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A physiologically relevant atherogenic diet causes severe
endothelial dysfunction within 4 weeks in rabbit

Sudarshan Rai, David L. Hare and Anthony Zulli

Departments of Cardiology and Medicine, University of Melbourne, Austin Health, Australia

The rabbit, as an animal model for human atherosclerosis,

has been widely used to study the mechanisms of athero-

sclerosis. However, these studies often used massive doses of

cholesterol (>1% wt ⁄ wt cholesterol) which are way beyond

normal physiological levels and lead to irrelevant plasma

cholesterol levels. A human diet consisting of 1 g choles-

terol ⁄ day has been shown to increase the risk of cardio-

vascular disease. Considering a human diet is approximately

500–1000 g of food weight per day, this equates to a 0.1–

0.2% cholesterol diet (Shekelle & Stamler 1989; McNamara
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Summary

A physiological atherogenic human diet consists of 0.1% cholesterol, fat, as well as

high levels of methionine, which is the precursor to homocysteine. The pathological

effects of a diet enriched with physiologically high levels of cholesterol, methionine

and fat over a short period on the aorta are unknown. In this regard, we sought to

determine the effects of a 0.1% cholesterol diet in combination with a 1% methio-

nine over a 4-week period on endothelial function and artery pathology and the

expression of endothelial nitric oxide synthase as well as nitrosative stress by nitro-

tyrosine (NT), oxidative stress by heat shock protein 70 (HSP70) and endoplasmic

reticulum stress by glucose regulated protein 78 (GRP78). Rabbits were fed for

4 weeks a diet supplemented with 1% methionine + 0.1% cholesterol + 5% peanut

oil (MC). The endothelial function of the abdominal aorta was examined using

organ bath techniques, atherosclerosis determined in each artery by microscopy and

eNOS, NT, GRP78 and HSP70 by standard immunohistochemistry. Endothelium

dependent relaxation in response to acetylcholine significantly decreased by 63% at

1 lM acetylcholine (P < 0.001) compared with control arteries. There was no evi-

dence of atherosclerosis formation in any artery studied, however, eNOS, NT and

GRP78 was clearly present in all arteries studied but HSP70 was not easily detect-

able. Severe endothelial dysfunction is present in the abdominal aorta of rabbits

within 4 weeks of physiological dietary manipulation, possibly due to NT formation

and endoplasmic reticulum stress. This model could be used to study the early onset

of endothelial dysfunction prior to the initiation of atherosclerosis.
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2000). Such a diet can lead to an increase in plasma choles-

terol level above 7 mmol ⁄ l, but rarely above10 mmol ⁄ l
(Hegsted & Nicolosi 1987; Lewis 1987). However, patients

suffering from genetic defects in cholesterol metabolism,

such as familial hypercholesterolaemia, could show choles-

terol levels between 10 and 13 mmol ⁄ l (Alrasadi et al. 2009)

and can reach 17 mmol ⁄ l in some patients (Lind et al.

2004).

Genetically modified murine models to study atherosclero-

sis include the popular ApoE double knockout mouse. This

model develops spontaneous lesions that are exacerbated by

a high fat (10–20%), high cholesterol (0.15–1.5%) diet

(Meir & Leitersdorf 2004; Getz & Reardon 2006). How-

ever, this model can develop severe hypercholesterolaemia

above 50 mmol ⁄ l, which is similar to the total cholesterol

levels observed in studies where rabbits were fed a 1–2%

cholesterol diet in the 1950s (Kritchevsky et al. 1973; Prior

et al. 1998). Furthermore, the increase in total cholesterol in

the ApoE mouse is due to increased VLDL and IDL (Getz &

Reardon 2006), which are triglyceride-rich particles and not

the atherogenic LDL form which is comprised of 50%

cholesterol. This lipid profile is commonly ignored and

might not be relevant to human atherosclerosis, as LDL is

the accepted ‘bad’ cholesterol. Another ignored problem

inherent to the ApoE model is the lack of response of

conduit arteries to angiotensin II, which is one of the most

important peptide stimulants for human cardiovascular

disease. To overcome this issue, assumptions have been

made on model validity based on the anti-atherosclerotic

effects of angiotensin II receptor blockade or angiotensin

converting enzyme inhibition (Keidar et al. 1997; Hayek

et al. 1998). However, our understanding of the complex

interactions between the receptors of the renin-angiotensin

system is still unfolding (Castro et al. 2005), and so other

effects unrelated to angiotensin II could be involved.

