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ABSTRACT

Laboratory animal models play an important role in the study of human diseases. Using appropriate animals is
critical not only for basic research but also for the development of therapeutics and diagnostic tools. Rabbits
are widely used for the study of human atherosclerosis. Because rabbits have a unique feature of lipoprotein
metabolism (like humans but unlike rodents) and are sensitive to a cholesterol diet, rabbit models have not
only provided many insights into the pathogenesis and development of human atherosclerosis but also made a
great contribution to translational research. In fact, rabbit was the first animal model used for studying human
atherosclerosis, more than a century ago. Currently, three types of rabbit model are commonly used for the
study of human atherosclerosis and lipid metabolism: (1) cholesterol-fed rabbits, (2) Watanabe heritable hyper-
lipidemic rabbits, analogous to human familial hypercholesterolemia due to genetic deficiency of LDL receptors,
and (3) genetically modified (transgenic and knock-out) rabbits. Despite their importance, compared with the
mouse, the most widely used laboratory animal model nowadays, the use of rabbit models is still limited. In
this review, we focus on the features of rabbit lipoprotein metabolism and pathology of atherosclerotic lesions
that make it the optimal model for human atherosclerotic disease, especially for the translational medicine. For
the sake of clarity, the review is not an attempt to be completely inclusive, but instead attempts to summarize
substantial information concisely and provide a guideline for experiments using rabbits.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Atherosclerotic diseases such as myocardial infarction and stroke
are still major causes of mortality globally. Atherosclerosis develops
slowly throughout the stages of human life and many genetic and
environmental factors are concertedly involved in the pathogenesis
of this disease (Libby et al., 2011). For study of the pathophysiology
and also for the development of therapeutic modalities and diagnos-
tic tools, utilization of appropriate experimental animals is essential.
In general, the ideal animal models of human atherosclerosis should
possess several important characteristics (Fan & Watanabe, 2000;
Vesselinovitch, 1988). They should be easy to acquire and maintain
at a reasonable cost, easy to handle, and the proper size to allow for
all anticipated experimental manipulations. Ideally, the animal
should reproduce in a laboratory setting and have a well-defined
genetic background. Finally, the animal model should share with
humans the most important aspects of lipid metabolism and cardio-
vascular pathophysiology. Atherosclerotic lesions should develop
gradually while the animal consumes a special diet, and features of
the lesions (from the fatty streaks to complicated plaques with calci-
fication, ulceration, hemorrhage and thrombosis) should mimic those
of human patients with clinical sequelae (such as myocardial infarction,
stroke and gangrene). Unfortunately, there is no single animal model
that fulfills all of these requirements; therefore, many different animals
have been used to illustrate the diverse aspects of atherosclerosis
(Moghadasian, 2002). Among those used to date, rabbits are the first
and one of the best models for the study of lipoprotein metabolism
and atherosclerosis.

2. History of rabbit atherosclerosis models

The first experiment using rabbits to investigate atherosclerosis
should date back to more than a century ago. In 1908, a Russian physi-
cian, Ignatowski, fed rabbits with a diet enriched in animal proteins
(milk, meat and eggs) and observed intimal lesions with large clear
cell (now called foam cell) accumulation in the aorta (Ignatowski,
1908). Later, a Russian experimental pathologist, Anitschkow, used a
cholesterol diet dissolved in vegetable oil to produce aortic atheroscle-
rosis in rabbits similar to those seen in humans and proposed a causal
role of cholesterol in atherosclerosis (Steinberg, 2004). Now, a consen-
sus has been reached in this field that, in both humans and experimental
animals, it is dietary cholesterol that leads to the development of
atherosclerosis (Steinberg, 2004). These pioneering studies provided
the first experimental evidence and basis for the establishment of the
“lipid hypothesis” of atherosclerosis (Steinberg, 2004). Since then, the
rabbit model has been widely used to elucidate many facets of the path-
ophysiology of human atherosclerosis along with the development of
therapeutics. In this regard, several significant milestones in the history
of the study of atherosclerosis should be specially mentioned, which are
based on tremendous breakthroughs and insights to understand the
molecular and cellular mechanisms of atherosclerosis provided by
rabbit models.

