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normal diet, with increasing doses of cholesterol of 25, 113, 
253 or 507 mg/day, administered in capsules. Moderate 
atherosclerosis was found in 71% of the rabbits fed 507 mg/
day of cholesterol for 47-87 days. Meeker & Kesten (1940, 
1941) dissolved 60 or 250 mg of cholesterol in vegetable 
oil and added it to the diet of rabbits for three months. The 
animals developed typical atherosclerotic lesions similar 
to those seen in humans, thus corroborating the theory 
that cholesterol was the precursor for the development of 
atherosclerotic vascular disease3.

In order to induce hypercholesterolemia in animals, 
cholesterol-containing diets have been used, and these vary 
from commercial chow supplemented with substantially 
different levels of cholesterol, to changes in the amount of 
lipids, carbohydrates and the different fat sources and contents, 
whether with or without cholic acid4. In our laboratory, we 
have been inducing hypercholesterolemia in rabbits by adding 
1% of cholesterol to commercial chow in several studies with 
the purpose of investigating substances that can be further 
made viable as medications for the control of lipid metabolism, 
and also of developing tests of potential therapies and diagnosis 
between different experimental procedures5-12.

The objective of the present review was to make a critical 
analysis of the hypercholesterolemic effect of cholesterol-
rich diets in studies using rabbits as the experimental model 
that can lead to a better understanding of the biology of 
atherosclerosis in cardiovascular diseases.

Experimental atherosclerosis
For a better understanding of the relationship between 

disorders of cholesterol metabolism and atherogenesis, diet 
manipulation and the use of animals with inherited metabolic 
errors such as Watanabe Heritable Hyperlipidemic (WHHL) 
and St. Thomas Hospital (STH) rabbits to induce familial 
hypercholesterolemia and hyperlipidemia combined with 
hypercholesterolemia, respectively, have been the focus of 
many experiments. Today, gene deletion technology has 
made possible studies producing a variety of transgenic 
animal models with lipoprotein disorders but, despite this 
revolutionary breakthrough, many of these genetically 
modified animals have been fed cholesterol to accelerate 
atherogenesis2.

Exposure to plasma cholesterol and endothelial dysfunction
The term “endothelial dysfunction”, which has an important 

implication in the management of cardiovascular diseases, is 
used to describe situations in which the endothelium loses 
its vasoprotective property, and represents the initial phase 

Summary
Many researches have been conducted in experimental 

models in order to study the development of atherosclerosis 
from hyperlipidemia-inducing diets. Since rabbits are 
very sensitive to cholesterol-rich diets and accumulate 
large amounts of cholesterol in their plasma, their use 
as experimental models to evaluate the development of 
atherosclerosis is highly relevant and brings information on 
factors that contribute to the progression and regression 
of this condition that can be applied to humans. As such, 
this review includes studies on the atherogenic function of 
cholesterol based on rabbits as the experimental model, since 
they have become the most largely used experimental model 
of atherosclerosis. 

Introduction
The importance of plasma lipoprotein and lipid metabolism 

abnormalities characterized by hyperlipidemia and/
or hypercholesterolemia as the cause of coronary heart 
diseases and potential atherosclerosis is increasingly being 
supported by a considerable number of population-based 
and epidemiological studies today1. Hypercholesterolemia-
inducing diets in rabbits have been largely used as a model 
to study the development of human atherosclerosis.

The first investigation on experimentally induced 
atherosclerosis dates back to 1908. Ignatowski used rabbits fed 
milk, meat and eggs and observed increased intimal thickness 
of the aorta. Later, Lubarsch (1910, 1912) and Steimbiss (1913) 
were able to develop atherosclerosis in the aorta of rabbits 
fed diets including internal organs such as liver, adrenal gland 
and muscle. These studies, as well as others, showed a causal 
effect of animal proteins; however, other researchers believe 
that the element of the diet that caused atherosclerosis was 
cholesterol rather than animal tissue proteins2.

In order to evaluate the theory of atherogenesis from 
cholesterol, Clarkson and Newburgh (1926) fed rabbits a 
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of several processes of vascular lesion such as mechanical 
damage; hypercholesterolemia; atherosclerosis; and systemic 
hypertension13. In addition, vascular endothelial relaxation 
in response to acetylcholine is decreased, thus leading to 
vasoconstriction and reduced blood flow, as demonstrated 
by Sun et al14 in cholesterol-fed rabbits, since this decreased 
vasodilation may be caused by the presence of lipid plaques 
in the aorta.

