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Understanding hyperlipidemia and atherosclerosis: lessons

from genetically modified apoe and ldlr mice1)
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Marten H. Hofker1,**

1 Department of Molecular Genetics,
2 Department of Physiology,
Universiteit Maastricht, Maastricht, The Netherlands

Abstract

Hyperlipidemia is the most important risk factor for
atherosclerosis, which is the major cause of cardio-
vascular disease. The etiology of hyperlipidemia and
atherosclerosis is complex and governed by multiple
interacting genes. However, mutations in two genes
have been shown to be directly involved, i.e., the low-
density lipoprotein receptor (LDLR) and apolipopro-
tein E (ApoE). Genetically modified mouse models
have been instrumental in elucidating the underlying
molecular mechanisms in lipid metabolism. In this
review, we focus on the use of two of the most widely
used mouse models, ApoE- and LDLR-deficient mice.
After almost a decade of applications, it is clear that
each model has unique strengths and drawbacks
when carrying out studies of the role of additional
genes and environmental factors such as nutrition
and lipid-lowering drugs. Importantly, we elaborate
on mice expressing mutant forms of APOE, including
the APOE3Leiden (APOE3L) and the APOE2 knock-in
(APOE2k) mouse models. These models have out-
standing potential, as they are highly responsive to
dietary factors and pharmacological interventions.

Keywords: apolipoprotein E (ApoE); gene targeting;
genetics; genomics; hyperlipoproteinemia; low-den-
sity protein receptor (LDLR); transgenesis.

Introduction

Atherosclerosis is the major cause of cardiovascular
disease (CVD) and is a complex condition caused by
various genetic and environmental factors. It has

1) This article is based on a contribution made at the 2nd San-
torini Prospective Conference 2004 ‘‘From Human Genetic
Variations to Prediction of Risks and Responses to Drugs and
to the Environment’’, Santorini, Greece, Sep 30–Oct 4, 2004.
*Both authors contributed equally to this paper.
**Corresponding author: Marten H. Hofker, Cardiovascular
Research Institute Maastricht, Department of Molecular
Genetics, Universiteit Maastricht UNS50/11, P.O. Box 616,
6200MD Maastricht, The Netherlands
Phone: q31-43-388-1138, Fax: q31-43-388-4574,
E-mail: m.hofker@gen.unimaas.nl

proved to be very difficult to identify the hereditary
factors responsible. Susceptibility to CVD varies
among individuals because the genetic component
is the result of complex interactions among many
genes. Only in rare cases do single gene mutations
lead to atherosclerosis, often in genes with key roles
in lipid homeostasis. The best-known examples are
the genes encoding the low-density lipoprotein recep-
tor (LDLR) and apolipoprotein E (ApoE). In the early
1980s, the discovery of mutations within these genes
initiated a major effort to scrutinize the entire set of
lipid genes for mutations. A more recent example
includes the discovery of the role of the ABCA1 gene
in Tangiers disease, a heritable deficiency of high-
density lipoproteins (HDLs).

Despite the large number of genes linked to lipid
disorders, it is still difficult to explain common mild
hyperlipidemias at the genetic and molecular levels,
and genes associated with atherosclerosis are even
more difficult to identify via human genetic studies.

At present, however, research on mouse models for
atherosclerosis is providing crucial insights into the
role of additional genes and environmental factors.
Unfortunately, the wild-type mouse is quite resistant
to CVD, due to high levels of anti-atherogenic HDL
and low levels of pro-atherogenic lipoproteins, i.e.,
very-low-density lipoprotein (VLDL) and LDL. The use
of mouse models in the cardiovascular field, however,
only became feasible when technologies capable of
generating transgenic and knockout mice became
generally available. The most widely used mouse
models were developed using the ldlr and apoe
genes. By using these mice as sensitized background
strains, it became possible to investigate the role of
additional genes, diets and other environmental
factors.

First, we introduce the human hyperlipidemias
caused by mutations in the ldlr and apoe genes. Sec-
ond, we describe the models based on these muta-
tions, and finally we delineate how these models are
instrumental in further delineating dyslipidemias and
atherosclerosis.

