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Hyperlipidemia is a major risk factor for atherosclerotic diseases. Experimental animals play an important role in
elucidating the molecular mechanisms of the pathophysiology of hyperlipidemia as well as in drug development. Rabbits
are one of the most suitable models to study human hyperlipidemia because many features of the lipoprotein metabolism
of rabbits are similar to those of humans. Currently, three types of rabbit models are commonly used for studying
hyperlipidemia: (1) diet-induced hyperlipidemic rabbits, (2) spontaneous hyperlipidemic rabbits, and (3) gene-manipulated
rabbits (transgenic and knockout rabbits).
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| 1. Introduction

Hyperlipidemia is one of the major risk factors for atherosclerosis, which has been the leading cause of mortality globally
W2, It is generally believed that an increase in plasma low-density lipoprotein (LDL), triglycerides (TG)-rich lipoproteins
such as chylomicron (CM), and very-low-density lipoprotein (VLDL) and/or a decrease in high-density lipoprotein (HDL)
are associated with or cause atherosclerosis 2. For the study of human lipid disorders as well as for the development of
therapeutic agents, it is essential to use an appropriate experimental animal. Ideal animal models for human
hyperlipidemia should possess several important characteristics: (1) they should be easy to induce hyperlipidemia by diet
intervention or genetic manipulation, (2) they should have similar lipoprotein profiles as humans, (3) they should be easy
to handle and be of the proper size to allow for all anticipated experimental manipulations, and (4) they should be easy to
acquire and maintain at a reasonable cost 4. Until now, many animal models have been used for the study of
hyperlipidemia, including mice, rats, hamsters, guinea pigs, rabbits, pigs, and nonhuman primates. Unfortunately, there is
no single animal model that fulfills all the requirements. Although each animal model has its advantages and limitations
with respect to plasma lipoprotein profiles, handling, reproducibility, and cost, rabbits possess several unique advantages
for the study of lipid metabolism. Due to their high susceptibility to a cholesterol diet, it is easy to induce hyperlipidemia
and atherosclerosis in wild-type rabbits [, which is different from most strains of wild-type mice. The hyperlipidemic
models of mice have been generated by the targeting of genes, such as apolipoprotein (apo) E and LDL receptor (LDLR)
[BI7], Nevertheless, there are a number of features that make rabbits an appropriate model to study human hyperlipidemia.
Unlike wild-type mice and rats (rodents) in which HDL is a major lipoprotein in plasma, =40% of plasma cholesterol in wild-
type rabbits and > 90% in cholesterol-fed rabbits are contained in the apo B-containing particles such as VLDL and LDL
(8, Humans and rabbits have abundant plasma cholesteryl ester transfer protein (CETP), an important regulator of HDL
and cholesterol metabolism, whereas rodents do not have CETP [&. Given that the restricted editing of apo B mRNA only
occurs in the intestine in humans and rabbits, apo B-48 is only present in intestinally derived CM and CM remnants in
humans and rabbits. However, in rodents, apo B mRNA editing occurs in both the intestine and liver 191 therefore, apo B-
48 is contained in both CM and VLDL particles. Furthermore, hepatic LDLR in both humans and rabbits is highly down-
regulated according to the level of cholesterol uptake in the liver [, In addition, the appropriate size of rabbits enables
researchers to obtain large amounts of plasma samples for both in vitro and in vivo studies.

| 2. Hyperlipidemic Rabbit Models
2.1. Diet-Induced Hyperlipidemic Rabbits
2.1.1. Cholesterol-Fed Rabbits

Rabbits are the first models for the study of lipoprotein metabolism and atherosclerosis. In 1913, a Russian experimental
pathologist, Anitschow, described that feeding cholesterol dissolved in sunflower oil to rabbits elevated blood cholesterol
levels, and within several weeks, rabbit arteries showed atherosclerotic lesions 11, As herbivores, laboratory rabbits
including New Zealand white (NZW) and Japanese white (JW) rabbits, on a normal standard diet, have relatively low
plasma total cholesterol (TC) levels (30—90 mg/dL) at the age of 3—4 months compared with humans. When rabbits are



fed a cholesterol diet, they rapidly develop hypercholesterolemia 2. Kolodgie et al. tested low dietary cholesterol (0.05%
to 0.25%) with 6% peanut oil for 30 weeks to explore a response of plasma TC levels in rabbits. Dietary cholesterol in the
range of 0.05% to 0.15% resulted in a less than 2-fold stepwise increase in plasma TC, whereas rabbits receiving 0.20%
and 0.25% dietary cholesterol showed significantly higher (4- to 5-fold) plasma TC compared to those rabbits fed a diet
containing 0.05% to 0.15% cholesterol X3 Cholesterol diets contain more than 1% cholesterol usually causes
extraordinary elevation of plasma TC levels in rabbits, exceeding 2000 mg/dL. Such high level of plasma TC is never seen
in human hypercholesterolemia. Therefore, it is generally recommended to use a 0.3-0.5% cholesterol diet, which results
in hypercholesterolemia comparable to human familial hypercholesterolemia (FH) [&. The major elevated lipoproteins in
cholesterol-fed rabbits are those lipoproteins (called 3-VLDL) derived from both the intestine and liver and they are quite
atherogenic because they are rich in cholesteryl esters and can induce macrophages to transform into foam cells 241,

