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Abstract

Aim: Excess weight gain and obesity are one of the most serious health

problems in the western societies. These conditions enhance risk of cardiac

disease and have been linked with increased prevalence for cardiac

arrhythmias and sudden death. Our goal was to study the ventricular

remodelling occurring in rabbits fed with high-fat diet (HFD) and its

potential arrhythmogenic mechanisms.
Methods: We used 15 NZW rabbits that were randomly assigned to a

control (n = 7) or HFD group (n = 8) for 18 weeks. In vivo studies

included blood glucose, electrocardiographic, and echocardiographic mea-

surements. Optical mapping was performed in Langendorff-perfused iso-

lated hearts.
Results: Body weight (3.69 � 0.31 vs. 2.94 � 0.18 kg, P < 0.001) and

blood glucose levels (230 � 61 vs. 141 � 14 mg dL�1, P < 0.05) were

higher in the HFD group vs. controls. The rate-corrected QT interval and

its dispersion were increased in HFD rabbits vs. controls (169 � 10 vs.

146 � 13 ms and 37 � 11 vs. 9 � 2 ms, respectively; P < 0.05). Echocar-

diographic analysis showed morphological and functional alterations in

HFD rabbits indicative of left ventricle (LV) hypertrophy. Isolated heart

studies revealed no changes in repolarization and propagation properties

under conditions of normal extracellular K+, suggesting that extrinsic fac-

tors could underlie those electrocardiographic modifications. There were

no differences in the dynamics of ventricular fibrillation (frequency, wave

breaks) in the presence of isoproterenol. However, HFD rabbits showed a

small reduction in action potential duration and an increased incidence of

arrhythmias during hyperkalaemia.
Conclusion: High-fat feeding during 18 weeks in rabbits induced a type II

diabetes phenotype, LV hypertrophy, abnormalities in repolarization and

susceptibility to arrhythmias during hyperkalaemia.

Keywords high-fat diet, ventricle structure and electrophysiology.

The epidemic of obesity and excess weight gain is

increasing worldwide and has been linked to an

enhanced risk of cardiovascular disease and mortality

(Van Gaal et al. 2006, Lavie et al. 2009, Nduhiraban-

di et al. 2012). Obesity is associated with a variety of

abnormalities in the ECG including a prolonged QT

interval (Fraley et al. 2005), increased QT dispersion

(Fraley et al. 2005) and a greater incidence of prema-

ture ventricular complexes (Messerli et al. 1987).

High-fat diet that results in the development of insulin

resistance and obesity has been also linked with struc-

tural and functional remodelling, leading to cardiac

hypertrophy and left ventricular (LV) dysfunction

(Messerli et al. 1987, Lavie et al. 2009). Collectively,
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these structural and electrical changes could constitute

a potential substrate for the development of lethal

ventricular arrhythmias. Indeed, an increased risk of

arrhythmias and sudden death with increasing body

weight has been reported (Messerli et al. 1987, Kan-

nel et al. 1988, Lakhani & Fein 2011), but the under-

lying mechanisms remain poorly understood.

Animal models of excess weight and obesity, partic-

ularly rodent (rat, mouse) models, have provided valu-

able insights regarding the mechanisms involved in the

pathophysiological abnormalities of the heart during

the onset of obesity (Lin et al. 2012, Persson & Pers-

son 2012, Huang et al. 2013). However, in the con-

text of studying the electrophysiological remodelling,

small rodent models have many limitations. The mur-

ine ventricle displays a short triangular action poten-

tial (approx. 50 ms) and lacks the key repolarizing

ion channels that are present in the human ventricle,

that is, the fast and the slow delayed rectifier K+ cur-

rents (IKr and IKs) (Nerbonne & Kass 2005, Killeen

et al. 2008). In contrast, in the rabbit ventricular myo-

cardium, the action potential morphology is spike and

dome shaped, the duration is approx. 200–300 ms,

and the repolarization is mainly mediated by IKr and

IKs, which is similar to that seen in the human ventri-

cle (Lengyel et al. 2001, 2008, Torres-Jacome et al.

2013). Further, the rabbit model has been widely used

for studying sustained arrhythmias and ventricular

fibrillation (VF) (Such et al. 2008, Noujaim et al.

2010, Zarzoso et al. 2012). It has also been shown in

previous studies that rabbits placed on a high-fat diet

exhibit many of the characteristics of obesity seen in

humans (Carroll et al. 1996), and lipid metabolism in

obese rabbits is also similar to that of obese humans

(Zhang et al. 2008). Therefore, our main goal was to

study the functional and electrophysiological altera-

tions occurring in the ventricular myocardium in a

rabbit model of obesity.

