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Abstract:
Myocardial infarction (MI)-prone Watanabe hereditary hyperlipidemic (WHHLMI) rabbits were reported to spontaneously 
but slowly develop MI, associated with enhanced coronary atherosclerosis and metabolic syndrome features. Our aim was 
to accelerate these processes by exposing the rabbits to a high-fat diet (HFD) that was previously shown to induce insulin 
resistance and cardiac injury in rabbits. 
 HFD feeding for one year was indeed associated with development of obesity (37% increases in body weight, as com-
pared to 3.7% for control standard-fat diet, SFD). On HFD, liver weight and hepatic triglyceride content were significantly 
higher as compared to SFD, with mild steatosis. Glucose and insulin levels were not markedly different on SFD or HFD, how-
ever after 1 year of diet treatment, HFD-fed animals were more glucose intolerant as compared to SFD-fed rabbits. On SFD, 
the rabbits developed marked thoracic aorta stenosis and calcification of atherosclerotic lesions, which were not aggravated 
by HFD feeding. Cardiac function analysis by MRI and transthoracic echocardiography did not reveal significant differences 
between SFD- and HFD- fed rabbits.
 Thus, the metabolic and cardiac phenotype of WHHLMI rabbits was not aggravated by HFD feeding for one year, and 
the rabbits did not spontaneously develop diabetes or myocardial infarction.
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Introduction

Obesity has become a worldwide epidemic: according to the World Health Organization 
(WHO) in 2016 more than 1.9 billion adults were overweight, while over 650 million were 
obese (http://www.who.int/mediacentre/factsheets/fs311/en/). Obesity, an unbalance between 
energy consumption and energy expenditure, leads to excessive adipose tissue (AT) accumu-
lation and predisposes to the development of obesity-related comorbidities such as insulin 
resistance, type-2 diabetes, non-alcoholic fatty liver disease, and cardiovascular problems 
including atherosclerosis. Atherosclerosis is a complex disease leading to the buildup of fatty 
streaks inside the arteries; it frequently starts early in life, progresses relatively slow and pre-
disposes to the development of cardiovascular diseases (CVD).
 Several murine (reviewed by[1]) and rabbit models (reviewed by[2]) are being used 
to investigate the pathogenic mechanisms leading to atherosclerotic plaque development and 
to identify potential new therapeutic interventions. Myocardial infarction-prone Watanabe 
heritable hyperlipidemic (WHHLMI) rabbits were reported to spontaneously develop severe 
coronary atherosclerosis and MI due to selective breeding from the WHHL rabbits, a strain 
that shows hypercholesterolemia, resulting in coronary atherosclerosis due to a deficiency in 
the low-density lipoprotein (LDL) receptors[3]. Shiomi et al.[4] also reported that these WHHL-
MI rabbits are a good model for the metabolic syndrome. 17- to 21-months old rabbits showed 
higher accumulation of RAM-11 (macrophages/monocytes)-positive mesenteric (MES) AT 
and lower plasma insulin levels as compared to adult WHHLMI rabbits[4]. 16 weeks exposure 
of WHHL rabbits to a high-fat and high-fructose diet (HFFD) induced an elevation of plasma 
lipid levels, impaired glucose tolerance, accumulation of AT and accelerated coronary athero-
sclerosis in these animals[5]. 
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 Our aim was to characterize the long-term effects of 
high-fat diet (HFD)-induced obesity on atherogenesis, MI de-
velopment and on metabolic syndrome features by keeping WH-
HLMI rabbits for an extended period of time (12 months) on this 
diet, that has been shown to slowly decrease insulin resistance[6]. 
The effect of this diet as compared to a control diet was investi-
gated on metabolism and on the hepatic and cardiovascular sys-
tem.

