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Metabolic disturbances induce malignant heart arrhythmias
in rats
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ABSTRACT
OBJECTIVES: Metabolic disturbances are considered to condition the occurrence of malignant heart arrhyth-
mias and negatively infl uence the chances of a patient to survive. To test this assumption, a model of meta-
bolic syndrome was selected in which rats were receiving a diet resembling that of the westernized population.
BACKGROUND: Metabolic syndrome is a comorbidity of major cardiovascular risk factors (dyslipidemia, hyper-
tension, impaired glucose tolerance or insulin resistance, diabetes mellitus, and obesity), all facilitating cardio-
vascular complications leading to morbidity and mortality of patients.
METHODS: Hearts were isolated and perfused according to Langendorff. Global ischemia was induced in the 
hearts and arrhythmia occurrence in reperfusion was monitored. All hearts were stimulated with the electro-
cardio-stimulator to test the electrical inducibility of heart arrhythmia.
RESULTS: Isolated hearts from rats with the metabolic syndrome were more susceptible to ventricular arrhyth-
mias. The high-fat diet increased the occurrence of malignant heart arrhythmias in rats with metabolic syndrome 
to an even greater extent. All subjects with metabolic syndrome were sensitive to ventricular tachyarrhythmia 
with signifi cantly decreased threshold to its induction in cardio-stimulation.
CONCLUSIONS: These results indicate that metabolic syndrome patients may be more sensitive to the oc-
currence of malignant heart arrhythmias following myocardial infarction or other heart diseases (Tab. 1, Fig. 2, 
Ref. 34). Text in PDF www.elis.sk.
KEY WORDS: dyslipidemia, ischemia-reperfusion, Langendorff, ventricular fi brillation, western-diet.
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Introduction

Dyslipidemia, including cholesterol imbalance and hypertriac-
ylglyceridemia, is a clinically important hallmark of atherosclerosis 
- an underlying cause of about 50 % of all deaths in westernized 
societies (1). Dyslipidemia is characterized by increased triacylg-
lycerols (TG), elevated low-density lipoprotein cholesterol (LDL) 
and very low-density lipoprotein cholesterol (VLDL), chylomi-
crons, and decreased high-density lipoprotein cholesterol (HDL), 
a case commonly observed in cardiovascular patients and patients 
with metabolic syndrome (2, 3). Thus the lipoprotein fraction and 
lipid profi le are inevitable factors of metabolic syndrome criteria 
and risk factors for cardiovascular disease (4). Negative lifestyle 
adaptations are irrefutably linked to emergence of these health 
complications (5) leading to cardiovascular disease. 

Chronic elevation of TG, LDL and VLDL cholesterol emerge 
as a consequence of unhealthy lifestyle (stress and reduced physi-
cal activity) and diet, characteristic for the way of life of a signifi -
cant part of the western population (6). Cardiovascular mortality 
is extremely high. It represents overall mortality of approximately 
47 % in Europe, 33.7 % in Americans and 30.8 % in the USA (7, 
8, 9). A major cause of cardiovascular mortality are malignant 
heart arrhythmias. They represent a major clinical problem with 
unsatisfactory management. Ventricular fi brillation (VF) appears 
after myocardial infarction in about 20 % cases with signifi cant 
probability of their appearance within the fi rst three hours after 
the incident (10, 11). Prognosis of survival is determined by many 
factors. Metabolic syndrome patients, patients with diabetes mel-
litus type II (DM), and obese individuals may have decreased 
chances of survival. In these patients, malignant heart arrhythmias 
may occur more frequently, with increased duration and sever-
ity. Ventricular and atrial arrhythmias may thus result in severe 
morbidity, coma and death. More than half of the patients with 
ischemic heart disease (IHD) died due to ventricular arrhythmias 
and ventricular tachyarrhythmias, which are the most common 
and most severe form of heart dysrhythmias occurring in 84 % of 
patients with sudden cardiac death (12). The incidence of coro-
nary heart disease is increased threefold in patients with metabolic 
syndrome, with markedly increased cardiovascular morbidity (13). 
Metabolic syndrome has been identifi ed in ~35 % of patients in 
the USA (14) and ranges from 8 % to 43 % in men and 7 % to 
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56 % in women across the world (15, 16). Approximately 10 % 
of the population in Europe has DM type II (17) and more than a 
half of obese patients (BMI ≥ 30) was identifi ed with metabolic 
syndrome (18). In the Botnia study, 10 % and 15 % of subjects 
were identifi ed with metabolic syndrome having normal glucose 
tolerance, 42 % and 64 % with impaired fasting glucose or im-
paired glucose tolerance and 78 % and 84 % of those with MD 
type II (13). In the USA, obesity is present in more than one-third 
of adults and its prevalence is 17 % in children (19). Obesity in 
Europe ranges from 4.0 % to 28.3 % in men and 6.2 % and 36.5 
% in women (20). Hypertension has been identifi ed in 31.1 % of 
adults (21) with a respective 74.3 % and 70.2 % prevalence in men 
and women of 45-83 years of age (22). Elevated total cholesterol 
concentrations (≥ 190 mg/dL) were found in 60.5 % of women and 
56.6 % of men in the German population (23) and dyslipidemia 
occurs in 52.9 % of adults in the USA (24) and 53.6 % in China 
(25). All these above mentioned chronic diseases are established 
cardiovascular risk factors. Moreover, they are found to be inter-
linked and to promote the establishment of metabolic syndrome 
(26), a comorbidity of factors that increase cardiovascular events, 
morbidity and mortality (27, 28).