Methods and procedures

The study complied with Good Publishing Practice in

Physiology (Persson & Henriksson 2011). The meth-

ods are outlined in the following sections (see Sup-

porting Information for details).

Animals and diet

Experiments were performed using 15 New Zealand

White, male rabbits (10–11 weeks old, 2.33 � 0.12

Kg at the beginning of the study). Animal-handling

protocols conformed to United States National Insti-

tutes of Health Guidelines and the European (D2003/

65/CE and R2007/526/CE) Guidelines for the Care of

Animals Used in Experimental and other Research

Purposes and were approved by the University Com-

mittee on Use and Care of Animals of the University

of Michigan.

After a period of 2 weeks of acclimatization, the

rabbits were randomly assigned to the control group

(n = 7), fed with the normal chow, or to the experi-

mental group (HFD; n = 8), fed with a high-fat diet

which consisted of the standard rabbit chow with an

additional 15% fat (10% corn oil and 5% lard,

Research Diets, see Supporting Information for

details), as described in a previous study by Carroll

et al. (1996). Both groups were kept on their respec-

tive diets for approx. 18 weeks.

Morphological measurements

Weight, length, body mass index (BMI), abdominal

circumference and abdominal circumference/body

length ratio were determined.

Intravenous glucose tolerance test (IVGTT)

For the evaluation of glucose metabolism, IVGTT was

performed as previously described by Koike et al.

(2004). Blood glucose was measured with a glucose

meter (Precision Xtra, Abbot Diabetes Care). The area

under the curve (AUC) was calculated by multiplying

the cumulative mean height of glucose (mg dL�1) by

the time (hours) (Liu et al. 2005).

Echocardiographic study

Transthoracic echocardiography was performed as in

earlier studies (Herron et al. 2010), before and

18 weeks after starting the high-fat diet, using Vevo

2100 ultrasound system (Visualsonics, Toronto, ON,

Canada) with a MS200 9–18 MHz Cardiovascular Mi-

croScan transducer. The description of the parameters

studied can be found in the Supporting Information

(Supplemental Table S2).

Electrocardiographic study

ECG recordings (500 s) were made by means of two

standard bipolar leads connected to a P511 amplifier

(Grass Technologies) with a sampling rate of 1 kHz.

P-P and R-R intervals, P-wave duration and disper-

sion, QRS duration, P-R interval and corrected QT

interval and dispersion were analysed with Clampfit

ver.10.2.0.12 (Molecular Devices, Sunnyvale, CA,

USA). The mean value of 25 consecutive beats was

used in each animal for quantification. Additionally,

we quantified short-term heart rate variability (HRV)

in 500 s recordings. Time domain, geometrical and

nonlinear standard HRV parameters were quantified
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using Kubios HRV software (Niskanen et al. 2004):

standard deviation of the R-R (RRSD), square root of

the mean squared differences of successive R-R inter-

vals (RMSSD), percentage of the successive R-R inter-

vals that differ by more than 50 ms (pNN50), R-R

triangular index (HRVI), the triangular interpolation

of the R-R interval histogram (TIRR), and the SD1-

SD2 descriptors of the Poincar�e plot. A more detailed

description of the parameters studied can be found in

the Supporting Information (Supplemental Table S3).

Electrophysiological studies (in vitro)

Optical mapping was performed as described in previ-

ous studies (Pandit et al. 2011a,b). Briefly, after the

administration of anaesthesia, hearts were quickly

removed and immersed in cold (4 °C) cardioplegic

solution for further preparation. The aorta was cannu-

lated and connected to a Langendorff system to

provide the heart with warmed, oxygenated Tyrode’s

solution. Oxygenation was carried out with a mixture

of 95% O2 and 5% CO2. The heart was immersed in

the same Tyrode’s solution, in a custom-made plastic

chamber, and the temperature was maintained at

35.5 � 1.5 °C. The perfusion pressure was main-

tained between 60 and 70 mm Hg. Blebbistatin (5–

10 lmol L�1, Sigma, St. Louis, MO, USA) was added

to the perfusate to minimize motion artefact (Fedorov

et al. 2007, Brines et al. 2012). A 1–2 mL bolus of

the voltage-sensitive dye Di-4-ANEPPS (10 lmol L�1,

Sigma) was added to the perfusion line. Optical mov-

ies were recorded using a high-resolution 80 9 80

pixel Little Joe CCD camera at 1 kHz sampling fre-

quency.

Stimulation was performed by means of a bipolar

electrode positioned on the right ventricle epicardium

near the outflow tract. Electrical stimuli with intensity

two times the diastolic threshold were delivered by an

A310 Accupulser stimulator (World Precision Instru-

ments, Sarasota, FL, USA) connected to a stimulus

isolation unit (A385, World Precision Instruments).