Materials and Methods

Animal model
Male WHHLMI rabbits at the age of 22 weeks were obtained 
from Dr. Shiomi (Institute for Experimental Animals, Kobe Uni-
versity School of Medicine, Japan). Upon arrival at our animal 
facility they were allowed to acclimatize for 3 weeks. Animals 
were kept single-housed in stainless steel cages in a tempera-
ture, humidity and light-controlled (12hrs night (7 pm)/day (7 
am) cycle) environment and they were provided with 120g of 
food (K-H, Ssniff, Soest, Germany) daily and had ad libitum ac-
cess to drinking water. The rabbits received once a week a small 
bundle of hay and had a wooden block as enrichment. Animals 
were randomized into two groups with matching body weights 
(age 27 weeks): a control group of WHHLMI rabbits received 
80g of a standard fat diet (SFD; 9.4% kcal as fat; caloric val-
ue 0.27 kcal/g; customized by Ssniff, according to[7]), while the 
other group of rabbits was exposed to 120g of the HFD (SFD 
supplemented with 6.7% corn oil and 3.3% lard; 32.5% kcal as 
fat; caloric value 1.1 kcal/g; customized by Ssniff). Body weight 
was monitored every week and food intake daily for one year. 
Blood was collected from the ear vein on 3.8% citrate after an 
overnight fast at the start and after 12 months exposure to the 
diets. A glucose tolerance test was performed after 41 weeks 
and after 12 months of HFD/SFD loading. To evaluate cardiac 
function, magnetic resonance imaging (MRI) and transthorac-
ic echocardiography were performed at baseline and at the end 
of the study. Animals were euthanized with an intravenous (iv) 
injection of 2-4 ml undiluted sodium pentobarbital (Nembutal, 
Abbott Laboratories, North Chicago, IL, USA). Organs includ-
ing subcutaneous inguinal (SC) and abdominal gonadal (GON) 
fat, liver, kidney, heart, and thoracic aorta were excised, weighed 
and processed for gene expression analysis (liver, heart), and/or 
histology (liver, heart and thoracic aorta).
 All animal procedures were approved by the Ethical 
Committee of the KU Leuven (P076/2013), and performed in 
accordance with the guidelines from Directive 2010/63/EU of 
the European Parliament on the protection of animals used for 
scientific purpose and conform the guidelines of the Declaration 
of Helsinki.

MRI
Scanning
Using a 16-channel phased array knee coil, cMRI was performed 
on the anesthetized rabbits using a 3.0T clinical Siemens MRI 
scanner (Trio, Siemens, Erlangen, Germany) with a maximum 
gradient capability of 45 mT/m triggered by ECG and gated by 
respiration using a small animal monitoring and gating system 
(SA Instruments, Inc. Stony Brook, NY, USA). The two ECG 
electrodes were attached to the shaved thorax skin and to the 

left leg. The respiration sensor was attached to the mid-section 
of the abdomen of the rabbit, which was placed supinely in a 
holder and gas-anesthetized with 2% isoflurane in the mixture of 
20% oxygen and 80% room air, through a mask connected via 
a tube to a ventilation instrument (Harvard Apparatus, Hollis-
ton, MA, USA). All images were acquired during free breathing 
of the animal. Eight short-axial slices of the left ventricle (LV) 
were collected with a slice thickness of 3.0 mm without gap for 
cMRI sequences. Turbo spin echo sequence of black blood im-
aging was applied for cardiac morphology with parameters TR: 
621~750 ms, TE: 15~74 ms, FOV: 240×195 mm2, FA: 180, and 
in-plane resolution: 0.9×0.9 mm2. The cine-MR images were ac-
quired on True fast imaging with steady state precession in the 
short-axis, vertical long-axis and horizontal long-axis planes for 
displaying cardiac contraction. Each cine-MRI consisted of 25 
frames, spaced equally across the cardiac cycle, with the acqui-
sition time of 2.5 min, the scan parameters TR: 357 ms, TE: 1.6 
ms, FOV: 240×195 mm2, FA: 60°, spatial resolution: 1.2 × 0.9 
mm2. The contrast delayed-enhancement images (CE) were ac-
quired by a 3D segmented k-space inversion recovery turbo fast 
low angle shot sequence 20 minutes after an iv bolus injection of 
megluminegadoterate [(Gd-DOTA) Dotarem, Guerbet, France] 
at 0.2 mmol/kg with parameters TR: 396 ms, TE: 1.54 ms, TI: 
360 ms, FOV: 240×180 mm2, FA: 15°, and in-plane resolution: 
1.1 × 0.8 mm2.

Image analysis
cMRI images were read using an off-line workstation with ded-
icated software (SyngoMR A30, Siemens). The assessment and 
quantification of MI size and LV function in CE and Cine-MRI 
images were done using the software SEGMENT (Medviso AB, 
Lund, Sweden). The endocardial and epicardial borders were 
manually traced in the end-diastolic and end-systolic short-ax-
is Cine images. Papillary muscles were included in the myo-
cardium. LV end-diastolic volume (EDV), end-systolic volume 
(ESV), stroke volume (SV), ejection fraction (EF), cardiac out-
put (CO) and mass were measured according to standard meth-
ods[8]. Regional LV function was assessed by measuring wall 
thickening from end-diastolic phase to end-systolic phase in six 
clockwise sectors on the mid-ventricle section of Cine images.