Lipoprotein disorders

The most common genetic hyperlipidemic disorder
is type II hyperlipoproteinemia (type II HLP), also
referred to as familial hypercholesterolemia (FH),
which is characterized by elevated plasma LDL levels.
FH patients suffer from yellowish lipid deposits in the
skin and subcutaneous tissue, called xanthomas. Xan-
thoma tuberosum and tendinosum are characteristic
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Figure 1 Major functions of ApoE. Triglycerides (TGs), cholesterol and other lipids are packaged into chylomicrons (CMs)
after digestion and absorption in the intestine. CMs contain the apolipoproteins ApoB, ApoC and ApoE. The CMs enter the
circulation, where their TGs are hydrolyzed by LpL, which can be modulated by ApoE. The resulting CM remnants (CMRs)
are rapidly taken up by the liver through the binding of ApoE to the LDLR and the LRP. ApoE can also stimulate VLDL
production in and secretion out of the liver. Circulating VLDL particles, which contain ApoE and ApoB, also undergo lipolysis,
turning them into VLDL remnants or IDL. IDLs are internalized by the liver through binding to the LDLR and LRP, which means
that this process is also dependent on ApoE. Further lipolysis of remaining IDLs results in LDL. These lipoproteins can be
taken up by the LDLR through binding with the ApoB particles present in LDLs. ApoE can also modulate cholesterol efflux
out of the peripheral tissues to small circulating HDL.

of FH (1). These patients are also at higher risk of
developing atherosclerosis. One of several types of
FH is a monogenic form, with a frequency of 1 in 500
individuals. This form is caused by defects in the gene
coding for the LDLR, resulting in defective clearance
of LDL from the plasma. Consequently, this lipopro-
tein, containing large amounts of cholesterol, accu-
mulates in the circulation (2).

Type III hyperlipidemia represents a rarer condition
than FH, with a frequency of 1–4 in 10,000 individuals
in the Caucasian population. The cause of this abnor-
mality is either ApoE deficiency or a defective form of
ApoE that cannot fully bind to the receptor. This mal-
functioning ApoE also has variable binding capacities
to heparin sulfate proteoglycans (HSPGs), needed for
uptake via the LDLR-related protein (LRP)-mediated
secretion-recapture process (3–5). This is hallmarked
by an accumulation of chylomicron remnants (CMRs),
which originate from intestine-derived lipoproteins,
and VLDL remnants (VLDLRs), originating from liver-
derived VLDL. These lipoprotein remnants are collec-
tively called b-VLDL. The disorder is therefore also
called familial dysbetalipoproteinemia (FD) (3, 6). FD
patients have elevated levels of triglycerides and total
cholesterol in the plasma and also suffer from xan-
thomas, mainly palmar crease xanthoma, which is
indicative of this condition (1, 3). Similar to FH, type
III HLP patients have increased susceptibility to
atherosclerosis.

ApoE was initially found to be a component of VLDL
(7) and later of the type III hyperlipidemia-associated
b-VLDL as well (8). VLDL and b-VLDL were shown to
have far higher affinity for the LDL receptor than LDL
itself, which contains ApoB instead of ApoE (9). ApoE
thus serves for the clearance of chylomicrons and
VLDL from the plasma. Several other functions of

ApoE have also been described. It is a ligand for
hepatic clearance via the LRP (10, 11), it modulates
lipoprotein lipase (LpL) activity, presumably by mask-
ing APOCII, an activator of LpL (12, 13). Furthermore,
it can stimulate VLDL production in the liver (12, 14)
in an isoform-specific manner (15) and modulate cho-
lesterol efflux from different cells and tissues (16, 17)
(Figure 1). Therefore, it is clear that any malfunction-
ing of the ApoE protein could have drastic conse-
quences for lipoprotein metabolism.

The most common cause of FD is homozygosity of
the allele for the ApoE2 isoform. APOE2 has a gene
frequency of 10% in the human population. It contains
a cystein instead of an arginine at residue 158 (3). Due
to this mutation, ApoE has lost more than 99% of its
binding capacity to its receptor compared to ApoE3,
the common isoform. It is proposed that ApoE2 is
associated with a recessive mode of inheritance. Most
isoforms are preferentially confined to the VLDL frac-
tion, whereas the ApoE2 isoform seems to be present
to a greater degree in HDL. If ApoE2 and the common
isoform were present in plasma at equal levels (hete-
rozygosity), ApoE2 would preferentially associate
with HDL, leading to VLDLs containing mostly normal
ApoE3 and making them more suitable for clearance
from the blood wreviewed by Mahley, Huang and Rall
(18)x. Nevertheless, a very small percentage (5%) of
homozygote individuals will eventually develop FD.
This probably means that, due to the low penetrance
of FD, other genes and environmental factors have a
modulatory effect on this disorder.