Volume-conducted ECGs (pseudo lead 1) were digi-

tized at 1 KHz using a P511 AC amplifier (Grass

Technologies, Warwick, RI, USA). The hearts were

paced at 250, 225, 200, 175, 150, 125, and 100 ms

cycle length in normo- and hyperkalaemia (4, and

12 mmol L�1 [K+]o respectively), and during perfusion

with the beta-adrenergic agonist isoproterenol

(100 nmol L�1). Ventricular fibrillation (VF) was

induced by pacing at increasing frequencies (2 Hz s�1)

in the presence of isoproterenol. Optical action poten-

tial duration (APD) at 80% of repolarization (APD80),

conduction velocity (CV), dominant frequency (DF),

regularity index (RI) and singularity points density

(SPD) measurements were made as in previous studies

(Kalifa et al. 2006, Pandit et al. 2010, Zarzoso et al.

2013).

Plasma measurements

Post-heparin plasma was collected from rabbits at

week 18. Triglycerides (TG), total cholesterol (TC)

and high-density lipoprotein (HDL) cholesterol were

determined.

Statistical analysis

Values are reported as mean � standard deviation,

unless stated otherwise. A repeated measures analysis

of variance model with Bonferroni test for multiple

comparisons and unpaired t-test were used when

appropriate (SPSS, NY, USA, version 17.0 for Win-

dows). Differences were considered significant at a

two-tailed alpha level of P < 0.05.

Results

Morphological parameters and lipid profile

There was a progressive weight gain in HFD group

that started to diverge from the control group as early

as the 4th week (Fig. 1a). By the end of the 18th

week, the HFD group showed a 25.3% increase in

body weight compared with controls (2.94 � 0.18 vs.

3.69 � 0.31 Kg, P < 0.001, Table 1). While there

were no differences between the two groups in the

body length at the end of the study, we found a signif-

icant increase in BMI (15.52 � 1.72 vs. 19.37 � 1.20

Kg m�2, P < 0.001), abdominal circumference

(314 � 13 vs. 363 � 19 mm, P < 0.001), and abdom-

inal circumference/body length ratio (0.72 � 0.07 vs.

0.83 � 0.04, P < 0.01) in the HFD group (Table 1).

Analyses of the plasma lipid profile showed that even

though the mean values of TC, HDL and TG tended

to be higher in the HFD-fed animals, they were not

significantly different between both groups (Fig. 1b).

Effects of HFD feeding on glucose metabolism

The random plasma glucose measurements showed

similar levels between the control and HFD group

immediately before starting the diet (133 � 14 vs.

144 � 13 mg dL�1). After 18 weeks of HFD feeding,

while the values in the control group remained similar

to the initial plasma glucose levels, we found a signifi-

cant increase in the in the HFD group compared with

controls (230 � 61 vs. 141 � 14 mg dL�1, P < 0.05;

Fig. 2a). Additionally, an IVGTT was performed after

18 weeks. After overnight fasting, resting plasma glu-

cose levels were similar between the two groups
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(153 � 27 vs. 169 � 17 mg dL�1), but HFD-fed rab-

bits showed a higher value, and a slower rate of glu-

cose clearance from the blood than control animals, at

all the time points studied after 15 min of intravenous

glucose injection (Fig. 2b). After 240 min, animals in

the control group showed plasma glucose levels simi-

lar to basal (154 � 24 mg dL�1). However, this

parameter remained increased in the HFD group

(247 � 62 mg dL�1, P < 0.05 vs. control). The AUC

calculated from the IVGTT was significantly increased

in the HFD group (1599 � 211 vs.

1.841 � 189 mg dL�1 h, P < 0.05, Fig. 2c).

Changes in the ECG produced by the HFD

The electrocardiographic parameters are shown in

Fig. 3. There were no differences in the heart rate

between control and HFD groups, as shown by the P-

P interval duration (Panel a), before (389 � 34 vs.

409 � 49 ms) and after the 18 weeks (403 � 52 vs.

380 � 56 ms). While we found no differences in QRS

duration (48 � 3 vs. 48 � 6 ms) or P-R interval

(69 � 4 vs. 70 � 8 ms) between control and HFD

groups after 18 weeks, corrected QT interval (QTc)

(a) (b)

Figure 1 Weight and lipid profile. (a) Evolution of the weight in control (n = 7) and HFD (n = 8) groups from the start of the

study to the 18th week in their respective diets. (b) Lipid profile showing total cholesterol (TC), high-density lipoprotein (HDL)

and triglycerides (TG) at the end of the study Control group n = 6, HFD group n = 7. Error bars display the SEM. *P < 0.05

vs control.