Transthoracic echocardiography
Transthoracic echocardiographic examinations were performed 
on ketamin (injected intramuscularly; 15 mg/kg; Nimatek; Eu-
rovet Animal Health B.V., Bladel, The Netherlands) and xylazin 
(injected intramuscularly; 2.5 mg/kg; Xyl-M; V.M.D. n.v., Ar-
endonk, Belgium) anesthetized rabbits at baseline, and after 12 
month exposure to the diets (SFD/HFD), using a 10S transducer 
(4.4 - 10 Mhz) (GE Healthcare, Machelen, Belgium) on a Vivid 
7 ultrasound machine (GE Healthcare). Rabbits were scanned 
either in a recumbent position with the shaved right area over the 
cutout in a wooden exam plank on top of a surgical table or in an 
upright chest position. LV diameter at end-diastole (LVIDd) and 
end-systole (LVIDs), muscle thickness in diastole (IVSd) and in 
systole (IVSs) and LV posterior wall thickness in end-diastole 
(LVPWd) and end-systole (LVPWs) were measured at three lev-
els: at the level of the mitral valve (mv), papillary muscle (pm) 
and apex (ap). In addition, the long axis diameter in end-diastole 
(LAXd) and systole (LAXs) were obtained as well. End-diastol-
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ic volume (EDV; formula EDV = ((LVIDd_mv2 + LVIDd_pm2 + 
LVIDd_ap2)*LAXd*Π/18) and end-systolic volume (ESV; for-
mula ESV = ((LVIDs_mv2 + LVIDs_pm2 + LVIDs_ap2)*LAX-
s*Π/18), ejection fraction (EF; formula EF = ((EDV – ESV)/
EDV)*100), stroke volume (SV; formula SV = EDV - ESV) and 
cardiac output (CO; formula CO = heart rate (HR)*SV) were 
calculated[9]. The measurements for all parameters at the end 
of the diet exposure are reported as a percentage of the base-
line measurement for each rabbit. Subsequently, an average per 
group was calculated for each parameter.

Analyses
Blood glucose concentrations were measured using Glucocard 
strips (28350, Menarini Diagnostics, Firenze, Italy) and tri-
glyceride, total cholesterol, HDL-cholesterol and cardiac Tro-
ponin T levels were evaluated using routine clinical assays (en-
zymatic methods). The LDL-cholesterol levels were calculated 
as total cholesterol – HDL-cholesterol – (triglycerides/5). The 
content of triglycerides in the liver was quantified with the tri-
glycerides FS* kit (Diasys, Holzheim, Germany), after prepara-
tion of liver tissue as described[10].

Glucose tolerance test
After an overnight fast, glucose (0.6 g/kg body weight) was in-
jected into the catheterized ear vein. Blood was collected via the 
catheterized artery (of the other ear) for glucose measurement 
before and at 5-120 minutes after injection. Data are represented 
as areas under the curves (AUC) of glucose level versus time.

Gene expression analysis
Taqman gene expression assays (Thermo Fischer Scientific 
BVBA, Erembodegem, Belgium) were used to analyze mRNA 
levels of the following genes in liver or heart tissue by quantita-
tive RT-PCR: cluster of differentiation 36 (CD36, OC03395924_
m1), fatty acid synthase (FAS, OC04096820_m1), tissue inhibi-
tor of matrix metalloproteinases-1 (TIMP-1, OC03397606_m1), 
transforming growth factor b1 (TGF-β1, OC04176122_u1), 
collagen type 1a-1 (COL1a1, OC03396073_g1), arginase 1 
(Arg1, OC03397217_m1), tumour necrosis factor-a (TNF-a, 
OC03397715_m1), interleukin-6 (IL-6, OC04097053_m1), 
monocyte chemoattractant protein-1 (MCP-1, OC03823583_
s1), smooth muscle a-actin (SMA, OC03399261_m1) and β-ac-
tin (OC03824857_g1) according to a protocol described else-
where[11]. For each animal, samples were applied in duplicate and 
the results were averaged. Data were obtained as cycle threshold 
(Ct) values and were normalized to the housekeeping gene β-ac-
tin (∆Ct = Cttarget – Ctβ-actin) for liver tissues and to the housekeep-
ing gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
((∆Ct = Cttarget – CtGAPDH) for heart tissues. For each group the 
data are represented as means of the ∆Ct values ± SEM.

Histology
The thoracic aorta (2-3 cm portion from the diaphragm was 
used for histology and rest of the segment was used to stain ath-
erosclerotic plaques using the dye Oil Red O) was cut into 5 
mm rings of which the second and every other ring was used 
to prepare cross-sectional sections. Liver (8 μm), heart (5 μm) 
and thoracic aorta (8 μm) sections, cut on a HM360 microtome 
(Microm, Walldorf, Germany), were deparaffinized in xylene, 