Therefore, new animal models to study human cardiovas-

cular disease are warranted. Such animal models will be

required to develop endothelial dysfunction and atheroscle-

rosis under physiological conditions and within a short per-

iod of time. In this regard, we have added physiologically

relevant high dietary methionine to a high fat ⁄ cholesterol

diet to mimic a natural human diet. Methionine is an essen-

tial amino acid ingested through dietary protein (Verhoef

et al. 2005). An excess intake of methionine coupled with

low intake of folic acid and vitamin B12 raises plasma hom-

ocysteine in humans and rabbits. Hyperhomocysteinemia

induces endothelial dysfunction, is pro-atherogenic and is

associated with cardiovascular disease (Guthikonda &

Haynes 2006). We have previously used a diet consisting of

1% methionine in rabbits to induce endothelial dysfunction,

hyperhomocysteinemia and intimal thickening, (Zulli et al.

2003) and when coupled with high dietary cholesterol, this

abolishes endothelial function and exacerbates atherosclero-

sis formation (Zulli et al. 2003, 2004), and also induces

myocardial fibrosis (Zulli et al. 2006a).

This study was designed to use physiological doses of cho-

lesterol (0.1%), methionine (1%) and fat (5% peanut oil)

over a short period (4 weeks) to establish a new animal

model for severe endothelial dysfunction. As well, to deter-

mine the type of stress in the endothelial milieu, we sought

to immunolocalize endothelial nitric oxide synthase (for

eNOS deficiency), nitrotyrosine (nitrosative stress) (Halliwell

1997), heat shock protein 70 (HSP70) (Zhou et al. 2004)

for oxidative stress and glucose regulated protein 78

(GRP78) (Outinen et al. 1999) for endoplasmic reticulum

stress.

Methods

Two groups of male New Zealand White rabbits at

3 months of age received either a normal rabbit chow diet

or a normal rabbit chow diet supplemented with 0.1%

cholesterol (Teixeira et al. 1991; Sugano & Makino 1996;

Kritchevsky et al. 2000), 1% methionine and 5% peanut oil.

The peanut oil aids in the absorption of cholesterol as well

as providing extra fat to the diet to resemble human diet,

and it does not affect aortic pathology or endothelial func-

tion (Zulli et al. 2003). The animals were housed in individ-

ual cages and maintained at a constant temperature of

approximately 21 �C. Food and water were supplied ad libi-

tum. The animals were fed their respective diet for 4 weeks

(n = 4). Age-matched controls were used in this experiment

(n = 5). The experiments were carried out according to the

National Health and Medical Research Council ‘Australian

Code of Practice for the Care and Use of Animals for Scien-

tific Purposes’ (6th Edition, 1997). The animals were then

euthanized by an overdose intravenous injection of ketamine

and xylazine via the main ear vein, as previously described

elsewhere (Zulli et al. 2003, 2004, 2006a). The aorta was

then excised, cleaned of connective tissue and fat and used

for isometric tension studies (Zulli et al. 2003).

Diet composition of normal chow

Calcium Pantothenate 10 mg ⁄ kg; Vitamin B6 (Pyridoxine)

2.7 mg ⁄ kg; Niacin (Nicotinic acid) 20 mg ⁄ kg; Vitamin B2

(Riboflavin) 2.7 mg ⁄ kg; Vitamin B1 (Thiamine) 4 mg ⁄ kg;

Vitamin E 25 mg ⁄ kg; (a Tocopherol acetate); Vitamin K

(Menadione) 1.3 mg ⁄ kg; Vitamin A (Retinol) 13,000 IU ⁄ kg;

Choline 2,200 mg ⁄ kg; Vitamin B12 7 mg ⁄ kg; Folic acid
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0.6 mg ⁄ kg; Biotin 140 ug ⁄ kg; Pantothenic acid 19 mg ⁄ kg;

Vitamin B6 (Pyridoxine) 5.8 mg ⁄ kg; Niacin (Nicotinic acid)

