottom and
top deciles of particles was 64.0 nm for Apoe−/−Apob100/100 mice, 27.2 nm for
Apoe−/−Apob+/+ mice, 17.8 nm for Ldlr−/−Apob+/+ mice, and 17.0 nm for
Ldlr−/−Apob100/100 mice. Reproduced from a paper by Véniant et al. (25) with permission
from the American Society of Clinical Investigation.
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Figure 3.
Apo-B100 levels in Apoe−/−Apob100/100 (n = 36) and Apoe−/−Apob+/+ mice (n = 34) at 16
and 32 weeks of age, as judged by a monoclonal antibody–based radioimmunoassay.
Reproduced from a paper by Véniant et al. (25) with permission from the American Society
of Clinical Investigation.
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Figure 4.
Morphometric assessment of atherosclerotic lesions in Apoe−/−Apob100/100 (n = 44),
Apoe−/−Apob+/+ (n = 40), Ldlr−/−Apob100/100 (n = 42), and Ldlr−/−Apob+/+ (n = 40) mice.
Differences between all groups were significant at the P < 0.0001 level with one exception:
the lesions in Apoe−/−Apob+/+ mice were different from those in Apoe−/−Apob100/100 mice at
P = 0.0004. Reproduced from a paper by Véniant et al. (25) with permission from the
American Society of Clinical Investigation.
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Figure 5.
Representative Sudan IV–stained thoracic aortas. The amount of atherosclerosis in these
four aortas matched the mean level for each genotype of mice. Reproduced from a paper by
Véniant et al. (25) with permission from the American Society of Clinical Investigation.
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Figure 6.
Oil Red O–stained sections of proximal aortic roots for different mouse genotypes.
Reproduced from a paper by Véniant et al. (25) with permission from the American Society
of Clinical Investigation.

Véniant et al. Page 22

Curr Drug Targets. Author manuscript; available in PMC 2011 February 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Relationship between atherosclerotic lesions and the total plasma cholesterol levels and
plasma apo-B100 levels in Apoe−/−Apob100/100 (n = 41) and Ldlr−/−Apob100/100 (n = 40)
mice. The top panel shows a plot of lesions, as assessed by morphometric techniques, versus
total plasma cholesterol levels (mean of the five measurements). The bottom panel shows a
plot of lesions versus the plasma apo-B100 levels (measured at 32 weeks). Reproduced from
a paper by Véniant et al. (25) with permission from the American Society of Clinical
Investigation.
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Figure 8.
Scoring of aortic pathology in the four groups of mice according to the aortic content of free
and esterified cholesterol and aortic DNA synthesis rate. (A) Cholesterol ester content of
aortas in Apoe−/−Apob100/100 (n = 43), Apoe−/−Apob+/+ (n = 38), Ldlr−/−Apob100/100 (n =
39), and Ldlr−/−Apob+/+ (n = 34) mice. (B) Free cholesterol content of aortas in the four
different groups of mice (numbers of mice identical to those for panel A). (C) Aortic DNA
synthesis rates in Apoe−/−Apob100/100 (n = 18), Apoe−/−Apob+/+ (n = 17),
Ldlr−/−Apob100/100 (n = 25), and Ldlr−/−Apob+/+ (n = 14) mice. Reproduced from a paper by
Véniant et al. (25) with permission from the American Society of Clinical Investigation.
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Figure 9.
Mean extent of atherosclerotic lesions plotted against the mean total plasma cholesterol
level. The atherosclerosis data (assessed by morphometric techniques) and the cholesterol
data represent means calculated from all of the mice in each group. The steep increase in
atherosclerosis in LDL receptor–deficient mice between total cholesterol concentrations of
~200 and ~300 mg/dl suggests that small LDL particles are particularly atherogenic.
Reproduced from a paper by Véniant et al. (25) with permission from the American Society
of Clinical Investigation.
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Figure 10.
Body weight in Apoe−/−Apob100/100ob−/− (n = 18–52) and Ldlr−/−Apob100/100 ob−/− (n =
22–52) mice. Body weights were significantly increased in Apoe−/−Apob100/100ob−/− and
Ldlr−/−Apob100/100 ob−/− mice compared with wild-type C57BL/6 mice (P < 0.001 for both
groups).
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Figure 11.
Blood glucose and insulin levels in Apoe−/−Apob100/100ob−/− (n = 10–24) and
Ldlr−/−Apob100/100 ob−/− (n = 5–17) mice. (A) Fed blood glucose levels were significantly
higher in Apoe−/−Apob100/100ob− mice than in wild-type C57BL/6 mice (P values at
different ages range from 0.05 to 0.001). (B) Fed insulin levels in Apoe−/−Apob100/100ob−/−

and Ldlr−/−Apob100/100 ob−/− mice (n = 16–32). ++P < 0.01 vs. Ldlr−/−Apob100/100 ob−/−