To test our predictions, a model of the metabolic syndrome 
(according to animal model described by Zicha et al (29) was ap-
plied and the hearts isolated from these animals were perfused 
according to Langendorff (see 30). To simulate the lifestyle of the 
western population, a high-fat diet was given to these laboratory 
animals (described in Kaprinay et al (31). Our hypotheses were as 
follows: 1) dyslipidemia accompanied with other metabolic distur-
bances of the metabolic syndrome will result in heavier ischemia-
reperfusion injury with an increase in malignant heart arrhythmias 
in comparison to healthy Wistar rats; 2) hypertriacylglycerolemic 
(HTG) rats receiving high-fat diet will have increased ischemia-
reperfusion injury and an increase in malignant heart arrhythmias 
to an even greater extent in comparison with HTG rats with stan-
dard rat chow (SD).

Material and methods

All procedures involving animals were performed in compli-
ance with the Principles of Laboratory Animal Care issued by the 
Ethical Committee of the Institute of Experimental Pharmacology 
and Toxicology and the State Veterinary and Food Administration 
of Slovakia. Prague hereditary HTG rats (n = 20) and Wistar rats (n 
= 10) were obtained from the breeding station Dobra Voda (Slovak 
Republic, reg. No. SK CH 24016). The animals were divided into 
three groups (each containing ten animals). The laboratory rats 
were then transferred into boxes. Each box contained fi ve animals. 
After a one week lasting quarantine, the animals were kept in the 
housing room for 8 weeks. At the beginning of housing, the diet of 
one group (n = 10) of the HTG rats was exchanged for the high-fat 
diet (HFD) containing 7.5 % lard and 1 % cholesterol ad libitum 
(HTG-HFD). The other two groups, Wistar (n = 10) and HTG (n 
= 10) rats, received SD ad libitum. At the end of the experiment 
all rats were 18 weeks old with an average weight of about. 400 
g. Metabolic syndrome developed in all HTG rats in both groups 

(standard diet and high-fat diet group). Detailed description of the 
molecular markers and blood samples is published in our mutual 
paper written by Kaprinay et al (31). In brief: All HTG rats in both 
groups (HTG-SD and HTG-HFD) had in comparison to control 
(W-SD) rats an increased triacylglycerol level (4.5±0.3 mmol/l 
and 2.2 ± 0.1 mmol/l vs 0.65 ± 0.09 mmol/l), decreased HDL 
cholesterol (0.26 ± 0.03 mmol/l and 0.35 ± 0.05 mmol/l vs 0.68 ± 
0.01 mmol/l), increased systolic blood pressure (129.3 ± 2.5 mm 
Hg and 128.7 ± 2.5 mm Hg vs 113.5 ± 2.9 mm Hg), higher pre-
prandial glucose (5.1 ± 0.13 mmol/l and 5.8 ± 0.2 mmol/l vs 3.96 
± 0.1 mmol/l), and impaired glucose tolerance (9.0 ± 0.3 mmol/l 
and 8.2 ± 0.5 mmol/l vs 3.96 ± 0.09 mmol/l). LDL cholesterol was 
signifi cantly elevated only in the HTG-HFD group in comparison 
to the W-SD and HTG-SD groups (1.54 ± 0.02 mmol/l vs 0.22 ± 
0.02 mmol/l and 0.19 ± 0.01 mmol/l). Body weight of the HTG 
animals following standard diet and high-fat diet was not signifi -
cantly increased in comparison to Wistar control group (362.4 ± 
1.5 g and 377.2 ± 1.2 g vs 396.3 ± 0.9 g).