Currently, we recommend a diet supplemented with 0.3-0.5% cholesterol and 3% soybean oil fed either ad libitum or
restricted for most rabbit experiments. Representative hypercholesterolemia in cholesterol-fed rabbits is shown in Figure
1A. Plasma TC levels start to rise within one week and remain at high levels (=800 mg/dL) thereafter. Hyperlipidemic
rabbits can develop aortic lesions as early as 4-6 weeks after cholesterol diet feeding, but at 16 weeks, 20—40% of the
aortic surface is covered by atherosclerosis which can be stained with Sudan IV (Figure 1B). The age of rabbits should be
considered because young rabbits are more susceptible to aortic atherosclerosis than old rabbits even though there are
no differences in plasma TC levels 15,

Figure 1. Hypercholesterolemia and representative aortic atherosclerosis of cholesterol-fed rabbits. (A) Plasma total
cholesterol (TC) levels of wild-type rabbits fed either a normal standard diet or a cholesterol diet containing 0.3%
cholesterol and 3% soybean oil for 16 weeks. Mean + SD (n = 4-20). (B) Aortic gross lesion stained with Sudan IV can be
seen in rabbits fed a cholesterol diet (right).

2.1.2. Casein-Fed Rabbits

A cholesterol-free, casein-enriched diet can also induce hypercholesterolemia and atherosclerosis in rabbits. In general,
hypercholesterolemia is induced in rabbits by feeding them a semi-purified diet enriched in 27% casein, and plasma TC
levels are increased up to 300—800 mg/dL and accompanied by aortic atherosclerosis 87 This model is seldom used;
however, the possible mechanism for hypercholesterolemia is considered as being caused by decreased bile acids
synthesis and fecal sterol excretion, which leads to increased hepatic cholesterol, followed by down-regulation of LDLR
(18]191[20] The major elevated lipoproteins in casein-fed rabbits are LDLs, which is different from B-VLDLs present in
cholesterol-fed rabbits. Daley et al. compared casein-fed rabbits with cholesterol-fed rabbits and found that even though
with similar high hypercholesterolemia (=500 mg/dL), casein-fed rabbits developed significantly less aortic atherosclerosis
than cholesterol-fed rabbits L2,

2.2. Spontaneous Hyperlipidemic Rabbits

2.2.1. Watanabe Heritable Hyperlipidemic (WHHL) Rabbits

The WHHL rabbit was established by Dr. Watanabe in the 1970s at Kobe University in Japan 2122 and is often used as a
model of human familial hypercholesterolemia (FH). FH is an autosomal dominant genetic disorder characterized by
elevated plasma LDL levels due to LDLR dysfunctions 23, WHHL rabbits are genetically deficient in LDLR functions,
therefore, even on a normal standard diet, they showed hyperlipidemia (plasma TC, 385-518 mg/dL, and TG, 304-511
mg/dL), being 10-fold and 8-fold higher than normal wild-type rabbits 22, Serum lipoproteins characterized by
electrophoresis exhibited elevated B-lipoprotein with a broad p-pattern and diminished a-lipoprotein in WHHL rabbits.
Yamamoto et al. demonstrated that WHHL rabbits have a dysfunctional LDLR with an in-frame deletion of 12 nucleotides
that eliminate four amino acids from the ligand-binding domain of the LDLR. Mutant LDLRs cannot transport to the cell
surface at a normal rate [24. The dysfunction of the LDLR in WHHL rabbits results in a loss of the hepatic uptake of LDL
and subsequent elevation of the plasma LDL levels similar to human FH 23281271 Age-related changes in plasma lipids



were observed in WHHL rabbits 22128 Compared with 3-month-old juvenile rabbits, 24-month-old rabbits showed a 45%
decrease in TC (916 at 3 months to 508 mg/dL at 24 months) and a 42% decrease in LDL-C (680 at 3 months to 393
mg/dL at 24 months) 28] Atkinson et al. compared plasma TC levels in heterozygous WHHL rabbits and NZW rabbits on a
cholesterol diet for 24 weeks. On a 0.5% cholesterol diet, plasma TC levels in heterozygous WHHL rabbits were
significantly higher than those in NZW rabbits (=2000 in WHHL vs. =1000 mg/dL in NZW rabbits). However, on a 1%
cholesterol diet, plasma TC levels reached a peak (=3000 mg/dL) at eight weeks in both rabbits without significant
differences between the two groups 22, Some WHHL rabbits (also designated as myocardial infarction-prone Watanabe
heritable hyperlipidemic, WHHLMI) developed coronary atherosclerosis and myocardial infarction BB To obtain a
myocardial infarction-prone colony, WHHL rabbits with severe coronary atherosclerosis, myocardial infarction, and
relatively higher plasma TC levels were selected and bred. Selective breeding was carried out for five to seven
generations. WHHLMI rabbits exhibit 93% of coronary stenosis and 97% of myocardial infarction, whereas the
corresponding values are 60% and 23% in original WHHL rabbits B9,