mice, +++P < 0.001 vs. Ldlr−/−Apob100/100 ob−/− mice, ***P < 0.001 vs. C57BL/6 mice.
Shown are means ± SEM.
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Figure 12.
Plasma lipid levels and lipoprotein profiles in Apoe−/−Apob100/100ob−/− and
Ldlr−/−Apob100/100ob−/− mice. (A) Cholesterol levels in Apoe−/−Apob100/100ob−/−,
Ldlr−/−Apob100/100 ob−/−, and C57BL/6 mice (n = 7–16). (B) Distribution of cholesterol in
the plasma lipoproteins of Apoe−/−Apob100/100ob−/−, Ldlr−/−Apob100/100 ob−/−, and wild-
type C57BL/6 mice. A total of 2–5 μl of fresh plasma was used for HPLC-fractionation of
the plasma. (C) Triglyceride levels in Apoe−/−Apob100/100ob−/−, Ldlr−/−Apob100/100ob−/−,
and C57BL/6 wild-type control mice (n = 7–18).
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Figure 13.
Atherosclerosis in Apoe−/−Apob100/100ob−/− and Ldlr−/−Apob100/100ob−/− mice. (A) The
percentage of the aorta occupied by lesions was quantified in Apoe−/−Apob100/100ob−/− (n =
7) and Ldlr−/−Apob100/100ob−/− mice (n = 13) after 24 weeks on a chow diet. (B)
Representative Sudan IV–stained aortas from a Apoe−/−Apob100/100ob−/− mouse and a
Ldlr−/−Apob100/100ob−/− mouse.
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Figure 14.
Plasma samples after low-speed centrifugation. On the right, lipemic plasma from a
Gpihbp1-deficient mouse. The two samples on the left were from unaffected littermates.
Reproduced, with permission from Elsevier, from the article by Beigneux and coworkers
(39).
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Figure 15.
Plasma triglyceride levels in Gpihbp1+/+, Gpihbp1+/−, and Gpihbp1−/− mice at different
ages, showing higher triglyceride levels in Gpihbp1−/− mice (P < 0.0001 for each age
group). Lipid levels in Gpihbp1+/+ and Gpihbp1+/− mice were not different. Reproduced,
with permission from Elsevier, from the article by Beigneux and coworkers (39).
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Figure 16.
Distribution of triglyceride and cholesterol in lipoproteins from Gpihbp1−/− mice. (A)
Distribution of triglycerides in the plasma lipoproteins of Gpihbp1+/+ and Gpihbp1−/− mice.
Plasma lipoproteins were separated by size on a Superose 6 FPLC column. (B) Distribution
of cholesterol in the plasma lipoproteins of Gpihbp1+/+ and Gpihbp1−/− mice. Reproduced,
with permission from Elsevier, from the article by Beigneux and coworkers (39).

Véniant et al. Page 32

Curr Drug Targets. Author manuscript; available in PMC 2011 February 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 17.
Distribution of lipoprotein diameters in the d < 1.022 g/ml lipoproteins from Gpihbp1−/−

and Gpihbp1+/+ mice. (A) As judged by dynamic laser light scattering, the median diameter
of lipoproteins was 157% larger in Gpihbp1−/− mice (n = 3) than in Gpihbp1+/+ mice (n =
6). 15.4% of the particles in Gpihbp1−/− mice had diameters of 122–289 nm. The smaller
subpopulation of particles in Gpihbp1−/− mice had diameters of 39–111 nm. (B) Electron
micrographs of negatively stained d < 1.006 g/ml lipoproteins from the plasma of
Gpihbp1−/− and Gpihbp1+/+ mice, showing larger lipoproteins in Gpihbp1−/− mice.
Reproduced, with permission from Elsevier, from the article by Beigneux and coworkers
(39).
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Figure 18.
Delayed clearance of retinyl esters in Gpihbp1−/− mice. Retinyl palmitate (5000 IU in 50 μl
of vegetable oil) was administered by gavage, and retinyl esters in the plasma were
measured over the next 24 h. Inset: retinyl ester levels in Gpihbp1+/+ mice, plotted on a
different scale, peaked between 1 and 2 h and had largely disappeared by 10 h. Reproduced,
with permission from Elsevier, from the article by Beigneux and coworkers (39).
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Figure 19.
Western blot of mouse plasma (1.0 μl) with a mouse apo-B–specific monoclonal antibody,
showing increased amounts of apo-B48 in the plasma of Gpihbp1−/− mice. Reproduced,
with permission from Elsevier, from the article by Beigneux and coworkers (39).
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Figure 20.
GPIHBP1 is located within the lumen of the capillary endothelium of brown adipose tissue
and heart. (A) Confocal microscopy showing the binding of antibodies against CD31 and
GPIHBP1 to brown adipose tissue from a Gpihbp1+/+ mouse. Images were taken with a
100× objective. Arrows indicate a capillary shown at higher magnification in the insets
(100× objective with 4× digital zoom). Insets: In cross-sections of a capillary, GPIHBP1
staining is particularly prominent on the luminal side. (B) Confocal microscopy showing the
binding of antibodies against CD31 and GPIHBP1 to heart tissue from a Gpihbp1+/+ mouse.
GPIHBP1 staining is particularly prominent on the luminal face of the capillary
endothelium. Images were taken with a 100× objective. Reproduced, with permission from
Elsevier, from the article by Beigneux and coworkers (39).
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Figure 21.
Testing the ability of cell lines expressing GPIHBP1 to bind LpL. (A) Binding of LpL to
pgsA-745 CHO cells stably transfected with a cDNA encoding mouse Gpihbp1 or empty
vector. Cells were incubated for 2 h with increasing amounts of avian LpL. Bound LpL was
analyzed by ELISA. The binding of avian LpL to pgsA-745 CHO cells could be eliminated
by treating the cells with a phosphatidylinositol-specific phospholipase C. Reproduced, with
permission from Elsevier, from the article by Beigneux and coworkers (39).
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Figure 22.
Binding of DiI-labeled chylomicrons (red) to nonpermeabilized CHO-ldlA7 cells that had
been transiently transfected with a mouse Gpihbp1 cDNA. Binding was measured at 4° C.
GPIHBP1 expression was detected with rabbit anti-GPIHBP1 antiserum and FITC-labeled
anti-rabbit IgG (green). Reproduced, with permission from Elsevier, from the article by
Beigneux and coworkers (39).
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