Table 1 Morphological characteristics of the rabbits at the

end of the study (18 weeks)

Control HFD

Body weight (Kg) 2.94 � 0.18 3.69 � 0.31**

Body length (mm) 437 � 31 436 � 14

BMI (Kg m�2) 15.52 � 1.72 19.37 � 1.20**

Abdominal

circumference (mm)

314 � 13 363 � 19**

Abdominal

circumference/body length

0.72 � 0.07 0.83 � 0.04*

BMI, body mass index. Data are presented as mean � SD.

*P < 0.01.

**P < 0.001.

(a) (b) (c)

Figure 2 Effects of HFD feeding on glucose metabolism. (a) Plasma glucose level after random measurements. (b) Glucose lev-

els during the intravenous glucose tolerance test after overnight fasting. (c) Area under the curve (AUC) calculated multiplying

the cumulative mean height of glucose by the time. Control n = 7, HFD n = 8. Error bars display the SEM. *P < 0.05 vs. con-

trol.
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and its dispersion were increased in the HFD group

compared with controls (146 � 13 vs. 169 � 10 and

9 � 4 vs. 37 � 11 ms, respectively, P < 0.05, Fig. 3e,

f). Similarly, P-wave dispersion was slightly increased

in the HFD group (4 � 1 vs. 11 � 6 ms post diet,

P < 0.05, Fig. 3 h), but no differences in P-wave dura-

tion were found.

HRV analyses were performed for the non-edited

data that included only real sinus intervals to obtain

reference values for the HRV parameters. Representa-

tive traces of the ECG recordings are shown in

Fig. 4a. In the time domain analysis of the short-term

R-R interval data, we found no differences in any

parameter studied (RR SD, RMS SD, pNN50) when

comparisons were made between groups after starting

the diet. In contrast, these parameters increased signif-

icantly (P < 0.01) in the HFD group by the end of the

study (Fig. 4c). A similar trend was observed in the

rest of parameters in the geometrical analysis (HRVI

and TIRR), and the standard descriptors (SD1, SD2)

of the Poincar�e Plot (Fig. 4b,c), which increased in the

HFD group after the 18 weeks of high-fat feeding

(P < 0.01 vs. control).

Echocardiographic characteristics

Table 2 summarizes all relevant echocardiographic

parameters studied. Systolic function was preserved in

HFD rabbits as evidenced by no apparent change in

both fractional shortening (33 � 3 vs. 34 � 5%) and

ejection fraction (58 � 7 vs. 59 � 6%). In agreement

with this, there was no significant change in heart rate

(154 � 13 vs. 145 � 13 bpm), stroke volume

(1308 � 282 vs. 1411 � 207 lL) and cardiac output

(946 � 485 vs. 798 � 192 mL min�1). However,

HFD rabbit hearts developed a significant increase in

LV mass when comparisons were made with their pre-

diet values (3679 � 488 vs. 5550 � 1372 mg,

P < 0.001). Also of note, there was a strong trend

towards an increase in LV mass when comparisons

were made between control and HFD group at the

end of the study (4573 � 953 vs. 5550 � 1372 mg,

P = 0.067), and LV mass indexed to height (LV mass

per height2.7), which has been used as an indicator of

LV hypertrophy (Mukerji et al. 2012b), was signifi-

cantly increased in the HFD group (42.5 � 5.74 vs.

54.2 � 13.4, P < 0.05). We also observed significant

increase in interventricular (IV) septum thickness in

diastole (2.5 � 0.3 vs. 3.0 � 0.5 mm, P < 0.05) and

LV posterior wall thickness in diastole (2.1 � 0.3 vs.

3.0 � 0.9 mm, P < 0.05) in HFD hearts compared

with controls, respectively. LA size significantly

increased in HFD hearts after diet, compared with the

pre-diet values (9.1 � 1.1 vs. 10.9 � 0.8 mm,

P < 0.01) and also showed a trend for an increase

when compared with controls at the end of the study

(10.9 � 0.8 vs. 9.2 � 1.2 mm, P = 0.091). Interest-

ingly, while mitral A wave velocity decreased with

time at the end of the study in control hearts

(313 � 50 vs. 204 � 90 mm mg�1 s�1, P < 0.01), it

was maintained in the HFD group throughout the

study (251 � 62 vs. 252 � 127 mm s�1). Of note,

there was no significant change in other measurements

of diastolic function such as IVRT (50 � 13 vs.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 3 Modifications in the ECG produced by the HFD. P-P interval. (a) P-P interval, (b) R-R interval, (c) QRS duration, (d)

P-R interval, (e) QTc, (f) QTc dispersion, (g) P-wave duration and (h) P-wave dispersion in control (n = 7) and HFD (n = 8)

groups. Error bars display the SEM. *P < 0.05 vs. control.