followed by series of decreasing ethanol concentrations and dis-
tilled water. To study general morphology and calcification of 
the atherosclerotic plaques, H&E and Von Kossa staining were 
done on thoracic aorta sections. Heart sections were stained 
with Sirius Red to study fibrosis. Macrophage content of the 
atherosclerotic plaques was determined by incubating sections 
with the primary mouse anti-rabbit RAM-11 monoclonal an-
tibody (1/50; M0633, DAKO, Leuven, Belgium) overnight at 
room temperature in Tris-NaCl-blocking buffer (TNB) (0.1 M 
Tris-HCl pH 7.5, 0.15 M NaCl, 0.5% blocking reagent (TSA 
BT kit, NEL700001, Perkin Elmer, Boston, MA)). Prior to this 
incubation, macrophage antigens were released by immersion in 
Target Retrieval solution (S1699, DAKO) for 20 min at 95°C. 
Subsequently, endogenous peroxidase activity was blocked by 
a 20 min incubation in methanol containing 0.3% H2O2 (Merck, 
Overijse, Belgium) at RT. Aspecific binding to the biotin-labeled 
secondary goat anti-mouse antibody (1/300, E0433, DAKO) 
was blocked by incubating sections with 20% pre-immune goat 
serum (X0907, DAKO) for 45 min in TNB. The biotin label on 
the aorta and aortic arch sections was detected by avidin-bio-
tin-peroxidase complex (Vector Laboratories Ltd, Peterborough, 
United Kingdom). The peroxidase signal was then visualized 
with 3, 3’-diaminobenzidine (DAB) (Sigma-Aldrich) at RT and 
subsequently counterstained with Harris hematoxylin (VWR, 
Leuven, Belgium). Sections were then run through a series of in-
creasing percentages of ethanol and finally xylene. The sections 
were mounted with DEPEX (VWR, Leuven). Negative control 
included a section incubated with buffer alone.

Microscopic analysis
Images of H&E-, Von Kossa and RAM-11 antibody-stained tho-
racic sections were obtained with an Axiovert 200M Imaging 
microscope (Zeiss, Jena, Germany) with normal light and the 
Axiovision Rel. 4.8. software (Zeiss) at x200 magnification. 
The degree of arterial stenosis (% of plaque filling the arterial 
lumen) in these sections was determined by analyzing images 
of H&E-stained sections (n = 9-14/animal). Using the National 
Institutes of Health Image J software, the total area of the lu-
men (plaque area and area of unfilled lumen) and the area of the 
empty lumen was delineated. The degree of stenosis was then 
calculated as total area of lumen – area of empty lumen divid-
ed by the total area of lumen multiplied by 100. The degree of 
calcification of the plaque was investigated by analyzing images 
obtained from Von Kossa stained sections. Macrophage accumu-
lation in the plaques was determined by analyzing images from 
sections stained with the mouse anti-rabbit RAM-11 monoclonal 
antibody. Both DAB-colored images (Von Kossa (n = 18-39/an-
imal); RAM-11 (n = 19-48/animal)) were analyzed by segment-
ing the brown color of DAB in the total plaque area. The degree 
of calcification and macrophage accumulation were then shown 
as the percentage of stained area to the total area. The presence 
of fibrosis in Sirius Red stained cardiac sections was analyzed 
by segmenting the red color of collagen in each cardiac section. 
The degree of fibrosis was then calculated as the percentage of 
stained area to the total area.
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Statistical analysis
Data are shown as means ± SEM for the number of animals 
studied. Differences between all groups were analyzed using the 
nonparametric Mann-Whitney U test. Values of p < 0.05 were 
considered statistically significant. The statistical analyses were 
performed with GraphPad Prism 6 software (GraphPad, La Jol-
la, CA USA).

Results

Body composition and metabolism
Exposure of 7 months old WHHLMI rabbits (n = 9) to a HFD 
for 1 year did not affect their survival rate (69% survival at 595 
days versus 71% on SFD (n = 9); P= 0.62). These rabbits gained 
about 37% of their initial body weight, in contrast to 3.7% for 
the SFD-fed rabbits (Table 1). SC and GON fat mass as well 
as liver and kidney weight were significantly higher after HFD 
feeding, whereas heart weight was not affected. Food intake was 
considerably higher in the rabbits fed with HFD versus SFD (Ta-
ble 1).
Table 1: Effect of a high-fat and high-cholesterol diet (HFD) on the 
body composition of coronary atherosclerosis- and myocardial infarc-
tion-prone Watanabe heritable hyperlipidemic (WHHLMI) rabbits

SFD (n = 8-9) HFD (n = 6-9)
Body weight (kg)
start 2.7 ± 0.049 2.7 ± 0.034
end 2.8  ± 0.063 3.7± 0.15aa

Body weight gain (kg) 0.056 ± 0.049 0.96 ± 0.14aa

Calorie intake (kcal/day) 229 ± 0.18 377 ± 4.5aa

SC fat (g) 15 ± 2.4 57 ± 6.3aa

GON fat (g) 2.9 ± 0.47 18 ± 2.5aa

Liver (g) 65 ± 2.1 93 ± 7.9aa

Kidneys (g) 17 ± 0.67 21 ± 1.3a

Heart (g) 8.3 ± 0.57 8.8 ± 0.22

Data are means ± SEM for n animals. aP< 0.05 and aaP< 0.001 versus 
SFD (Mann-Whitney U test). Abbreviations: (SC) subcutaneous,(GON) 
gonadal.