2.2.2. St. Thomas’ Mixed Hyperlipidemic (SMHL) Rabbits

The SMHL rabbit is a putative model of familial combined hyperlipidemia originally described as the St. Thomas’ Hospital
rabbit in the 1980s. These rabbits showed spontaneously elevated plasma TC levels (394 mg/dL, 4- to 5-fold over normal
rabbits) with moderately high or normal plasma TG levels (151 mg/dL, 2-fold over normal rabbits) and developed aortic
atherosclerosis on a normal standard diet 32133l SMHL rabbits have normal LDLR function, and it is considered that
elevated plasma VLDL and LDL levels are caused by overproduction of apoB-containing particles from the liver 3234, pe
Roos et al. compared plasma lipids of SMHL rabbits with WHHL rabbits on a low-cholesterol diet. With three months of
feeding a 0.08% cholesterol diet, SMHL rabbits showed plasma TC of 264 + 68 and TG of 290 + 55 mg/dL compared with
the TC of 791 + 36 and TG of 232 + 46 mg/dL in WHHL rabbits 2],

2.2.3. Postprandial Hypertriglyceridemic (PHT) Rabbits

The PHT rabbit was established through cross-breeding between WHHL rabbits with a hypertriglyceridemia phenotype
and normal JW rabbits B8IE7. PHT rabbits showed high TG levels in both fasting (403 mg/dL, 11-fold over normal rabbits)
and postprandial (1407 mg/dL, 22-fold over normal rabbits) states. In addition to hypertriglyceridemia, PHT rabbits
exhibited insulin resistance along with obesity &7,

2.3. Gene-Manipulated Rabbits
2.3.1. Transgenic (Tg) Rabbits

Hyperlipidemic rabbits were also generated by the overexpression of human apo B-100, E, and C-Ill genes in the liver.
Human apo B-100 Tg rabbits resulted in a 3-fold increase in plasma TC and TG levels compared with those in non-Tg
rabbits, and the majority of the plasma TC was distributed in the LDL, with striking enrichment of TG content 8. Ding et
al. generated Tg rabbits overexpressing the human apo C-lll gene. Apo C-Ill Tg rabbits showed 3-fold higher plasma TG
levels than non-Tg rabbits (191 in Tg vs. 59 mg/dL in non-Tg), although TC and HDL-C levels were not changed.
Lipoprotein analysis revealed that increased TG in apo C-lIl Tg rabbits was distributed in CM and VLDL B, Tg rabbits
expressing human apo E3, the most common isoform in humans, and apo E2, a variant associated with type Il
hyperlipoproteinemia, were also reported. Tg rabbits expressing higher levels of human apo E3 (>20 mg/dL) showed
marked combined hyperlipidemia characterized by an increase in both LDL and VLDL [£3E1 Overexpression of human
apo E2 in rabbits exhibited 8-fold increases in plasma TC and 15-fold increases in plasma TG compared with non-Tg
rabbits (421,

2.3.2. Knockout (KO) Rabbits

By using gene-editing technologies, apo E and LDLR KO rabbits were generated and have been used for the study of
hyperlipidemia 431241451 AnoE-KO rabbits exhibited mild hyperlipidemia, with TC levels at =200 mg/dL, on a normal
standard diet 4448l when challenged with a cholesterol diet, apo E KO rabbits showed greater susceptibility to
hyperlipidemia than did the wild-type rabbits, and their plasma TC and TG levels were remarkably increased, with a 6.3-
fold increase in TC and a 5.7-fold increase in TG compared with those of wild-type rabbits 48l Hyperlipidemia in apo E KO
rabbits was caused by elevated remnant lipoproteins predominated by apo B-48 and rich in both apo A-I and apo A-IV
contents. Lu et al. generated LDLR KO rabbits and found that, similar to WHHL rabbits, LDLR deficiency markedly
increased plasma TC levels (272-1013 in LDLR-KO rabbits vs. 51 mg/dL in the wild-type rabbits) on a normal standard
diet. Increased plasma TC levels were mainly caused by elevated LDL-C (124—730 in LDLR-KO rabbits vs. 21 mg/dL in
the wild-type rabbits) 43, Apo E and LDLR double-KO rabbits were also generated by the same group and exhibited
remarkable hyperlipidemia on a normal standard diet 271,
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