Other defective ApoE isoforms lead to a dominant
pattern of inheritance, but are rarer. An example of
this is the ApoE3Leiden (ApoE3L) isoform, which has
an extra 7-amino-acid tandem repeat sequence at
residues 121–127. This leads to a conformational
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Table 1 Cholesterol distribution in lipoprotein fractions of different mouse models.

Model Fraction Mutant vs. WT WTD vs. chow HFC vs. chow References

apoey/y VLDL ≠≠≠ ≠≠ ≠≠≠ (26, 27, 30)
LDL ≠≠ ≠ ≠≠

HDL x No change ≠≠

ldlry/y VLDL ≠ ≠ ≠≠ (31)
LDL ≠≠ ≠≠ ≠≠

HDL ≠ No change x

APOE3L VLDL ≠ ≠1 ≠≠ (32)
LDL ≠ ≠≠1 ≠≠

HDL x ≠1 ≠≠

APOE2ki VLDL ≠≠≠ ≠≠2 – (29, 33)
LDL ≠≠ ≠2 –
HDL No change No change2 –

The Table shows relative changes in cholesterol levels in different lipoprotein fractions of the genetically altered mouse
models. Mutant vs. WT indicates the levels in the mouse model when fed a normal chow diet compared to a wild-type (WT)
mouse on a chow diet. WTD vs. chow and HFC vs. chow indicate cholesterol levels of the mouse model on a certain diet
compared to cholesterol levels of that mouse model on a normal chow diet. WTD, Western type diet containing various
amounts of saturated fat and cholesterol; HFC, high-fat diet containing various amounts of saturated fat and cholesterol and
cholate (pro-atherogenic diet). Arrows indicate the relative increase or decrease for the specific mouse models on specific
diets: ≠, small rise; ≠≠, considerable rise; ≠≠≠, extreme rise. 1 Diet contained a minimal amount of cholate (0.1%). 2 Only
data from male mice.

change in the protein that prevents adequate binding
to hepatic receptors (19).

There are also several other lipoprotein disorders
besides these two diseases, including type I, type IV
and type V hyperlipoproteinemia. Some risk factors
for these conditions are very well known, such as LpL
and ApoCII deficiency, while others remain to be
found.

The use of hyperlipidemic mouse models in

cardiovascular research

Using mice in atherosclerosis research has many
advantages, such as easy handling, short generation
span and large litter size. On the other hand, differ-
ences between mice and humans in terms of suscep-
tibility to atherosclerosis, lipoprotein metabolism and
plaque morphology have to be appreciated.

Normally, mice are resistant to atherosclerosis, but
Paigen et al. (20) demonstrated a huge variation in
atherosclerosis formation in 10 different inbred mice
strains upon feeding a pro-atherogenic diet. Due to
this diet, the mice all developed hyperlipidemia,
although the formation of atherosclerosis differed
enormously between the different inbred strains with
no correlation with plasma lipid levels. The C57BL/6J
strain appeared to be most susceptible to atheroscle-
rotic lesion formation. Despite the large amount of
cholesterol (1.25%) and the presence of (sodium) cho-
late (0.5%) in the atherogenic diet, these mice showed
very simple and small lesions, mainly consisting of
lipid-laden macrophages, also called foam cells. This
plaque morphology did not resemble the advanced
human plaque, which consists of altered endothelial
cells, foam cells and proliferating smooth muscle cells
that form fibrous tissue. This fibrous tissue forms a
fibrotic cap that overlies a core of lipid and necrotic
tissue. Eventually, the fibrotic cap may rupture, which

can cause thrombosis, thus leading to an acute cor-
onary event and/or stroke (21, 22).

The Paigen diet (20) was determined to be non-
physiological (23) and it has been demonstrated that
the high cholesterol and the addition of cholate in the
atherogenic diet causes an inflammatory response in
the liver and other tissues, possibly arteries (24, 25).
Atherosclerosis is increasingly known as a disease in
which inflammation plays a major role in its devel-
opment (21), so use of the pro-inflammatory cholate-
containing diet is controversial. Moreover, the
application of the mouse in atherosclerosis research
remained limited.