 Blood glucose and plasma insulin levels did not mark-
edly change upon SFD or HFD feeding, and were comparable 
for both diets (Table 2). Glucose levels at 11 weeks, and at 3 
and 6 months post HFD feeding were statistically significantly 
lower as compared to SFD-fed rabbits (11 weeks: 96 ± 1.4 mg/
dl versus 104 ± 2.0 mg/dl, P = 0.0073; 3 months: 96 ± 1.3 mg/
dl versus 103 ± 1.7 mg/dl, P = 0.0091; 6 months: 99 ± 1.4 mg/dl 
versus 109 ± 3.0 mg/dl, P = 0.013).Glucose tolerance tests after 
41 weeks of diet revealed no change in glucose tolerance be-
tween the two groups (AUC HFD: 24,637 ± 907 versus AUC for 
SFD: 23,921 ± 1,477; P = 0.95). However, after one year glucose 
intolerance was observed in the HFD group, as confirmed by a 
1.3-fold higher AUC for the HFD (27,026 ± 1,778 versus 21,461 
± 590; P= 0.030).
 At the end of the experiments, plasma levels of total 
cholesterol, LDL-cholesterol or triglycerides were comparable 
for both diets, whereas HDL-cholesterol was enhanced on the 
HFD (Table 2).

Table 2: Effect of a high-fat and high-cholesterol diet (HFD) on met-
abolic and liver function parameters of coronary atherosclerosis- and 
myocardial infarction-prone Watanabe heritable hyperlipidemic (WH-
HLMI) rabbits

SFD (n = 7-8) HFD (n = 3-8)
Glucose (mg/dL)
start 108 ± 3.4 106 ± 3.2
end 115 ± 4.8 108± 14
Insulin (mU/L)
start 12 ± 2.1 9.0 ± 1.6
end 6.2 ± 1.3 10 ± 5.3
Total cholesterol (mg/dL) 997 ± 48 1,067 ± 49
HDL-cholesterol (mg/dL) 30 ± 2.7 58 ± 12a

LDL-cholesterol (mg/dL) 925 ± 50 914 ± 53
Triglycerides (mg/dL) 216 ± 45 439 ± 166
Alkaline phosphatases (U/L) 24 ± 0.78 26 ± 3.1
ALT (U/L) 72 ± 9.9 65 ± 11
AST (U/L) 36 ± 8.1 69 ± 33

Data are means ± SEM for n animals. aP< 0.05 versus SFD (Mann-Whit-
ney U test). Abbreviations: (ALT) alanine aminotransferase, (AST) as-
partate aminotransferase and standard-fat diet (SFD).

Liver function
Plasma levels of the liver enzymes alkaline phosphatases, AST 
and ALT were not different after SFD or HFD feeding for 1 year 
(Table 2). The higher liver weight after HFD was associated 
with significantly higher hepatic triglyceride content (Figure 
1A). However, only mild steatosis was apparent in liver sections 
after 1 year of HFD (Figure 1B). This is supported by similar 
hepatic gene expression of markers of steatosis (FAS, CD36) 
and or fibrosis (TIMP-1, TGF-β, Col1a1, α-SMA) after expo-
sure to both diets. Expression analysis of inflammatory markers 
revealed higher expression and lower ΔCt only for TNF-α on 
HFD (Table 3).

Table 3: Effect of a high-fat and high-cholesterol diet (HFD) on hepatic 
gene expression in  coronary atherosclerosis- and myocardial infarc-
tion-prone Watanabe heritable hyperlipidemic (WHHLMI) rabbits

SFD (n = 4-8) HFD (n = 5-7)
Steatosis
FAS 7.9 ± 0.31 7.5 ± 0.18
CD36 1.5 ± 0.11 1.6 ± 0.30
Inflammation
TNF-a 11 ± 0.15 9.7 ± 0.57a

IL-6 13 ± 0.35 12 ± 1.0
MCP-1 11 ± 0.36 10 ± 0.42
Arg-1 -0.76 ± 0.47 0.59 ± 0.44
Fibrosis
TIMP-1 7.6 ± 0.31 7.6 ± 0.54
TGF-β 6.3 ± 0.14 6.8 ± 0.24
Col1a1 5.8 ± 0.26 6.5 ± 0.34
a-SMA 5.9 ± 0.34 6.3 ± 0.34

Data are means ± SEM of ΔCt (Cttarget gene – Cthousekeeping gene) for n animals. 
aP< 0.05 versus standard-fat diet (SFD; Mann-Whitney U test). Abbre-
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viations: (FAS) fatty acid synthase, (CD36) cluster of differentiation 
36, (TNF-a) tumour necrosis factor-a, (IL-6) interleukin-6, (MCP-1) 
monocyte chemoattractant protein-1, (Arg-1) arginase-1, (TIMP-1) 
tissue inhibitor of metalloproteinases-1, (TGF-β) transforming growth 
factor-β, (Col1a1) a1 type 1 collagen, (a-SMA) a-smooth muscle ac-
tin. As housekeeping gene β-actin was used.