© 2013 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.1218540

Ventricular remodelling in high-fat fed rabbits · M Zarzoso et al. Acta Physiol 2014, 211, 36–47



44 � 8 ms), mitral E wave velocity (451 � 80 vs.

484 � 59 ms), E/E’ ratio (8.3 � 4.7 vs. 10.2 � 4.7)

or E/A ratio (1.9 � 0.5 vs. 2.3 � 0.9).

Electrophysiological studies in isolated hearts

Optical mapping was used to record electrical activity

in the ventricle of Langendorff-perfused hearts. When

the heart was perfused with Tyrode under physiologi-

cal extracellular K+ concentration ([K+]o)

= 4 mmol L�1, the mean APD80 values were not dif-

ferent between the two experimental groups at all pac-

ing frequencies explored (Fig. 5a): 137 � 3 vs.

131 � 5 ms at 250 ms CL, 131 � 4 vs. 129 � 3 ms

at 225 ms CL, 126 � 3 vs. 123 � 3 ms at 200 ms

CL, 119 � 1 vs. 116 � 3 ms at 175 ms CL and

109 � 1 vs. 108 � 3 ms at 150 ms CL, in control

(n = 6) and HFD (n = 7) groups, respectively.

Similarly, no differences were seen in CV at any of the

different pacing frequencies studied between control

and HFD groups: 0.68 � 0.08 vs. 0.65 � 0.09 m s�1

at 250 ms CL, 0.69 � 0.08 vs. 0.65 � 0.09 m s�1 at

225 ms CL, 0.69 � 0.07 vs. 0.65 � 0.09 m s�1

at 200 ms CL, 0.67 � 0.07 vs. 0.64 � 0.08 m s�1 at

175 ms CL and 0.67 � 0.07 vs. 0.63 � 0.08 m s�1

at 150 ms CL (Fig. 5d).

The hearts were subsequently studied under condi-

tions of hyperkalaemia ([K+]o = 12 mmol L�1). The

expected shortening in the APD80, and a reduction in

CV in hyperkalaemia compared with normokalaemia

was observed in both groups. Under these conditions,

we obtained a small but significant decrease in APD80

in the HFD group with increasing pacing CL

(Fig. 5b): 119 � 4 vs. 118 � 3 ms at 250 ms CL,

117 � 4 vs. 112 � 3 ms at 225 ms CL (P = 0.11),

113 � 3 vs. 107 � 2 ms at 200 ms CL (P < 0.05)

and 108 � 1 vs. 102 � 2 ms at 175 ms CL

(P < 0.05), in control (n = 6) and HFD (n = 5)

groups, respectively. In contrast, no differences were

observed in CV at any of the different pacing frequen-

cies studied: 0.44 � 0.09 vs. 0.46 � 0.09 m s�1 at

250 ms CL, 0.41 � 0.09 vs. 0.43 � 0.09 m s�1

at 225 ms CL, 0.39 � 0.08 vs. 0.41 � 0.09 m s�1 at

200 ms CL and 0.35 � 0.09 vs. 0.37 � 0.09 m s�1

at 175 ms CL (Fig. 5e) in control vs. HFD groups,

respectively. Interestingly, at increased extracellular K+

concentrations (12 mmol L�1), arrhythmic episodes

were observed after pacing in four of eight hearts in

the HFD group, vs. in zero of seven hearts in the con-

trol group.

The heart was then challenged with 100 nmol L�1

isoproterenol (in normokalaemia). Under these condi-

(a)

(b)

(c)

Figure 4 Short-term HRV analysis of the R-R interval series. (a) Representative traces of 10 s ECG signals in control and HFD

groups after 18 weeks of high-fat feeding. (b) Beat-to-beat graphical representation (Poincar�e plot) in control and HFD at the

end of the study. (c) Parameters of HRV analysis. Data are expressed as mean � SD. *P < 0.01 vs. control; #P < 0.01 vs.

pre-diet.
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tions, we did not find any difference in APD80

(Fig. 5c) and CV (Fig. 5f) between control and HFD

group. In this set of experiments, APD80 values were

90 � 7 vs. 92 � 2 ms at 150 ms CL, 82 � 7 vs.

83 � 3 ms at 125 ms CL and 71 � 5 vs. 71 � 2 ms

at 100 ms CL, in control (n = 6) and HFD hearts

(n = 5), respectively. The values of CV were

0.71 � 0.09 m s�1 at 150 ms CL, 0.68 � 0.09 m s�1

at 125 ms CL and 0.68 � 0.08 m s�1 at 100 ms CL

in the control group, and 0.70 � 0.09 m s�1,

0.68 � 0.08 m s�1 and 0.67 � 0.07 m s�1 at 150,

125 and 100 ms CL, respectively, in the HFD group.