This situation changed dramatically when geneti-
cally modified animals were generated lacking certain
genes important for lipid metabolism, such as apoe
knock-out (apoey/y) and ldlr knock-out (ldlry/y) mice
(26, 27). Other mice were created with human genes
inserted into the mouse genome, e.g., the transgenic
APOE3Leiden mouse (28). It also became possible to
specifically replace mouse genes with their human
counterparts, such as the APOE2 knock-in mouse (29).
The properties and application of these mouse mod-
els are discussed below. Table 1 shows a short over-
view of the cholesterol distributions in the lipoprotein
factions of these mice.

apoeI/I mouse model

A mouse deficient for the apoe gene was created in
different laboratories (26, 27). On a normal chow diet,
these animals display plasma cholesterol levels of at
least five-fold more than their wild-type counterparts.
When given a high-fat diet mildly elevated in choles-
terol without added cholate, the mice had even a fur-
ther three-fold rise. Triglycerides were lowered to half
of the level that was observed in chow-fed animals
(26). A high-fat diet containing higher amounts of cho-
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lesterol and cholate resulted in a very large increase
in cholesterol levels, while triglyceride levels did not
change (27, 30). Cholesterol was mainly found in
VLDL/intermediate density lipoprotein (IDL) fractions
in apoey/y mice fed chow and high-fat diets, and to a
lesser extent in the LDL fraction of these animals
(Table 1). This lipid distribution resembles the lipid
profiles found in type III hyperlipidemia patients,
although the composition of VLDL particles differs
dramatically (4, 6). Even heterozygous expression of
the apoe gene caused hyperlipidemia (34).

Spontaneous plaque formation was found in these
animals (27) but, in line with their enormous response
to high-fat feeding, it is possible to induce accelerated
and more severe atherosclerotic plaque formation in
many vascular areas when given a high-fat diet (26,
28, 30). Lesions consisted of foam cells and a lipid-
containing necrotic core. A proliferative cellular
response was found in the vessel wall, as well as a
fibrous cap (26). Accordingly, the lesions closely
resemble advanced human plaques, and therefore the
availability of the apoey/y mouse can be considered
an important landmark in the use of mouse models
to study atherosclerosis.

Due to these responses upon high-fat feeding, the
apoey/y mouse has become the most widely used
mouse model for hyperlipidemia and atherosclerosis.
This model is therefore particularly useful as a sen-
sitized strain to investigate the role of additional
genes. In particular, insights can be obtained into the
role of genes that are unrelated to lipid metabolism.
Such genes are crucial for study in the absence of
models for very severe diets, and in those cases the
apoey/y model is the preferred alternative. Using this
strategy, various genes that are implicated in athero-
genesis, ranging from genes related to inflammation,
hyperglycemia, hypertension and coagulation, have
been identified wfor a review see (35)x.

Mice carrying ‘‘candidate genes’’ that are suspected
of being involved in atherogenesis can be crossed
with apoey/y mice. These crosses may lead to a bet-
ter understanding of the role of such specific muta-
tions in atherosclerosis. Unfortunately, when using
such crosses between transgenic mice, study is con-
fined to those candidate genes. It is also possible to
follow an unbiased approach using mouse genetics.
By carrying out a series of crosses between mice, sev-
eral quantitative trait loci (QTL) can be found. In this
manner, several loci on the mouse genome have
been identified as carrying genes likely to be involved
in the pathology of atherogenesis (36, 37).

The clinical relevance to human atherosclerosis
remained questionable, since common clinical events
such as plaque rupture and thrombosis could not be
identified until these events were found in the innom-
inate artery quite recently by Rosenfeld et al. (38). As
reviewed by Cullen et al. (39), a few more mouse
models of plaque rupture emerged; however, these
models are still rather controversial. The site specific-
ity of atherosclerotic plaques also remains the subject
of debate. Probably due to differences in blood flow,
specific parts of the vasculature are more prone to

atherosclerosis. Therefore, it is possible that plaque
formation at some sites in the mouse arterial tree is
more relevant to human atherogenesis than others.
However, up until recently, no more than one site was
the subject of intensive research, i.e., the murine aor-
tic sinus, while this site shows no atherosclerosis in
humans wfor a review see (40)x. This review notes that
it is necessary to study more than only one site in the
circulation. Of particular interest is the fact that even
opposite results can be found at different sites of the
artery (41).

As recently reviewed by Meir and Leitersdorf (42),
over the past few years apoey/y mice have been
extensively used to examine the effects of nutritional
and pharmacological interventions on atherosclero-
sis. However, a major shortcoming of the apoey/y

mouse is that the lipoprotein profiles are dissimilar to
those in humans, who have most of their cholesterol
in LDL particles. Another drawback is that these mice
do not have any ApoE, while, as stated earlier, this
lipoprotein has many different functions in the organ-
ism. This complicates studies and results directed to
elucidate the mechanism of lipid metabolism, in par-
ticular the mechanisms of drug and dietary action.