Figure 1: Effect of a HFD on hepatosteatosis in WHHLMI rabbits.
(A) Liver triglyceride content in coronary atherosclerosis- and myocar-
dial infarction-prone Watanabe hereditary hyperlipidemic (WHHLMI) 
rabbits exposed for 12 months to either a standard-fat diet (SFD) or a 
high-fat diet enriched with cholesterol (HFD). Data are means ± SEM 
of 7 (SFD) or 8 (HFD) animals. aP< 0.001 versus SFD (Mann-Whitney 
U test). (B) H&E (general morphology) staining of liver sections. Scale 
bar = 20 μm. Magnification: 200x.

Aortic atherosclerosis
The aortic surface in both SFD- and HFD-fed animals was cov-
ered with atherosclerotic plaques for more than 90% (ex vivo 
and histological sections, data not shown). The degree of ste-
nosis in the thoracic aorta at the level of the diaphragm was not 
influenced by long-term HFD administration (SFD: 55 ± 2.1% 
versus HFD: 55 ± 1.8%; P = 0.86; n = 3-4) (Figure 2A, D). Cal-
cification of vascular atherosclerotic lesions as characterized by 
Von Kossa staining (Figure 2B, E) was not different (P = 0.10; n 
= 3) between aorta sections of HFD-treated (1.5 ± 0.33%) versus 
SFD-exposed (3.7 ± 0.47%) WHHLMI rabbits. This coincided 
with an unchanged infiltration of macrophages (Figure 2C, F) in 
these sections (HFD: 13 ± 6.5% versus SFD: 19 ± 3.5; P= 0.63; 
n = 3-4).

Figure 2: Effect of a HFD on atherogenesis in WHHLMI rabbits.
Aorta sections of coronary atherosclerosis- and myocardial infarc-
tion-prone Watanabe hereditary hyperlipidemic (WHHLMI) rabbits 
exposed for 12 months to either a standard-fat diet (SFD; A-C) or a 
high-fat diet enriched with cholesterol (HFD; D-F) were stained with 
hematoxylin and eosin (A, D) to study general morphology, with Von 
Kossa staining to identify plaque calcifications (black areas in B and E) 
and with RAM-11 antibodies to show macrophage infiltration (brown 
color in C and F) in the atherosclerotic plaques. Magnification: 100x. 
Scale bar = 200 µm.

Cardiac function and myocardial fibrosis
Cardiac function analysis of WHHLMI rabbits via MRI showed 
that HFD-fed rabbits had a significantly reduced SV and EF after 
one year of diet as compared to baseline, while SFD-exposed 
rabbits only displayed a slightly lower SV at the end versus 
the start of the study (Table 4). Representative mid-ventricle 
slices obtained by cMRI of both rabbit groups show a similar 
heart structure at baseline and at one year post-feeding for both 
end-diastolic and end-systolic phases (Figure 3). Echocardio-
graphic analysis did not reveal differences in cardiac function 
parameters (Figure 4) between the two groups at baseline and af-
ter 1 year feeding, which was confirmed by representative mitral 
valve, mid-ventricle at papillary muscle level, apical and long 
axis slices after 12 months exposure to the diet (Figure 5). 

Figure 3: Longitudinal evaluation of cardiac function of WHHLMI 
rabbits by MRI
Effect of a 12 month exposure to a high-fat diet enriched with cholester-
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ol (HFD) on cardiac function in coronary atherosclerosis- and myocar-
dial infarction-prone Watanabe heritable hyperlipidemic (WHHLMI) 
rabbits analyzed via magnetic resonance imaging (MRI). End-diastolic 
(ED) and end-systolic (ES) cine MRI scans were obtained at baseline 
and one year after exposure to a HFD or a standard-fat diet (SFD).

Figure 4: Effect of a HFD on cardiac function in WHHLMI rabbits 
by echocardiography
Effect of a 12 month exposure to high-fat diet enriched with cholesterol 
(HFD) on cardiac function in coronary atherosclerosis- and myocardial 
infarction-prone Watanabe hereditary hyperlipidemic rabbits. Control 
rabbits received a standard-fat diet (SFD). Cardiac function parameters 
that were evaluated via transthoracic echocardiography were: end-dia-
stolic volume (EDV; A); end-systolic volume (ESV; B); stroke volume 
(SV; C); ejection fraction (EF; D); heart rate (HR; E) and cardiac output 
(CO; F). Data are means ± SEM of 6 rabbits. aP< 0.05 versus SFD.