Rabbits receiving a supplementation of 1% cholesterol 
in their diets for 8-10 weeks show impaired endothelial 
vasodilation in the carotid artery15 and abnormalities 
of the nitric oxide (NO) synthesis, as demonstrated in 
atherosclerotic vessels16. Considering hyperlipidemia and 
atherosclerosis, aortic segments of hypercholesterolemic 
rabbits show significant reduction of endothelial nitric oxide 
synthase (NOS) in relation to controls17. Vasquez-Vivar et al18 
reported that BH4, a cofactor for the synthesis of NO in the 
aorta of rabbits fed a hypercholesterolemia-inducing diet, was 
markedly reduced in comparison to normocholesterolemic 
rabbits. Oxygen-free radicals such as the superoxide 
anion can modulate the activity of endogenous NO 
in hypercholesterolemic rabbits19,20. Interestingly, this 
demonstrates that NOS expression reported in vascular 
smooth muscle of hypercholesterolemic rabbits21,22 is not able 
to dominate the defects of the endogenous vascular function. 

The increase in basal nitric oxide and in endothelium-
derived vasodilators is more significant in endothelium-intact 
aortic rings of female rabbits than in those of males and 
depends on circulating estradiol concentrations23. Therefore, 
females are less susceptible to a diet inducing atherosclerotic 
lesions than males, but it depends on the state of the arterial 
endothelium, as observed by Holm et al24. Estradiol inhibits 
monocyte adhesion to endothelial cells with transendothelial 
migration, components of an inflammatory response that 
continually occurs throughout the atherogenic process after 
induced hypercholesterolemia in rabbits25.

The development of interventions aimed at inhibiting 
atherosclerosis from cholesterol, and vascular dysfunction 
have received much attention because of this important 
association. L-arginine (a NOS substrate) depletion in animal 
models of atherosclerosis and hypercholesterolemia induces 
platelet aggregation, cell proliferation, and vascular monocyte 
accumulation, whereas endothelial-dependent vasoreactivity 
is improved in hypercholesterolemic rabbits treated with 

L-arginine, thus attenuating the mechanisms of vascular 
lesion26 and inhibiting neointimal proliferation27, which can 
be assessed by means of several endothelial cell markers 
proposed (Table 1). 

Von Willebrand factor was recently studied in rabbits fed 
a cholesterol-rich diet for 30 days. Hypercholesterolemia 
was observed to induce increased levels of this factor, which 
later decreased after withdrawal of the cholesterol-rich diet. 
This showed a positive correlation with fatty streak formation 
in both study phases, while there was a decrease in vascular 
endothelial growth factor levels after withdrawal of the 
cholesterol-rich diet. This could be a reparative mechanism 
in the early atherosclerosis, and could also reflect endothelial 
cell damage28.

While evaluating the effects of hypercholesterolemia on the 
risk of atherosclerosis using C-reactive protein (CRP), Sun et 
al29 showed that CRP is frequently deposited in atherosclerotic 
lesions in rabbit models. Additionally, high plasma CRP levels 
are associated with the severity of hypercholesterolemia30.

Increased NO synthesis may be a defense mechanism to 
compensate NO inactivation and protect against factors that 
represent body damage, with nitrite being a potent metabolite 
correlated with fatty streak formation; this has already been 
studied in the short and long term in cholesterol-fed rabbits 31. 

Parallel to these findings, endothelial function of vascular 
segments has been proven to be the earliest alteration in 
atherogenesis. The functional impairment of endothelial cells 
is demonstrated in the clinical consequences, such as the 
occurrence of events subsequent to the progression of plaque 
formation in the intima (Figure 1).