A good example of this complication involves sta-
tins wfor a review see (43)x. Normally these drugs
lower cholesterol levels drastically by inhibiting 3-
hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)
reductase, but in apoey/y mice, cholesterol levels and
plaque area increase upon treatment with this drug
(44). Although this phenomenon may seem to be a
major disadvantage, it provides a chance to study the
effects of statins on plaque formation despite the par-
adoxical hyperlipidemic effect. This was shown in an
interesting study by Bea et al., who reported that sim-
vastatin has a stabilizing effect on atherosclerotic
plaques (45).

Another unique feature in the apoey/y mouse mod-
el was observed when these mice received fibrates.
These drugs normally cause increased oxidation and
decreased hepatic VLDL secretion in wild-type mice
by serving as a ligand for the nuclear receptor per-
oxisome proliferator-activated receptor a (PPARa),
thereby lowering plasma lipid levels. In apoey/y mice,
however, ciprofibrate and other fibrates caused a
three–four-fold increase in plasma cholesterol levels
(46). Remarkably, this study concluded that athero-
sclerotic lesions were also more advanced after
fibrate treatment (90 days) than in control animals.
These observations are supported by a study using
PPARa/apoe double knock-out mice, in which the
PPARa deficiency resulted in less atherosclerosis
than in the apoey/y mice (47). However, it was also
shown that short-term treatment with a PPARa ligand
can decrease atherosclerosis slightly (48). The lipid-
increasing effect of fibrates could be attributed to a
fibrate-induced down-regulation of the hepatic scav-
enger receptor B type I (SRBI) (49). This receptor
mediates cholesterol uptake from HDL particles, but
was also found to bind ApoB, therefore possibly play-
ing a role as backup for VLDL and LDL uptake, and to
bind modified LDL (50, 51).
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ldlr –/– mouse model

By eliminating the functional gene for LDLR, Ishibashi
et al. (31) created a mouse model that displayed mild-
ly elevated cholesterol levels on a diet containing ele-
vated fat and cholesterol levels, but no cholate. A very
small part of this cholesterol was confined to the
VLDL fraction, but the biggest increase was present
in the IDL/LDL fraction (Table 1). Compared to wild-
type mice, HDL cholesterol was slightly augmented
on a chow diet. In contrast to the wild-type lipoprotein
profile, in which most cholesterol is present in the
HDL fraction, this profile is more comparable with the
human plasma lipoprotein profile, in which cholester-
ol is mainly confined to the LDL fraction.

Quantification of atherosclerosis showed mild to
moderate atherosclerotic lesions in the aortic root and
coronary arteries of mice fed a mild atherogenic diet
lacking excessive amounts of cholesterol and cholate
(20). Despite the rise in plasma cholesterol in these
mice, the effect was not as dramatic as expected. This
is probably due to the fact that mice, unlike humans,
produce approximately 70% of their liver apoB as the
truncated apoB48 form (52). ApoB48 cannot bind the
LDLR but, together with ApoE, it does mediate clear-
ance via the LRP (11). Since the LDLR binds LDL via
ApoB100, these mice have a rescue pathway through
which lipoproteins containing ApoB48 can be taken
up. LRP only plays a significant role in the uptake of
ApoB48-containing lipoproteins, and not ApoB100
lipoproteins (53). Other papers have also described an
important role for additional receptors. The LRP path-
way could function as a backup mechanism for the
clearance of remnants when the LDLR is genetically
deficient (54). Notably, in the absence of both LDLR
and LRP, additional routes for the uptake of lipopro-
teins through the liver exist (55).

As in the case of models involving apoe, ldlry/y

mice have served as a model to study the role of addi-
tional genes in atherosclerosis, although to a lesser
extent than apoey/y mice (35, 56).