Ventricular fibrillation (VF) was induced in the

presence of isoproterenol, by pacing at increasing fre-

quencies until sustained arrhythmia was obtained, and

optical movies were recorded for 6 min to obtain

information about the characteristics of the VF

dynamics (for a detailed description of the parameters,

see Supplemental methods). We first quantified the

dominant frequency (DF) of excitation over the sur-

face of the heart. In the control group, DF was

16.48 � 1.63 Hz (n = 5) 30 s after VF initiation, and

decreased to 15.31 � 0.96 after 6 min. The same

trend was observed in the HFD group (n = 8), where

DF reached values of 16.89 � 0.98 Hz just after the

initiation of the arrhythmia (30 s) and decreased to

15.94 � 0.95 Hz in the last time point studied

(360 s). There were no significant differences in DF

values between the two groups (Fig. 6a). We then

studied the regularity index (RI), a parameter that

Table 2 Echocardiographic data before (pre) and after 18 weeks of high-fat diet (post) feeding

Control HFD

Pre Post Pre Post

Haemodynamics

Heart rate (bpm) 157 � 29 145 � 13 148 � 22 154 � 13

Stroke volume (lL) 1512 � 406 1411 � 207 1632 � 438 1308 � 282

Cardiac output (mL min�1) 766 � 612 798 � 192 1115 � 890 946 � 485

Systolic function

LV ejection fraction (%) 56 � 9 59 � 6 54 � 4 59 � 7

LV volume diastole (lL) 1507 � 599 1432 � 149 1130 � 159 1091 � 456

LV volume systole (lL) 564 � 154 593 � 125 517 � 105 503 � 130

LV fractional shortening (%) 32 � 6 34 � 5 30 � 3 33 � 3

LV int. diameter diastole (mm) 14.3 � 9 15.4 � 0.8 13.7 � 0.9 14.1 � 1.2*

LV int. diameter systole (mm) 9.8 � 1.4 10.2 � 1.0 9.6 � 0.9 9.4 � 1.1

Diastolic function

Mitral valve E vel. (mm s�1) 484 � 83 482 � 75 451 � 80 484 � 59

Mitral valve A vel. (mm s�1) 313 � 50 204 � 90† 251 � 62 252 � 127

E’ septal annulus vel. (mm s�1) 57 � 13 65 � 14 65 � 25 54 � 18

Mitral valve E/A 1.6 � 0.5 2.6 � 0.7† 1.9 � 0.5 2.3 � 0.9

Mitral valve E/E’septal annulus 9.5 � 4.1 8.3 � 4.7 8.4 � 1.8 10.2 � 4.7

Isovolumic relax. time (ms) 52 � 27 50 � 13 49 � 11 44 � 8

Isovolumic cont. time (ms) 57 � 19 54 � 30 51 � 15 46 � 24

Morphological parameters

IVS diastole (mm) 2.3 � 0.3 2.5 � 0.3 2.3 � 0.3 3.0 � 0.5‡*

IVS systole (mm) 3.5 � 0.5 3.7 � 0.5 3.4 � 0.3 4.2 � 0.8‡

LV posterior wall diastole (mm) 2.2 � 0.3 2.1 � 0.3 2.2 � 0.3 3.0 � 0.9‡*

LV posterior wall systole (mm) 564 � 154 593 � 125 517 � 105 503 � 130

LV mass (mg) 3840 � 400 4573 � 953 3679 � 488 5550 � 1372‡§

LV mass per height2.7 (g per m2.7) – 42.5 � 5.74 – 54.2 � 13.4*

LA size (mm) 9.2 � 1.2 10.1 � 0.6 9.1 � 1.1 10.9 � 0.8‡¶

LA size increase (%) – 10 � 11 – 21 � 23

LA volume (lL) 440 � 201 510 � 135 504 � 124 606 � 134

LV, left ventricle; IVS, interventricular septum; LA, left atria. Data are presented as mean � SD.

*P < 0.05.
†P < 0.05 control pre-diet vs. post-diet.
‡P < 0.05 HFD pre-diet vs. post-diet.
§P = 0.06.
¶P = 0.09 control vs. HFD post diet.
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describes how the different frequencies of VF are dis-

tributed around the DF (Kalifa et al. 2006) and found

no differences between control and HFD hearts

(Fig. 6c) RI in controls was 0.174 � 0.06 and

0.178 � 0.05, whereas in HFD hearts, the RI values

were 0.182 � 0.10 and 0.178 � 0.054, 30 s after VF

triggering and after 360 s of the arrhythmia, respec-

tively. Finally, we constructed phase movies to identify

the phase singularities and quantify the singularity point

density (SPD) at the sites of wave break (Pandit et al.