56 mg ⁄ kg; Vitamin B2 (Riboflavin) 6.6 mg ⁄ kg; Vitamin B1

(Thiamine) 5.6 mg ⁄ kg; Vitamin K (Menadione) 3 mg ⁄ kg;

Vitamin E (Tocopherol) 60 mg ⁄ kg; Vitamin A (Retinol)

49,000 IU ⁄ kg; Selenium 0.1 mg ⁄ kg; Zinc 60 mg ⁄ kg; Cobalt

0.7 mg ⁄ kg; Manganese 90 mg ⁄ kg; Iodine 1.7 mg ⁄ kg; Cop-

per 13 mg ⁄ kg; Iron 40 mg ⁄ kg; Tryptophan 0.2%; Tyrosine

0.5%; Phenylalanine 0.8%; Lysine 0.8%; Cystine 0.2%;

Methionine 0.2%; Threonine 0.6%; Isoleucine 0.7%;

Leucine 1.2%; Valine 0.8%; Arachadonic Acid 20:4 n6

0.01%; a Linolenic Acid 18:3 n3 0.1%; Linoleic Acid 18:2

n6 0.8%; Gadoleic Acid 20:1 0.02%; Oleic Acid 18:1 1.4%;

Palmitoleic Acid 16:1 0.02%; Stearic Acid 18:0 0.1%;

Palmitic Acid 16:0 0.3%; Myristic Acid 14:0 0.01%;

Cadmium 0.01 mg ⁄ kg; Selenium 0.3 mg ⁄ kg; Molybdenum

1 mg ⁄ kg; Zinc 97 mg ⁄ kg; Cobalt 0.7 mg ⁄ kg; Manganese

130 mg ⁄ kg; Iodine 1.8 mg ⁄ kg; Copper 23 mg ⁄ kg; Iron

290 mg ⁄ kg; Sulphur 0.2%; Potassium 1.0%; Chloride 0.4%;

Sodium 0.2%; Magnesium 0.3%; Phosphorous 0.7%;

Calcium 1.1%.

Isometric tension studies

Abdominal aortae were dissected into 6 · 3 mm rings and

sequentially mounted between two metal hooks in organ

baths attached to force displacement transducers (Grass

FT03) coupled to a data acquisition system (MacLab,

ADInstruments, Australia). The baths were filled with Krebs

solution, kept at a constant temperature of 37 �C and continu-

ously bubbled with 95% O2 ⁄ 5% CO2. After 1 h, the vessels

were gently stretched to a resting tension of 2 g. After another

hour, maximum constriction was determined by a high potas-

sium Krebs solution (124 mM K+). After plateau (6 min), ves-

sels were rinsed with Krebs solution and 1 hour later the

vessel rings were pre-contracted with phenylephrine to

approximately 30–40% of maximal contraction. After the

contraction became stable, an acetylcholine concentration

response curve (10)8–10)6 M Ach, half log units) was per-

formed (Zulli et al. 2003).

Wall pathology and immunohistochemistry

Excess rings and the rings used in the organ baths were

removed from the organ bath and placed in freshly prepared

4% paraformaldehyde in PBS, pH 7.3, overnight, after

which the vessels were placed in PBS. Once all experiments

were finished, all blood vessels were processed for paraffin

embedding in one batch. This is to keep the shrinking of

vessels constant in all vessels. All blood vessels were then

mounted vertically in two paraffin blocks. A minimum of

eight 3 mm vessels were used per animal. After this, 5

micron sections were cut, mounted on microscope slides and

immunohistochemistry performed. eNOS was purchased

from BD Transduction Laboratories (Cat# 610296), HSP70

(Cat# MAB3516) and nitrotyrosine (Cat# MAB5404) were

purchased from Chemicon International and GRP78 from

Santa Cruz (Cat# sc-1050). All primary antibody dilutions

were 1:100 and immunohistochemistry performed as previ-

ously described elsewhere (Zulli et al. 2003, 2006b). Wall

pathology was determined by standard microscopy.

Data analysis

Unpaired student’s t test was used to compare the lipid pro-

file of the experimental group with that of the control. All

endothelial function data points were grouped and analysed

by anova (non-repeated measures), followed by a Newman–

Keuls multiple comparison post hoc test. A P < 0.05 was

accepted in all cases as significant. All data are expressed as

mean ± SEM.