Atherosclerotic plaque formation
The cholesterol-fed rabbit model is remarkable because of 

the rapid development of aortic lesions and low maintenance 
cost, and the typical diet to induce atherosclerosis involves 
supplementation of 0.5% to 4% cholesterol per weight 
for approximately 8 to 16 weeks. Under these conditions, 
rabbits rapidly become hypercholesterolemic (plasma 
cholesterol > 1,000 mg/dl), and the resulting lesions primarily 
consist of macrophage-derived foam cells32. However, 
the relationship between atherosclerotic lesion formation 
and hypercholesterolemia-inducing diets in rabbits is 
dependent on the cumulative exposure rather than on the 

Table 1 - Some structural markers of endothelial dysfunction
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Nitric oxide acts on several processes implicated in the pathogenesis of atherosclerosis and thrombosis, such as platelet adhesion; free radical formation; 
polymorphonuclear cell activation; lipoprotein oxidation; vascular smooth muscle and intima cell mitogenesis and proliferation; and others.

Von Willebrand factor is present in the subendothelial region and has a hemostatic function that stimulates platelet adhesion. When a vessel is ruptured, blood clotting 
occurs in response to endothelial lesion and platelet adhesion to the damaged surface of the vessel, and this occurs by means of Von Willebrand factor binding.

Vascular endothelial growth factor is a functional and vascular protective factor that acts as an endogenous regulator of the endothelial integrity following damage, and 
its receptors are regulated in inflammation and proliferative disorders such as atherosclerosis and restenoses.

C-reactive protein is a marker of systemic inflammation and its increase in plasma levels are also related to the presence and severity of coronary artery atherosclerosis 
and to an increased risk of acute cardiovascular events. Corroborating this idea, the transition from stable to unstable angina is associated with increased inflammatory 
activity, as verified by the elevation of plasma levels of C-reactive protein, cytokines and leukocytes.

Nitrite is a stable nitric oxide metabolite that has been reported as a good marker of the endothelial production of nitric oxide, while NO bioactivity is decreased. It is 
known as a preliminary event in atherosclerosis.
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level of administered cholesterol, with rabbits fed 5.5% 
and 1.0% cholesterol showing similar degrees of induced 
hypercholesterolemia14. Some researchers support the 
suggestion that the formation of advanced lesions depends on 
the age of the animal. Aged rabbits, with 3-4.5 years of age, 
show fibrotic plaques, whereas young animals (4 months of 
age) do not show advanced lesions33.

Since rabbits have been widely used to study the 
development of atherosclerosis in humans, rapid development 
of lesions has been achieved by supplementing their 
diet with cholesterol (<0.5%), thus reaching moderate 
hypercholesterolemia, with plasma cholesterol levels in the 
range of 200 to 800 mg/dl34. Consequently, the lesions usually 
produced are topographically and morphologically different 
from those seen in humans. This difference is partly due to 
the fact that humans do not usually eat large amounts of 
cholesterol: generally their plasma cholesterol levels do not 
exceed 800 mg/dl, and they process and tolerate cholesterol 
intake better than rabbits. Additionally, long-term experiments 
in rabbits fed diets containing large amounts of cholesterol are 
discouraging due to hepatotoxicity and failure of the animal 
to thrive. Gross examinations revealed hepatomegaly with 
evidence of bile stasis at plasma cholesterol levels of 3,257 
± 266 mg/dl32. However, despite these restrictions, a large 
number of studies use this model to test the efficiency of drugs 
in the development of fatty streaks. 

Atherosclerotic lesions are composed of three major 
components. The first is the cell component, which is 
predominantly comprised of smooth muscle cells and 
macrophages. The second component is the connective tissue 
matrix and extracellular lipid. The third is intracellular lipid, 
which accumulates within macrophages, then converting into 
foam cells35. In previous cell events, the presence of leukocytes 
adhered to the thoracic and abdominal aorta has been 
observed in rabbits fed a 0.2% cholesterol-enriched diet for 
three weeks. After 3-5 weeks on the same diet, numerous foam 
cells are found in the subendothelial space and constitute the 

development of fatty streaks in the same site where adherent 
monocytes had been previously observed36.

In the aorta, several types of plaques going from fatty 
streak to atheromatous lesions are observed in experimental 
models, depending on the degree of cholesterol intake. Diets 
containing < 0.15% cholesterol result in the development of 
fatty streak lesions, whereas atheromatous plaques are more 
frequently found when high amounts of cholesterol are present 
in the diet32.