Table 4: Effect of a high-fat and high-cholesterol diet (HFD) on car-
diac function as assessed via magnetic resonance imaging in coronary 
atherosclerosis- and myocardial infarction-prone Watanabe heritable 
hyperlipidemic (WHHLMI) rabbits

SFD HFD

Baseline 12 months 
diet Baseline 12 months 

diet
EDV (ml) 3.3 ± 0.18 3.0 ± 0.13 3.1 ± 0.17 2.9 ± 0.13
ESV (ml) 1.3 ± 0.081 1.3 ± 0.076 1.2 ± 0.099 1.3 ± 0.067

SV (ml) 2.0 ± 0.11 1.1 ± 0.080b 1.9 ± 0.089 1.6 ± 
0.072bb

EF (%) 61 ± 0.94 57 ± 1.3 61 ± 1.6 55 ± 0.85bb

HR (bpm) 146 ± 8.4 136 ± 7.1 137 ± 7.0 133 ± 7.1
CO (µl x 
bpm)

0.30 ± 
0.020

0.23 ± 
0.017

0.26 ± 
0.020

0.21 ± 
0.014

Data are means ± SEM of 8 animals/group. bP< 0.05 and bbP< 0.01 ver-
sus baseline (Mann-Whitney U test). Abbreviations: (SFD) standard-fat 
diet, (EDV) end-diastolic left ventricular (LV) volume, (ESV) end-sys-
tolic LV volume, (SV) stroke volume, (EF) ejection fraction, (HR) heart 
rate), (CO) cardiac output.

Figure 5: Longitudinal evaluation of cardiac function of WHHLMI 
rabbits by echocardiography
Effect of a 12 month exposure to a high-fat diet enriched with cholester-
ol (HFD) on cardiac function in coronary atherosclerosis- and myocar-
dial infarction-prone Watanabe heriditary hyperlipidemic (WHHLMI) 
rabbits analyzed using transthoracic echocardiography. End-diastolic 
(ED) and end-systolic (ES) echocardiography images at the short axis 
(mitral valve (MV), papillary muscle (PM) and apex (AP)) and long 
axis (LA) level of WHHLMI rabbits exposed 12 months to a HFD or a 
standard-fat diet (SFD) as control.

 Only one rabbit on SFD showed extensive fibrosis of 
the LV myocardium after 1 year feeding (Figure 6), which may 
represent the morphological change in chronic ischemic heart 
disease. Cardiac troponin T levels for all animals were below the 
detection limit of the assay at both time points (data not shown).

Figure 6: Myocardial fibrosis in WHHLMI rabbits
Mid-ventricular sections of coronary atherosclerosis- and myocardial 
infarction-prone Watanabe hereditary hyperlipidemic (WHHLMI) rab-
bits exposed for 12 months to either a standard-fat diet (SFD; A-B) or 
a high-fat diet enriched with cholesterol (HFD; C) were stained with 
Sirius Red to show myocardial fibrosis. The mid-ventricular section of 
one rabbit on SFD (B) showed extensive fibrosis of the septal, anterior, 
and lateral LV myocardium and of the anterior and posterior papillary 
muscle. Magnification: 5x. Scale bar = 1 mm.