However, ldlry/y mice are increasingly appreciated,
serving as an excellent host for bone marrow trans-
plantation (BMT) experiments (57). Using this tech-
nique, mice are depleted of white blood cells (WBCs)
by irradiation and are subsequently injected with
WBCs isolated from mice carrying a certain (trans-
genic/knockout) mutation, leading to an organism
with WBCs carrying defects not present in the remain-
ing tissues. Since WBCs, and in particular macro-
phages and T-cells, have an established role in the
pathogenesis of atherosclerosis (22), this technology
is widely applied. The apoey/y mouse is a less pre-
ferred host for BMT experiments, because the ApoE
produced by BMT cells rescue the apoe deficiency,
and transplanted mice are no longer susceptible to
atherosclerosis (58). Therefore, apoey/y mice can
only be transplanted with apoe-deficient bone mar-
row, requiring complex breeding schemes. A good
example of the use of ldlry/y mice in BMT experi-
ments is a study in which, unexpectedly, deletion of
the nuclear factor (NF)-kB-activator IkB kinase 2 (IKK2)

in macrophages caused a significant worsening of
atherosclerosis in these mice (59). This could be
explained by the observed reduction in the anti-
inflammatory cytokine interleukin (IL)-10. These data
suggest a dual role for NF-kB in inflammation, not
only promoting the inflammatory response, but also
controlling it.

It should be borne in mind that in the ldlr knock-out
mouse model a complete gene was deleted from the
genome, which, as with apoey/y mice, may uncover
the role of backup systems such as the LRP pathway.
This route can serve as a backup mechanism for
lipoprotein clearance in ldlry/y mice (60), yielding
unforeseen side effects.

APOE3Leiden mouse model

The mouse model expressing the APOE3L gene was
created by transgenesis using DNA from one of the
human APOE3L carriers to generate the gene con-
struct (28). The transgenic mouse carries a gene con-
struct consisting of the APOE3L gene, the APOC1
gene and a hepatic control element that was found to
regulate the expression of both the APOE and APOC1
genes in the liver (61). Although the APOE3L mouse
still expresses endogenous ApoE, it exhibits a hyper-
lipidemic phenotype, which is in line with the domi-
nant manner of inheritance observed in humans (28).
Mice over-expressing the APOC1 gene have elevated
triglyceride and cholesterol levels wfor a review see
(62)x. This is mainly due to the impairment of VLDL
uptake by both the LDLR and LRP. Consequently,
APOC1 serves to further increase the level of plasma
triglycerides (63).

When fed on chow, APOE3L mice showed a small
increase in cholesterol levels and a doubling of plas-
ma triglycerides. However, these animals seemed to
be very responsive to a high-fat diet containing cho-
late, displaying an increase in plasma cholesterol lev-
els of approximately 10-fold, mainly in the VLDL
fraction. Triglyceride levels decreased to almost half
of the value found for mice fed on chow (64) (Table
1). After a period of only 14 days of feeding an ath-
erogenic diet, atherosclerotic plaques were found in
these mice at the sinus valves, the carotid arteries and
other parts of the aorta. A positive correlation was
observed between the lesion area and the serum cho-
lesterol level, indicating that hyperlipidemia is an
important determinant in lesion formation (64). How-
ever, APOE3L mice were found to be less susceptible
to atherosclerosis than the apoey/y mouse (65).

The most valuable property of this model is the
excellent response to drugs and diet interventions. In
part, this is due to the fact that the main cause of
hyperlipidemia in this model is a reduction in VLDL
turnover, due to decreased LDLR binding and
decreased lipolysis of VLDL. This modification is more
subtle than the complete ApoE deficiency in the
apoey/y model.

Importantly, unlike the apoey/y mouse, the APOE3L
mouse shows a hypolipidemic response to known
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lipid-lowering statin drugs, such as lovastatin, and to
PPARa agonists, such as gemfibrozil (32). As previ-
ously mentioned, positive correlation was found
between the lesion area and serum cholesterol expo-
sure (65), so lipid-lowering using statin treatment sig-
nificantly retarded the progression of atherosclerotic
lesions (66, 67). The APOE3L model is therefore an
excellent model for testing the hypolipidemic prop-
erties of these kinds of drugs.

The effects of dietary fish oil were tested in this
hyperlipidemic mouse model (68). In contrast to the
apoey/y mouse, the APOE3L mouse seemed to be
highly responsive to this treatment. There was a
strong reduction in serum VLDL due to a decrease in
hepatic VLDL triglyceride production induced by n-3
polyunsaturated fatty acids (PUFAs).

The APOE3L mouse is well suited to study protein
function and interaction with other genes. Since this
gene is found in humans, the nature of disease can
become clearer using these mice. It should be
remembered that the mouse apoe gene is still func-
tional. A major disadvantage of these mice is that
they have to be fed a cholate-containing atherogenic
diet in order to develop a large increase in plasma
lipids and atherosclerosis. It has been proved that
cholate-containing diets promote inflammation, liver
fatty acid and cholesterol changes, and gall stone for-
mation (24, 25, 69), which makes research of the
plaque itself and its development, especially with
respect to inflammation, very difficult.