The degree of atherosclerosis in rabbits tends to be greater 
in the abdominal aorta than in the thoracic aorta, and this can 
be explained by the hemodynamic effect or by the fact that 
the abdominal aorta of rabbits gradually tapers down to the 
aortic bifurcation. Therefore, the distal aorta may have more 
lesions than the proximal aorta37. Atheromatous changes after 
8 weeks in rabbits fed cholesterol initiate in the thoracic aorta 
and then extend to the abdominal aorta, coronary artery and 
other vessels, with a predominance of concentric lesions in 
the thoracic aorta and proximal portion of the coronary artery 
in contrast to mild atherosclerosis found in the renal, carotid 
and femoral arteries in the 15th week of diet38. However, the 
extent to which the exposure to cholesterol influenced this 
type of lesion is not clear in this study.

The extent of atherosclerosis in the aorta of rabbits may 
be quantified by the area of sudanophilic lesions39 and by 
immunohistochemical analyses40. Recently, non-invasive 
magnetic resonance imaging (MRI) has been used in the 
study of vascular lesions. MRI quantification and changes 
in the composition of atherosclerotic plaques may be used 
with MRI to monitor the progression and regression of in vivo 
atherosclerosis. The advantage of this method is that serial 
studies may be conducted in order to verify the response to 
therapeutic interventions41.

Histological studies on the rate of stenosis, in turn, are 
an important method for the assessment of the severity of 
coronary atherosclerosis, because the rate is considered 
a direct reflex of the clinical condition. On the other 

Figure 1 - Role of inflammation, smooth muscle cell proliferation and thrombosis in atherosclerosis lesion development. Endothelial injury and lipid (LDL) accumulation may 
initiate the atherogenic process (1). Activated macrophages and foam cells produce mitogens that induce migration of smooth muscle cells into intima and proliferation of 
these migrated cells in the intima may expose for thrombotic events (2). Occluded arteries can be opened by balloon angioplasty (3). These vessels, can be re-occluded 
through restenosis (4).
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hand, the assessment method using gross examination 
of atherosclerotic coronary arteries in rabbits has some 
advantages in relation to histological methods, since the 
analysis of the lesion area may be carried out in a short time, 
while the overall image of the atherosclerosis distribution 
may be easily understood. When tissue sections of 
atherosclerotic coronary lesions are necessary, it is possible 
to remove only the atherosclerotic plaque portion, which 
can be macroscopically observed from the luminal surface 
of the coronary artery42. 

Vascular lesions play an important role in cardiovascular 
disorders, although the participation of hypercholesterolemia 
in thromboembolic events remains poorly understood, thus 
requiring a better understanding. 

Plaque rupture and thrombosis
Rupture of the atherosclerotic plaque is known to be 

the major cause of thrombosis and subsequent clinical 
manifestations of atherosclerosis such as unstable angina, 
myocardial infarction and stroke, in addition to being a target 
of clinical intervention43-45. However, it is still difficult to 
predict when plaque rupture will occur, since the additional 
physiological stimulus required to trigger this event is 
unknown. The mechanisms of posterior plaque rupture and 
formation of subsequent occlusive thrombi remain not fully 
understood. Furthermore, it is still not clear whether plaques 
without thrombi can cause cardiac events44. Two main 
hypotheses have been proposed for the causes of plaque 
rupture (Table 2).

Several animal models of plaque rupture have been 
reported in the past few years. In cholesterol-fed rabbits, the 
lesion is commonly induced using an intravenously injected 
balloon containing Russel’s viper venom and histamine, a 
procedure that will result in plaque rupture and thrombosis37. 
Another model is that of cholesterol-fed rabbits with 
implantation of a balloon catheter in the thoracic aorta. The 
balloon is inflated after the atherosclerotic lesion is formed 
around it, thus leading to lesion rupture and thrombosis46. 
However, both are models of acute mechanically-induced 
cases in a research context. Thus, the value of these models 
for the study of cell apoptosis, inflammation, increased lipids, 
and degradation of the fibrous capsule is limited due to 
different and marked characteristics of the plaques formed 
in these models in comparison to those found naturally in 
humans since, in the latter, the lesions are restricted to the 
subendothelial region, thus maintaining the integrity of the 

internal elastic layer47.
The atherosclerotic plaque is not a static structure. Rather, 

its status at any given moment is the result of the complex 
and dynamic interplay of a very large number of cellular 
and humoral factors48. Rekhter et al49 observed plaque 
destabilization determined by collagen breakdown with local 
loss of the cellular source of collagen synthesis in rabbits49. 
The authors demonstrated a time-dependent decrease in 
total collagen content in lipid-rich plaques, whereas the 
level of cross-linking did not differ between high and low 
cholesterol intake in the groups. A mechanical link between 
hypercholesterolemia and collagen loss is still hypothetical, 
although a critical function of macrophages and other 
proteolytic enzymes has been strongly suggested. 