Discussion

Myocardial infarction-prone Watanabe heritable hyperlipidem-
ic (WHHLMI) rabbits spontaneously develop severe coronary 
atherosclerosis and MI and are therefore used to investigate the 
pathogenic mechanisms leading to atherosclerotic plaque de-
velopment[12] and to identify potential new therapeutic interven-
tions[13]. High plasma LDL levels compatible with a defect in 
LDL receptor function characterize these animals. The present 
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study shows, independent of diet feeding, considerably elevat-
ed plasma LDL concentrations in both rabbit groups. WHHLMI 
rabbits show clinical features of the metabolic syndrome with 
age: middle-aged rabbits showed more visceral fat accumulation 
and a higher accumulation of RAM-11 positive macrophages in 
the MES AT depot and lower plasma insulin levels as compared 
to adult WHHLMI rabbits[4].
 Obesity and insulin resistance can be induced in ex-
perimental animals by exposing them to particular high-fat di-
ets. The diet that was used in this study to induce obesity and 
insulin resistance was applied in two earlier studies. Aragno et 
al. demonstrated that administration of the HFD to New Zea-
land White (NZW) rabbits for 12 weeks increased body weight 
(11%), fasting glucose (1.5-fold) and insulin (5.9-fold) levels, 
and the homeostatic model assessment of insulin resistance in-
dex (9.6-fold)[6]. Furthermore, diet administration reduced basal 
contractility of the papillary muscles in the NZW rabbits[6]. In 
another study by Carroll et al. body weight was 44% higher after 
12 weeks exposure of NZW rabbits to a HFD versus a SFD[7]. 
Obesity resulted in markedly increased serum creatinine kinase 
MB levels, a biomarker of cardiac tissue injury[7]. Exposing 
WHHL rabbits for 16 weeks to a HFFD versus a control diet 
however, did not affect body weight, but did lead to more SC and 
visceral fat accumulation, higher plasma and hepatic triglycer-
ide levels, impaired glucose tolerance and accelerated aortic and 
coronary atherosclerosis[5]. In this study, we exposed WHHL-
MI rabbits for one year to this HFD to slowly induce obesity, 
and to investigate whether these pathological conditions would 
enhance atherogenesis and affect cardiac function, leading to 
an accelerated mortality. As reported, the administration of the 
HFD versus the SFD did indeed induce obesity as we noticed a 
37% increase in body weight, more fat accumulation (280% for 
SC and 521% for GON fat depot, respectively) and more hep-
atosteatosis. Although fasting blood glucose and plasma insulin 
levels after 12 months feeding did not differ between the two 
rabbit groups, the HFD-fed animals were less glucose tolerant 
in comparison to SFD-fed rabbits during an iv glucose tolerance 
test. Despite the induction of obesity, especially visceral adipos-
ity (more mesenteric fat accumulation was visually observed as 
well; data not shown), and glucose intolerance, the HFD did not 
affect the rate of atherogenesis and its associated induction of 
MI. Indeed, SFD-fed and HFD-fed animals did not show differ-
ences in overall survival time and thoracic aorta lumen stenosis.
The surfaces of the entire aorta tract in both animal groups were 
more than 90% covered with atherosclerotic plaques (data not 
shown), which is known for WHHLMI rabbits older than 10 
months[14]. In both groups, the surface of the thoracic and aor-
tic arch (data not shown) aorta sections were almost completely 
covered by plaques. Cardiac function was only slightly affected 
by the HFD after 12 months feeding as characterized by a slight 
significant decrease in EF. However, only one of the surviving 
animals of the SFD-fed group displayed extensive fibrosis of the 
septal, anterior, and lateral LV myocardium and of the anterior 
and posterior papillary muscle, suggestive of the morphological 
change in chronic ischemic heart disease.
 The reason why the HFD did not accelerate atherogen-
esis and subsequent development of MI might be multifactorial. 
To stimulate atherogenesis, experimental diets enriched in cho-
lesterol are used[15-17]. Our 57T4 diet was enriched with 32 ppm 

(or 0.003%) cholesterol, while the SFD (5322 diet) was devoid 
of cholesterol. Most atherogenic diets are enriched with 0.015 
% up to 2% cholesterol[15-17] and therefore the lower amount of 
cholesterol in our diet may partially explain the lack of atheroma 
progression. Exposing rabbits for one year to a HFD would ex-
pected to be long enough to aggravate atherogenesis in a model 
of familial hypercholesterolemia. Indeed, exposure of WHHL 
rabbits for 16 weeks to a HFFD accelerated aortic as wells as 
coronary atherosclerosis[5]. However, they did find that glucose 
intolerance did not get worse over time and that the level of ath-
erosclerotic lesions covering the aortic surface saturated at 16 
weeks of HFFD feeding[5]. This study would suggest that with 
age hypercholesterolemia in WHHL animals would mask the 
atherogenic effect of the HFFD diet. In our study, we did observe 
that the surface of the entire tract was almost completely covered 
in both diet regimens. However, glucose intolerance was only 
observed after 12 months and not after 41 weeks of HFD feed-
ing. Early stages of HFD feeding (11 weeks, 3 and 6 months) 
were accompanied with lower fasting blood glucose levels, 
while in the study of Ning et al.[5] blood glucose levels were not 
affected by the HFFD. Plasma lipid levels at these earlier time 
points were however not determined, which is a limitation in 
our study. Another limitation is that the extent of coronary ath-
erosclerosis was not investigated. As the HFD did not accelerate 
atherogenesis and development of MI after 12 months of feed-
ing (age of animals: ± 18-19 months), we believe it is plausible 
that coronary atherosclerosis was not advanced enough in both 
groups to induce MI. Indeed, the reported cumulative incidence 
of fatal MI in male WHHLMI rabbits is roughly 20% between 
the age of 11 and 20 months[14]. In our study 16% (3/19) animals 
died before the end of the study, which is in agreement with this.

Conclusion

On SFD, WHHLMI rabbits present with 55% thoracic aorta lu-
men stenosis, but they appear resistant to HFD-induced diabetes 
or accelerated atherosclerosis.
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