Common APOE alleles in mouse models

The ApoE2 isoform causes the same phenotype in
humans as the ApoE3L isoform does, but in a reces-
sive way, as described earlier in this review. The
recessive properties of APOE2 are also apparent in
the mouse. When fed a chow diet, the APOE2 trans-
genic mouse (APOE2TG) (70) did not show higher
cholesterol levels when compared with non-transge-
nic mice. Moreover, on a high-fat diet these mice did
not develop hyperlipidemia. This was due to the pres-
ence of endogenous ApoE. However, when expressed
at very high levels (more than 50 mg/dL), cholesterol
levels were 50% higher (71). When mice were bred on
an apoey/y background, they became severely hyper-
lipidemic, even when given a chow diet. This is quite
remarkable, because in humans only a small percent-
age of homozygotes develop FD (3). It was proposed
that the reduced availability of apoB-100 could be
the cause of the pronounced phenotype, making
APOE2TG/apoey/y mice much more dependent on
ApoE-mediated lipoprotein clearance via the LDLR.

The APOE2TG mouse was used together with the
APOE3L and the apoey/y mouse models to assess
binding of b-VLDL to HSPG, a process necessary for
the LRP-mediated secretion-recapture process for lip-
oprotein uptake (11). This showed that LpL enhances
this process and that ApoE is not an absolute require-
ment for binding, but results in isoform-dependent
increased binding (72). Crossing APOE2TG and

APOE3L mice on an apoey/yldlry/y background
showed that clearance of ApoE2- and ApoE3L-con-
taining lipoproteins in the absence of the LDLR, and
thus via alternative pathways such as LRP, is ineffi-
cient (73). This shows the pivotal role of the LDLR for
clearance of VLDL remnants.

Models containing the most common human APOE
alleles, i.e., E2, E3, and E4, have been generated in
mice (29, 74, 75). Using homologous recombination
in embryonic stem cells, the mouse apoe gene has
been replaced by the human gene. This approach has
the advantage that the gene precisely replaces the
endogenous apoe gene. Hence, the human ApoE iso-
form is expressed according to normal physiological
regulation.

APOE2 knock-in (APOE2ki) mice show a phenotype
very similar to human type III HLP: a two–three-fold
elevation in the plasma levels of total cholesterol and
triglyceride, confined to the b-VLDL fraction. These
mice respond markedly to diets containing mildly ele-
vated levels of fat and cholesterol. An advantage of
this mouse model is that no cholate is needed in the
diet to obtain severe diet-induced hyperlipidemia and
atherosclerosis. Interestingly, the knock-in mice show
the full spectrum of atherosclerotic lesions, even on
a regular diet (29).

APOE2 knock-in mice show complete penetrance of
the type III HLP phenotype. To test whether the ApoB-
48 hypothesis was correct, this mouse model was
used in a study in which ApoB-100 instead of ApoB-
48 was expressed by deleting the gene responsible
for ApoB-100 editing. This study showed that expres-
sion of solely ApoB-100 was not sufficient to reverse
the hyperlipidemic phenotype, probably because
ApoB-48 and ApoB-100 influence lipoprotein metab-
olism differently (76). These results indicate that the
strong phenotype of APOE2ki mice is not entirely
dependent on the difference in ApoB editing. Using
this model it should be possible to determine which
conditions predispose to the development of type III
HLP in humans. Reduced expression of the LDLR
could be one of many possible explanations. It was
shown that the plasma lipoprotein profile in mice
could be ameliorated by over-expression of the
human LDLR in APOE2ki mice (77), again suggesting
an important role for this receptor, as also shown in
the other APOE mouse models (73). The APOE2ki
mouse model has not yet been intensively studied,
but may prove to be a good mouse model for hyper-
lipidemia and atherosclerosis. Unlike the apoey/y

mouse, this mouse model has a lipoprotein profile
that mimics type III HLP patients. Another advantage
over apoey/y mice is the responsiveness to fibrates,
indicating that this mouse model may also be suitable
for drug-testing. Sullivan et al. (74) found large vari-
ations in the response to a high-fat diet between male
and female APOE2ki mice. However, it is not clear
whether these differences are due to the difference in
sex or to different administered diets.