In the 1980s, Mahley et al. showed that the major lipoproteins
elevated in cholesterol-fed rabbits are hepatically derived remnant
lipoproteins, called p-VLDL, and it is these lipoproteins that are
atherogenic because they are cholesterol-rich and can induce macro-
phages to transform into foam cells (Mahley et al., 1980). Watanabe
et al. demonstrated that, in the early-stage lesions of aortic athero-
sclerosis of cholesterol-fed rabbits, the initial cellular event is the
recruitment of intimal foam cells and these foam cells are primarily
derived from blood monocytes (Watanabe et al., 1985). Later, Hansson
et al. found that, in addition to monocytes, T lymphocytes are also
present in the lesions of cholesterol-fed rabbits similar to those of
humans (Hansson et al., 1991), suggesting that the immune response
is involved in the pathogenesis of atherosclerosis. Gimbrone's, Libby's
and Fogelman's groups further identified the presence of the vascular

cell adhesion molecule (VCAM-1) in aortic endothelial cells of the
lesions, which can be up-regulated by atherogenic lipoproteins and
enhances the adhesion of monocytes to endothelial cells; they thus
provided evidence that endothelial cell dysfunction induced by
atherogenic lipoproteins plays an important role in monocyte adher-
ence to endothelium and migration into the intima during athero-
genesis (Cybulsky & Gimbrone, 1991; Li et al., 1993; Territo et al.,
1989). Steinberg's group performed a series of studies and demon-
strated that oxidization of 3-VLDL and LDL actually occurs in the arterial
wall of cholesterol-fed rabbits, which constitutes an essential trigger for
the mediation of monocyte chemoattractant protein-1 (Yla-Herttuala
et al, 1991) and macrophage colony-stimulating factor expression
during lesion progression (Rosenfeld et al., 1992). It was in the rabbit
that the impact of lipoproteins of different sizes on atherosclerosis
was first studied. For example, it was noted more than fifty years ago
that alloxan-induced type I diabetes surprisingly inhibited cholesterol-
induced atherosclerosis in rabbits (Duff & Mc, 1949). This is due to
the fact that large-sized triglyceride-rich lipoproteins (>75 nm diam-
eter) that accumulated in the plasma of diabetic rabbits failed to pen-
etrate into the arterial wall (Nordestgaard & Zilversmit, 1988). These
pioneering studies using rabbits along with other animal models
established the basis for the modern theory of atherosclerosis: plas-
ma cholesterol is a critical atherogenic factor (lipid hypothesis) and
inflammatory cells such as macrophages and T lymphocytes (inflam-
matory hypothesis) are key cellular components for the initiation
and progression of atherosclerosis (Moore & Tabas, 2011). Probably,
there are no more striking findings obtained from rabbit models than
those of the Watanabe heritable hyperlipidemic (WHHL) rabbits,
which were developed by Dr. Yoshio Watanabe at Kobe University,
in Japan (Watanabe, 1980). WHHL rabbits allowed epoch-making
contributions to understand LDL receptor deficiency as a cause of
human familial hypercholesterolemia discovered by Goldstein and
Brown (Goldstein et al., 1983).

Although the rabbit model has undoubtedly brought about many
breakthroughs in the history of atherosclerosis study, there has been a
reduced trend of using this model since 2000, possibly due to the devel-
opment of genetically modified apoE and LDL receptor gene knock-out
(KO) mice (Fig. 1). Many researchers are even reluctant to use rabbits
for studying atherosclerosis because they are sometimes wrongly con-
sidered as “giant rodents”. It is true that the mouse model has been a
powerful tool for much research due in large part to the relative ease
of genetic manipulation and the relatively short time for the develop-
ment of atherosclerosis in the setting of apoE or LDL receptor deficiency
(Getz & Reardon, 2012), but as an alternative model, rabbit is necessary
in translational research of cardiovascular diseases. One of the best his-
toric experiences is no less than the discovery of statin as a potent lipid-
lowering drug (Shiomi et al., 2013). When Dr. Akira Ando, a Japanese
scientist who discovered statin, along with Beecham Pharmaceutical
Research Laboratories in England discovered compactin (the first gener-
ation of statin), they failed to prove that compactin was therapeutically
effective in lowering plasma cholesterol in rats and mice, even at high
doses (>500 mg/kg), regardless of marked inhibition of hepatic choles-
terol synthesis (Brown & Goldstein, 2004). Later, it was realized that
rodents (mice, rats and hamsters) differ from humans in many aspects
of lipoprotein metabolism, as discussed in detail below (Table 1). For
example, approximately two-thirds of the cholesterol pool in humans
is derived from in vivo synthesis, whereas a large part of the cholesterol
is derived from dietary origin in rodents (Endo, 1980). Wild-type mouse
and rat are HDL mammals, while humans as well as rabbit are LDL mam-
mals. The ability of mice and rats to excrete bile acid, which is derived
from cholesterol, is much higher than in human and rabbits (Names,
2004). Dr. Endo found that compactin was more effective in rabbits
than in chickens, cats, dogs and monkeys, while it was ineffective in
mice, rats and hamsters (Endo, 1980). It is not a matter of the size of
the model but rather whether to use proper models precisely in order
to translate or extrapolate research results into a clinical setting.
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