Hypercholesterolemia-inducing diet in rabbits selectively 
increases thrombus formation and embolism in arterioles, but 
not in venules. The observation that increased total plasma 
cholesterol results mainly in increased LDL cholesterol suggests 
that the effects seen of hypercholesterolemia on arteriolar 
thromboembolism are caused by LDL, and that the stimulus 
to endogenous NO production by excess L-arginine is able to 
antagonize this increased cholesterol, hence this enhancement 
of arteriolar thromboembolism50.

If a thrombus is occlusive, it will lead to myocardial 
infarction45. Since plaque rupture is the main clinical 
complication, plaque stabilization is crucial, and a lipid-
lowering diet proved able to significantly reduce the proteolytic 
activity and increase the collagen content in atheromas 
established in rabbits51. The substantial degree of clinical 
benefit seems not to be proportional to the improvement 
in the stenosis produced by lipid lowering that stabilizes the 
atheromatous plaque by reducing the levels and activity of 
proteinases that can degrade key structural components of the 
arterial extracellular matrix51. Thus, the ability of the plaque 
to resist rupture is reinforced.

The administration of angiogenic growth factors is an 
interesting new approach to ischemic cardiac disease. Fibroblast 
growth factor promotes vascular repair and angiogenesis, 
inducing tissue factor expression in circulating monocytes and 
the vascular wall of normal and hypercholesterolemic rabbits52.

According to Abela et al53, rabbit models with arterial 
lesions that develop thrombosis after mechanical arterial 
wall injury and cholesterol-rich diet lead to plaques 
vulnerable to rupture and thrombosis, and can be used to test 
pharmacological agents that may reduce the development 
of vulnerable atherosclerotic plaques such as lipid-lowering 
agents; antioxidants; calcium channel blocking agents; and 
angiotensin-converting enzyme inhibitors. Antiplatelet and 
antithrombotic agents can be tested for their ability to reduce 
the amount of thrombus complicating plaque disruption. 
However, spontaneous plaque rupture does not occur in 
these models, although the triggering stimulus may lead to 
arterial thrombosis. Lesions produced in these animals by 
a combination of injury and a high-lipid diet lead to the 
formation of fibrous caps consisting of smooth muscle cells. 
Some aspects of human atheromas, typically formed in 
decades, may not be similar to those of atheromas obtained 
in a relatively short time in rabbit experiments51.

Table 2 - Causes of atherosclerotic plaque rupture

The first hypothesis is that rupture results from a smooth muscle cell loss, and 
this can be the main producer of cap-stabilizing collagen caused by apoptosis, 
which can be mediated by the interaction between smooth muscle cells and 
monocytes/macrophages. The second hypothesis is that plaque rupture is the 
result of an imbalance between the production of plaque-stabilizing collagen 
on one hand and the action of corrosive enzymes on the other. These 
enzymes are present in the form of metalloproteinases, which derive mainly 
from macrophages and cathepsins, which cause the rupture of the collagen-
rich plaque cover. Additionally, inflammation also participates in plaque rupture 
by means of the production of procoagulation proteins.
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Metabolic regulation in 
hypercholesterolemic rabbits

Rabbits are an animal species that have several aspects similar 
to those of humans as regards the lipoprotein metabolism, 
except for hepatic lípase defficiency54. Several characteristics 
of rabbits make them an excellent model for the assessment 
of effects of human transgenes on lipoprotein metabolism and 
susceptibility to atherosclerosis: 1) apoB-containing lipoproteins 
are similar to those seen in humans55; 2) rabbit liver produces 
apoB-100-containing VLDL, like in humans56; 3) abundance 
of ester-transfer protein in rabbit plasma57.

At least four mechanisms are responsible for cholesterol 
homeostasis and affect plasma cholesterol concentrations 
(Table 3).