APOE3 knock-in mice, expressing the most com-
mon human ApoE isoform, and APOE4 knock-in mice
show phenotypes similar to each other, although
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Table 2 Application of mouse models of hyperlipidemia and atherosclerosis.

ldlry/y apoey/y APOE3L

Atherosclerosis
Lipoprotein qq q qq
Plaque formation qqq qqq qqq
Drug intervention q qq1 qq
Inflammation qq qq –
Lipoprotein metabolism
Lipid-lowering drugs q – qqq
Nutritional intervention q q2 qqq
Gene-gene interaction qq3 qq3 qq3

The Table shows the suitability of several discussed mouse models for experimental use in atherosclerotic research, such as
the effect of lipoprotein levels and types, inflammation and drug intervention on the formation of atherogenesis, as well as
for the study of atherosclerotic plaques. Applicability in the research of lipoprotein metabolism is also assessed, i.e., the effect
of lipid-lowering drugs, nutritional intervention and gene-gene interactions. Applicability is shown according to the following
legend: q, fair mouse model; qq, good mouse model; qqq, excellent mouse model; and –, mouse model not suitable.
1 ApoE-independent mechanisms; the effects of drugs can be investigated without considering their lipid-lowering effect.
2 Except for ApoE-dependent mechanisms, e.g., it was shown that the lipid-lowering effect of some nutritional interventions
has no effect in apoey/y mice. 3 All models are more or less equal; however, sometimes complementary studies are necessary
(e.g., knock-out model together with over-expressing transgene) to study the full gene effect.

there are some differences in lipoprotein distribution.
Both show lower plasma lipid levels than APOE2ki
when fed on a chow diet (75). Combining data from
those three models led to the conclusion that differ-
ences in ApoE structure alone can be sufficient to
cause differences in VLDL metabolism and athero-
sclerosis risk in mice (75). In animals that over-
express the human LDLR, a remarkable observation
was made. It was found that APOE4ki mice with high-
er LDLR expression showed accumulation of lipopro-
tein remnant proteins and increased atherosclerosis,
despite the higher affinity of this isoform for the LDLR.
This could not be found in APOE3ki mice. The pos-
tulated explanation is that ApoE4 becomes trapped in
the liver due to its high affinity for the LDLR. Hence,
newly synthesized lipoproteins cannot acquire the
trapped ApoE and it will become deficient in this apo-
lipoprotein, resulting in slower clearance from the
plasma (33, 78).

Another possible way of manipulating mice genet-
ically to study ApoE function in vivo in mice is by
using adenovirus-mediated gene transfer. This tech-
nique uses genetically modified adenoviruses to
deliver exogenous genes to several tissues in an
organism wfor reviews see (78, 79)x. Several studies
have demonstrated the usefulness of this technique
in gaining more insight into lipoprotein metabolism
(31). This approach has been effectively used to deter-
mine which ApoE-domains are required for cholester-
ol and triglyceride homeostasis in vivo (80), as well
as to investigate the relative importance of this apo-
lipoprotein in remnant clearance and the pathology of
type III HLP.

Conclusions and future prospects

Before setting up an animal experiment, great
thought has to be put into the choice of the right
mouse model, weighing possible advantages against
the disadvantages while keeping the principal aim of
the study in mind.

In this review we have demonstrated that mouse
models based on two pivotal genes of lipid metabo-
lism, i.e., APOE and LDLR, have provided us with
models to study the mechanisms of lipid metabolism
and atherosclerosis. Table 2 gives an overview of the
applicability of each mouse model.

It is particularly useful to use genetically engineered
strains as a tool to expose the role of additional genes
in atherosclerosis. Genetic combinations can be eas-
ily obtained by crossing different transgenic and
knockout models. Thus, the models emphasize the
polygenetic nature of atherogenesis. At present,
many gene-gene combinations have been tested. An
overview of these studies has been published (42, 81)
and falls beyond the scope of this review. In the near
future, the emphasis is likely to shift towards combin-
ing transgenic models with mouse genetics and
genome-wide expression analysis. In each of these
areas, progress has recently been made. Dansky et al.
used two inbred strains of mice, which were both
deficient for the apoe gene. Using these mice that are
sensitized for atherosclerosis the authors were able to
find several unique QTLs in addition to those already
described (82). Taking this a step further, Schadt et al.
combined classical genetics with expression studies
(83). They found so-called expression QTLs (eQTL) by
correlating DNA variations with gene expression lev-
els, tracking down possible causes of differential
expression in sequence variations. These studies may
unravel unidentified gene-gene interactions, group
individuals that are genetically resembled and discov-
er biochemical pathways (84).

A further integration of these approaches will even-
tually provide us with detailed insight into the com-
plex genetics of CVD.
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