Results

Blood total cholesterol levels significantly increased to

11.8 ± 2.5 mmol ⁄ l in the experimental group compared to

1.3 ± 0.1 mmol ⁄ l (P < 0.01) in the control. This increase

was mainly due to a marked increase in LDL cholesterol

(9.5 ± 2.2 mmol ⁄ l vs. 0.38 ± 0.05, P < 0.01) and a small,

significant increase in HDL cholesterol (1.9 ± 0.15 mmol ⁄ l
vs. 0.8 ± 0.1 mmol ⁄ l, P < 0.01). Blood triglycerides also
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Figure 1 After 4 weeks of a diet supplemented with 0.1% cho-

lesterol, 1% methionine and 5% peanut oil, rabbit abdominal

aorta showed severe endothelial dysfunction. Endothelium-

dependent relaxation in response to acetylcholine significantly

decreased by 72% at 0.1 lM acetylcholine (P < 0.05), by 60%

at 0.3 lM acetylcholine (P < 0.001) and by 63% at 1 lM

acetylcholine (P < 0.001) compared to control arteries.

Mean ± SEM. n = 4 per group. * P < 0.05 vs. control and

� P < 0.001 vs. control.
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significantly increased in the experimental group (1.8 ±

0.5 mmol ⁄ l vs. 0.7 ± 0.1 mmol ⁄ l, P < 0.05). Homocysteine

was increased by the dietary regimen (28.8 ± 13 vs.

8.5 ± 1.3 lmol ⁄ l, P = 0.1).

Endothelium-dependent relaxation in response to acetyl-

choline was significantly reduced by 72% at 0.1 lM acetyl-

choline (P < 0.05). Such dysfunction continued to be

significant at 0.3 lM acetylcholine (60% decrease, P < 0.001)

and also at 1 lM acetylcholine (63% decrease, P < 0.001)

when compared to control arteries (Figure 1).

There was no evidence of atherosclerosis formation in any

artery studied (Figure 2). However, intimal thickening was

present in one animal fed high dietary cholesterol plus

methionine (Figure selected and shown).

The examination of eNOS showed that the enzyme was

clearly present in all endothelium of arteries studied in both

groups. In fact, there were cells binding to many areas of

endothelia that showed eNOS immunoreactivity. Examina-

tion of oxidative stress by HSP70 shows virtually no expres-

sion in the endothelia. However, endothelial nitrotyrosine

was clearly visible throughout the endothelium, indicating

that the endothelial milieu is one of nitrosative stress rather

than oxidative stress. As well, the endothelium clearly

showed expression of GRP78, indicating that the endothe-

lium is also undergoing endoplasmic reticulum stress.

Discussion

The major findings in this investigation are that high dietary

cholesterol plus methionine for 4 weeks leads to physiologi-

cally relevant atherogenic lipid profile and severe endothelial

dysfunction with a minor intimal thickening. The severe

endothelial dysfunction did not appear to be due to a lack

of eNOS protein or oxidative stress as detected by HSP70,

but possibly because of increased endoplasmic reticulum

stress, as detected by GRP78 and nitrosative stress, as

detected by nitrotyrosine.

Nitric oxide is produced by three different isoforms of

nitric oxide synthase (NOS) and is widely distributed in vir-

tually all vascular cell types. The endothelial isoform (eNOS)

plays a crucial role in vascular tone and structure regulation.

It also exerts an anti-inflammatory influence, inhibits platelet

adhesion and aggregation and prevents proliferation and

migration of smooth muscle cells (Rekka & Chrysselis

2002). Several lines of evidence link endothelial dysfunction,

characterized by decreased bioavailability of nitric oxide,

with the development of many pathological conditions, such

as heart failure, hypertension, diabetes and atherosclerosis

(Wennmalm 1994). Our results suggests that the lack of

endothelial function in the experimental group is not related

to a lack of eNOS enzyme, as immunoreactivity to this pro-

tein was clearly visible throughout all the endothelial layer,

and this supports our previous work in a similar model (Zul-

li et al. 2006b).