In rabbits, 7α-hydroxylase activity and mRNA levels are 
inhibited after a hypercholesterolemia-inducing diet with 
significantly high plasma cholesterol levels58. However, 
Overturf et al59 found that by feeding rabbits a diet 
supplemented with 0.1% cholesterol for 7 months, this did not 
induce hypercholesterolemia, whereas by gradually increasing 
diet cholesterol intake, the bile acid pool increased inversely 
to 7α-hydroxylase activity60. 

Bile acid excretion increases the clearance rate, which 
decreases the effective concentration of intracellular cholesterol, 
thus inhibiting the influence of cholesterol on the expression of 
LDL receptors, since bile acids are predominantly reabsorbed 
via the enterohepatic circulation and return to the liver to exert 
a negative feedback control on the 7α-hydroxylase enzyme and 
to regulate cholesterol metabolism61.

Bile acids are known to be reabsorbed in the intestine 
via passive and active mechanisms. Passive uptake occurs 
via non-ionic, ionic and micellar diffusion of conjugated 
or unconjugated bile acids; active, Na+-dependent, 
saturable absorption of conjugated bile acids occur against a 
concentration gradient. It has been proven that several species, 
rabbits included, have both bile acid reabsorption processes62. 
However, they have minimal passive intestinal reabsorption 
due to the relative hydrophilic nature of conjugated bile acids. 
The primary site of bile acid reabsorption is predominantly 
mediated by the ileal Na+/bile acid (IBAT) cotransporter 
and the interruption of the enterohepatic circulation of bile 
acids through attenuation of intestinal bile acid reabsorption 
is considered one of the best pathways for the reduction of 
plasma cholesterol levels62. Higaki et al63 used IBAT inhibitor 

and demonstrated a reduction in the amount of bile acid 
return to the liver and increased conversion of cholesterol 
into bile acid in cholesterol-fed rabbits.

The inhibitory effect of diet cholesterol on 7α-hydroxylase 
in rabbits can help explain why some individuals are more 
sensitive to diet cholesterol and have their plasma cholesterol 
concentration increased. These individuals may respond to a 
high-cholesterol diet with a decreased bile acid synthesis, thus 
contributing to the elevation of plasma cholesterol levels and 
reduction of LDL receptors. Alternatively, other individuals 
respond to a cholesterol-rich diet with increased bile acid 
synthesis and, thus, plasma cholesterol levels do not increase. 
Identifying these individuals may help determine their 
atherosclerosis risk so that more sensible recommendations 
can be made for dietary treatment58. 

Final considerations
Considering that the prevalence of atherosclerosis and 

ischemic heart disease is increasing worldwide, with serious 
clinical consequences that require efforts for a better 
understanding of their pathogenesis, it is clear that the search 
for improved experimental techniques and new therapies for 
these conditions is necessary, seeing the advances in the use 
of experimental models.

In this sense, rabbits as experimental models are an important 
tool for the study of atherosclerosis among the animals that have 
been used in clinical investigations. Among the animals studied, 
only rabbits show a tendency to develop hypercholesterolemia 
via accumulation of exogenous cholesterol after a few days 
receiving high-cholesterol diets, since their sterol excretion 
cannot be increased. However, careful extrapolations should 
be made in relation to the degree of hypercholesterolemia 
produced in laboratory animals, since they exceed the levels 
usually found in humans. Limitations and advances should 
be discussed so that they can contribute to and broaden the 
knowledge on the etiology, pathophysiology and treatment 
of atherosclerosis with the characterization of these findings. 
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Table 3 - Mechanisms responsible for cholesterol homeostasis

a) Synthesis via acetate as a regulator by formation of mevalonic acid to 
3-hydroxy-3-methylglutaryl coenzime A which is catalyzed by the rate-limiting 
enzyme HMG-CoA reductase;

b) LDL-receptor expression, especially in the liver, where more than half of the 
receptors are located, with a decrease in plasma cholesterol accompanied by 
decreased LDL levels;

c) Diet cholesterol intake;

d) Transformation of cholesterol into bile acid, the largest catabolic pathway 
for cholesterol which, regulated by formation of 7 α-hydroxycholesterol, is 
catalyzed by 7α-hydroxylase enzyme.
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