2010). Control and HFD hearts showed a similar degree

of VF organization and the SPD was 7.64 � 1.95

sp mm�2 vs. 8.88 � 3.03 sp mm�2 at 30 s, and

10.82 � 3.56 sp mm�2 vs. 8.92 � 2.73 sp mm�2

at 360 s, in control and HFD groups, respectively

(Fig. 6b).

Discussion

The main findings from our study are as follows: (i) a

sustained diet-induced weight gain in HFD rabbits

during 18 weeks induces a type-2 diabetic phenotype,

which is associated with an increased LV mass and

hypertrophy, and a trend towards diastolic dysfunc-

tion in some parameters, but no changes in systolic

function. (ii) ECG recordings obtained in vivo reveal a

prolonged QTc interval, and enhanced dispersion of

QTc in HFD rabbits compared with controls. The P-

wave dispersion was also slightly increased. Other

ECG parameters remain unchanged. (iii) Optical

imaging studies reveal no changes in either the APD

or CV in normal extracellular K+, or in the response

to isoproterenol, including the dynamics of VF,

between control and HFD rabbits. However, HFD

rabbits show a small reduction in APD and an

increased incidence of ventricular arrhythmias during

hyperkalaemia, compared with controls.

Previous studies have mainly utilized rodent models

of diet-induced obesity to study the effect on the elec-

trophysiological remodelling in the heart. In the obese

Zucker rat model, APD prolongation was reported

and was mainly attributed to abnormal inactivation of

the L-type Ca2+ current, ICaL (Lin et al. 2012). In con-

trast, another study in which rats were fed with high

calorie diet for 14 weeks, did not find any changes in

either ICaL, or any other K+ currents or exchangers in

isolated left ventricular myocytes (Ricci et al. 2006).

In a recent study of diet-induced obesity in mice, QT

prolongation was observed and attributed to a reduced

expression of Kv1.5 channels in the ventricle (Huang

et al. 2013). However, in higher animal models like

rabbit and canine, as well as in man, Kv1.5 does not

play any role in ventricular repolarization and is found

only in the atrial tissue (Nerbonne & Kass 2005). In a

model of metabolic syndrome obtained via sustained

high fructose/sucrose diet in guinea pig hearts, no

APD prolongation (measured via monophasic action

potential recordings) was found compared with con-

trol hearts despite weight gain (Caillier et al. 2012),

which is similar to our observations in isolated rabbit

(a) (b) (c)

(d) (e) (f)

Figure 5 Optical mapping of the isolated heart. (a) Action potential duration at 80% of repolarization (APD80) in the ventricle

of hearts perfused with normal Tyrode’s solution, (b) during hyperkalaemia and (c) during isoproterenol perfusion. In panels

d-e, we can observe the values of conduction velocity during normal Tyrode (d), hyperkalaemia (e) and isoproterenol perfusion

(f). Norrmal Tyrode: control (n = 7), HFD (n = 8); hyperkalaemia: control (n = 6), HFD (n = 5), isoproterenol: control (n = 7),

HFD (n = 5). Error bars display the SEM. *P < 0.05.
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heart studies. However, no in vivo ECG studies were

conducted in these guinea pigs.

In lieu of the varied reports in the literature, we

sought to develop and study a clinically relevant

model of obese rabbits (Carroll et al. 1996), where

the ventricular electrophysiology is similar to humans

(Nerbonne & Kass 2005). In our model, we observed

a 25% increase in body weight and BMI, compared

with approx. 45% increase in body weight reported

by Carroll et al. (1996) in their studies. The exact rea-

son for this discrepancy is not clear, but could be

related to the use of younger, male rabbits in our

study compared with older, female rabbits in Carrol’s

study. Our changes in QTc with increased weight are

line with clinical reports that suggest similar findings

in obese patients (Girola et al. 2001, Mukerji et al.

2012a). These studies have also reported that QTc

prolongation correlates with an increased LV mass

(Mukerji et al. 2012b), which is also increased in our

rabbit obese model. In addition, taken together, all

significant echocardiographic changes observed in

HFD hearts (increased LV mass, increased LVPWT,

increased IVST) point to the development of concen-

tric LV hypertrophy with a preserved EF and FS.

However, while systolic function was preserved, the

HFD hearts appeared to develop a trend towards a

very mild diastolic dysfunction as there was a signifi-

cant increase in LA size (which could suggest

increased LV filling pressures), and a higher depen-

dence on atrial contraction for diastolic filling (as evi-

denced by a maintenance in mitral A wave velocity in

HFD hearts which normally decreased in controls

throughout the experiment). Our findings correlate

well with what others have observed with similar

HFD rabbits (Carroll et al. 1997) and other or genetic

obesity models in animal species (Abel et al. 2008,

Murase et al. 2012). Of note, the changes in diastolic

function we observed were mild as evidenced by no

significant changes in other relevant measurements

such as IVRT, mitral E wave velocity, E/A ratio or E/

E’ ratio. Given the short duration of the HFD, we

could speculate this to be a time dependent effect and

diastolic dysfunction would worsen as time with HFD

feeding regime increases.