Experimental and clinical studies suggest that oxidative

stress contributes to the development and progression of

cardiovascular disease. However, clinical trials with classic

vitamin antioxidants failed to demonstrate any benefit in

cardiovascular outcomes. Oxidative stress in tissue can be

detected by studying the 70-kDa HSP70s. These proteins are

well-studied and characterized HSPs which constitute essen-

tial components of a quality control system of protein synth-

esis, and function as molecular chaperones to prevent proteins

from misfolding and aggregating during both new protein

synthesis and under conditions of cellular stress. Current

research suggests that upregulation of HSP70 can be caused

by oxidative stress (McDuffee et al. 1997; Callahan et al.

2002; Antunes-Neto et al. 2006), and thus provides a novel

approach to study oxidative stress by immunohistochemistry

and Western blot analysis. Indeed, Zhou and collegues have

recently shown that increased HSP70 immunohistochemistry

eNOS eNOS

HSP70 HSP70

nitrotyrosinenitrotyrosine

GRP78 GRP78

no stain

Figure 2 Photomicrographs of eNOS, HSP70, nitrotyrosine and

GRP78 in the abdominal aorta of rabbits fed 0.1% cholesterol,

1% methionine and 5% peanut oil. Left panel shows endothe-

lium overlying normal aortic wall, whereas the right panel

shows endothelium overlying intimal thickening. All photos are

taken from serial adjacent sections of one vessel that is represen-

tative of all arteries. eNOS is clearly present in the arteries in

both endothelia (overlying normal wall and intimal thickening).

It is not clear whether the aortic wall contains some cells that

also stain for eNOS. HSP70 immunohistochemistry shows posi-

tive cells in the media (arrows), but the endothelium is virtually

clear of immunoreactivity (enlarged dashed figure). However,

nitrotyrosine immunoreactivity was clearly evident throughout

all vessels, as well as in the media. This was paralleled with

GRP78, indicating a possible association between nitrosative

stress and endoplasmic reticulum stress.
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correlates with the more commonly used dihydroethidium

staining in murine atherosclerotic plaques (Zhou et al. 2004).

In our study, we failed to demonstrate high levels of the oxi-

dative stress marker HSP70 in the endothelial layer; however,

high levels were found in atherosclerotic plaques (personal

observations). These results suggest that oxidative stress

might not be the cause of such dysfunction observed in the

arteries in this model.

Peroxynitrite (ONOO-) is a ‘reactive nitrogen species’ that

can be formed by combination of superoxide and nitric

oxide. It is an assumption that formation of nitrotyrosine is

a biomarker specifically diagnostic of ONOO- production.

Nitrotyrosine can also be formed by tyrosyl radicals, NOÆ
2,

NO)
3, NO2Cl and HOCl reacting with tyrosine (Halliwell

1997). In our study, nitrotyrosine was clearly detectable in

the endothelium in the arteries, suggesting nitrated endothe-

lial proteins. Thus, our results suggest that oxidative stress

(as measured by HSP70) might not be the cause of the endo-

thelial dysfunction, but the removal of bio-available NO by

other mechanisms could be possible.

The endoplasmic reticulum (ER) is responsible for govern-

ing protein production and conformation. On one hand,

properly folded proteins must be guided from the ER to

their final destination within the cell, and on the other hand,

misfolded proteins that may be toxic to the cell must be dis-

posed of without compromising normal cell function. This

quality control system is based on common structural and

biophysical features that distinguish native from non-native

protein conformations. Folding is assisted by a variety of

folding enzymes and chaperones with different properties

and functions. The main role of these components is to pre-

vent protein misfolding and aggregation, which could cause

cellular dysfunction (Sitia & Braakman 2003). Accumulation

of misfolded proteins in the ER has been shown to cause ER

stress and activation of a protective response known as the

unfolded protein response (UPR). Homocysteine (Outinen

et al. 1999), LDL (Sorensen et al. 2006) and type II diabetes

(Tsiotra & Tsigos 2006) all cause ER stress and thus UPR.

Glucose-regulated protein (GRP) 78 is a molecular chaper-

one involved in the UPR and it has been suggested that ele-

vated GRP78 levels could have favourable anti-cancer

properties (Wu et al. 2005). GRP78 is an accurate marker

of ER stress, being elevated by homocysteine (Outinen et al.