Regarding the HRV analysis of the ECG data, we

found a marked increase in all the parameters (statisti-

cal and geometrical) in the time domain of the short-

term R-R series (Fig. 4c), reflecting a higher variability

in the HFD group after 18 weeks of high-fat feeding.

All these measurements estimate high-frequency varia-

tions and thus are highly correlated with parasympa-

thetic activity (Kawada et al. 2013). Indeed, it is well

established that the high-frequency component of R-R

interval variability primarily reflects the vagal modula-

tion of the respiratory sinus arrhythmia (RSA) (Malik

1996). In Fig. 4a, we can observe arrhythmic episodes

that were common in the HFD group. Of note, ECG

recordings were performed under anaesthesia, and in

those conditions, animals in the HFD group were

more susceptible to the appearance of arrhythmic

episodes, possibly reflecting an altered pattern of RSA

by increased parasympathetic activity.

Nevertheless, our data indicate that there is little or

no electrical remodelling at the isolated heart level, as

shown by the analysis of the volume-conducted ECG

(Supplemental Figure S1) and the APD/CV analysis

from the optical mapping experiments. The rabbit

obese model was studied in contrast to rodent models,

because the delayed rectifier K+ currents are present in

rabbits, but absent in rodents. If the fast delayed recti-

fier K+ current, IKr, was downregulated in obese rab-

bits, the APD would have been prolonged in the

Langendorff experiments in normokalaemia, as IKr is

the main repolarizing current in the rabbit ventricle.

Further if the slow delayed rectifier current, IKs, was

downregulated in obese rabbits, this would have dis-

played different APD in response to isoproterenol, as

(a)

(b)

(c)

Figure 6 Characteristics of the isoproterenol-induced ven-

tricular fibrillation (VF). (a), comparison of the dominant fre-

quency (DF) of VF, (b) singularity points density (SPD) and

(c) the regularity index (RI) of VF. Control n = 5, HFD

n = 8. Sustained VF could not be induced in 2 control hearts.

Error bars display the SEM.
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IKs is mainly active during adrenergic stress. Thus, our

results indicate that likely the densities of IKr and IKs
are not altered in these obese rabbits. However, ionic/

molecular studies are necessary to confirm this

hypothesis. Further, this also suggests that either auto-

nomic nervous system remodelling, circulating free

fatty acids or increased ventricular load might contrib-

ute to the observed in vivo changes in QTc. Previous

studies in obese rabbits showed a reduced plasma K+

concentration (Carroll et al. 1996), which could fur-

ther contribute to QTc prolongation. However, fur-

ther experiments will be necessary to test this

hypothesis. The increased P-wave dispersion seen in

HFD rabbits has also been seen in obese patients (Sey-

feli et al. 2006), and this may be associated with

increased risk of atrial fibrillation (Kosar et al. 2008,

King et al. 2013).

Our results also show no changes in the response of

HFD hearts to isoproterenol or VF characteristics,

compared to control hearts. This indicates that at this

stage, the adrenergic electrophysiological response in

the intact myocardium is not impaired. Interestingly,

our data suggest that high-frequency pacing in the

presence of hyperkalaemia shows a shortening of the

APD, and more arrhythmia patterns in HFD rabbits,

compared with controls. The exact underlying mecha-

nisms are not clear and could be related to changes in

the expression or function of the Na+-K+ pump, and

the Na+-Ca2+ exchanger, or other ion channels that

may disrupt ion exchange and homoeostasis. Further

studies are necessary at the ionic/molecular level to

understand these differences.

Our optical imaging studies have been conducted

in the presence of blebbistatin, to suppress heart con-

traction and motion artefact. We have also not con-

ducted studies of intracellular Ca2+ transient

properties, which may be altered, and explain the

trend towards diastolic dysfunction in HFD rabbits

(Lacombe et al. 2007, Mikl�os et al. 2012, Shi et al.

2013). The ECG measurements were performed in

the presence of anaesthesia in both groups, but we

cannot rule out completely the effects of the anaes-

thetics on the ECG. However, the QT intervals were

corrected to compensate for changes on heart rate.

Despite these limitations, our study presents the first

detailed characterization of electrophysiological alter-

ations occurring in obese rabbits, which may have

important implications for cardiac pathophysiology,

arrhythmias, and their treatment.
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