1999) and diabetes (Parfett et al. 1990). In our study,

GRP78 was clearly visible in the endothelium overlying

arteries, suggesting that the endothelial milieu is undergoing

endoplasmic reticulum stress. This is supported by our cur-

rent research, indicating that GRP78 positive cells do

decrease after the cessation of the atherogenic diet, indicat-

ing a decrease in ER stress (Zulli & Hare 2009).

We have previously reported that the combination of high

dietary cholesterol (0.5%) plus methionine (1%) fed to rab-

bits for 12 weeks abolishes endothelial function and exacer-

bates atherosclerosis formation compared with high dietary

cholesterol or methionine alone (Zulli et al. 2003, 2004). In

this study, we also show that severe endothelial dysfunction

can be induced with physiologically elevated levels of choles-

terol and methionine, but atherosclerosis was not present at

this time point.

The 0.1% cholesterol-fed rabbit has been extensively stud-

ied by Kolodgie et al. They showed that this diet produced

healthy animals, although they had hypercholesterolaemia

and atherosclerosis formation after 31–32 weeks of dietary

manipulation (Kolodgie et al. 1996). Plasma levels of liver

enzymes ALT and AST were also normal over this period.

This extensive study shows that a 0.1% cholesterol diet

will induce atherosclerosis formation if the animals are

maintained on this dietary regimen for a longer period.

High dietary methionine, on the other hand, does not cause

atherosclerosis in the abdominal aorta or left main coronary

artery or arterioles even after 3 months of dietary manipula-

tion (Zulli et al. 2003, 2004).

The high cholesterol fed rabbit has not always been

accepted as an adequate model to represent atherosclerosis

in humans. The evidence of early studies suggested that the

atheromatous plaques in animals fed 1–2% cholesterol did

not resemble human atherosclerosis, but appeared to be

related to a ‘cholesterol storage disease’ because of lipid

deposition in almost all organs and tissues of the body

(Clarkson 1971). These conclusions have proved the rabbit

as an adequate model; however, recent studies, including

those from our laboratory, support the hypothesis that the

rabbit can be used to study atherogenesis.

Furthermore, although murine models of atherosclerosis

are now established (Getz & Reardon 2006) and offer a

variety of advantages, such as low husbandry cost, ease of

which atherosclerosis develops and ease of genetic mani-

pulation, the major drawbacks of using rodents to study

atherosclerosis are commonly ignored (Zulli & Hare 2009).

These can include an irrelevant lipid profile (increased

VLDL and IDL), massive increase in total blood cholesterol

and that the aorta of these animals do not constrict to the

powerful vasoconstrictor and pro-atherogenic peptide,

angiotensin II (personal observations). In this case, many

scientists use either phenylephrine (Wassmann et al. 2004)

or thromboxane analogues. Therefore, the extrapolation of

results obtained from these models must be viewed with

caution, as the mechanisms of atherogenesis in murine

models that do not respond to angiotensin II might well be

different to that observed in humans, where angiotensin II is
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a potent vasoconstrictor and atherogenic peptide. Thus, we

need to recognize that all current studies might not be pre-

dictive of effects in humans (Getz & Reardon 2006). In this

regard, we have now developed a new model for the study

of severe endothelial dysfunction in rabbit arteries using

physiologically relevant levels of dietary cholesterol, methio-

nine and fat, which leads to physiologically relevant blood

lipid profile and homocysteine levels. As well, rabbit arteries

constrict very well to angiotensin II and thus provide a new

model for the study of the renin-angiotenin system in severe

endothelial dysfunction.

In conclusion, we show that in only 4 weeks of dietary

manipulation, rabbits fed a normal chow diet supplemented

with physiologically relevant levels of cholesterol (0.1%)

and methionine (1%) and fat exhibit marked endothelial

dysfunction and a physiologically relevant atherogenic lipid

profile, but not atherosclerosis at this time point. The endo-

thelial dysfunction appears to be due to nitrosative and

endoplasmic reticulum stress rather than oxidative stress or

lack of eNOS. We suggest this model could be used to study

human endothelial dysfunction with similar lipid and homo-

cysteine profile.
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