The hearts of all laboratory rats were isolated according to 
Langendorff. After the animals were transported into the labora-
tory, they were anesthetized with diethyl ether and immediately 
decapitated. The heart was rapidly dissected and cannulated in situ. 
The same researcher conducted all the isolations. After successful 
cannulation and initiation of the perfusion, all hearts were put im-
mediately on the Langendorff apparatus for retrograde perfusion. 
The apparatus was set to constant pressure (80 mm Hg). Krebs-
Henseleit bicarbonate perfusion solution was prepared as follows 
(in mM): NaCl (118), KCl (4.7), CaCl2 (2.5), NaH2PO4 (1.18), 
NaHCO3 (25), and glucose (11.1) equilibrated with a gas mixture 
of 95 % O2 and 5 % CO2 at 37 °C, pH 7.4. Electrocardiograph 
electrodes were put on the heart right atrium and left ventricle and 
a latex balloon was inserted into the left ventricle immediately af-
ter placing the heart on the apparatus. After insertion of the latex 
balloon, the volume of the balloon was fi lled with water and the 
tubular balloon holder was connected to the pressure transducer 
via a tube. Left ventricular end-diastolic pressure (LVEDP) was 
set to give an approximate power of 0.5 kPa (~10 mm Hg) before 
starting the measurements. Tesla electro-manometers were used to 
monitor the left ventricle pressure. The developed left ventricular 
pressure (LVDP), LVEDP, heart rate (HR), coronary fl ow (CF), 
-dP/dt and +dP/dt were subsequently monitored with the BioLabF 
software throughout the experiment. After the setting all hearts 
were kept stabilized for 15 minutes. After stabilization, 20 min-
utes lasting global ischemia followed. During the ischemia, all 
hearts were submerged in Krebs-Henseleit solution at 37 °C. The 
20-minute ischemia was followed by 20-minute reperfusion of the 
heart. Then the stimulation electrodes were put on the myocardium 
and ascending stimulation followed with doses from 10mA to 50 
mA. The goal was to induce sustained (2 minutes lasting) VF or 
ventricular tachycardia (VT). If sustained VF or VT developed 
during the reperfusion and persisted until the end of the reperfu-
sion, the hearts were not conducted to cardio-stimulation. After 
the induction of sustained VF or VT (2 min), CF was stopped and 
sinus rhythm recovery was monitored. During the reperfusion, the 
ventricular premature beats (VPB), bradycardia (B), VT and VF 
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were monitored. Analytic software from the BioLabF was used to 
obtain the data. STATISTICA 10 software was used for the statis-
tics. ANOVA Fisher LSD test was used for data comparison. All 
data are mean with ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.

Results

Basic physiological features of the isolated hearts are shown in 
Table 1. Baseline values at the end of 15 min stabilization period 
were not statistically signifi cantly different among groups. In re-
perfusion, however, a statistically signifi cant increase in LVDP was 
recorded in the HTG-HFD group (p < 0.036 W-SD vs HTG-HFD 
and p < 0.008 HTG-SD vs HTG-HFD). Coronary fl ow was higher 
in the HTG-SD and HTG-HFD group in comparison to W-SD (p 
< 0.001 and p < 0.036). +dP/dt was signifi cantly increased in the 
HTG-HFD group compared to the HTG-SD group (p < 0.009). 

It is also noteworthy that a signifi cant increase in LVEDP devel-
opment was recorded for the HTG-SD group in comparison to 
W-SD (p < 0.001).

At least two minutes lasting ventricular tachyarrhythmias 
occurring spontaneously during 20 minutes of reperfusion were 
observed in 3 out of 10 animals in the W-SD group, in 5 out of 10 
animals in the HTG-SD group, and in 8 out of 10 animals in the 
HTG-HFD group. A mean number of 149.9 VPB (extrasystoles) 
developed in the W-SD group, 198.6 in the HTG-SD group, and 
222 in the HTG-HFD group. A mean duration of 165.1 s lasting 
ventricular tachycardia developed in the W-SD group, 190.3 s in 
the HTG-SD, and 468.3 s in the HTG-HFD group. Only one ani-
mal developed VF in the W-SD group lasting 149.9 s. Five ani-
mals developed VF in the HTG-SD group with a mean duration 
of 127.8 s. Four animals developed VF in the HTG-HFD group 
with a mean duration of 192.7 s. Three animals developed bra-

Period 15` stabilisation 20` reperfusion
Groups W-SD HTG-SD HTG-HFD W-SD HTG-SD HTG-HFD
Heart rate (beats/min) 272.36±14.49 284.12±6.08 260.1±15.38 227±17.1 246.85±13.73 231.68±18.89
Left ventricular developed pressure (LVDP) (kPa) 16±0.51 15.95±1.05 16.56±0.66 4.05±0.89 3.51±0.5 6.17±0.48*/xx

Left ventricular end-diastolic pressure (LVEDP) (kPa) 0.31±0.13 0.65±0.25 0.66±0.28 5.11±0.44 5.4±0.39 4.51±0.89
Coronary fl ow (ml/min) 15.53±0.51 17.41±0.64 17.02±1.05 11.66±0.49 14.89±0.69** 13.85±0.82*

-dP/dt (kPa/s) 270.34±9.19 294.97±24.65 295.53±16.96 59.49±17.07 60.4±9.31 98.19±12.09
+dP/dt (kPa/s) 385.91±17.11 372.61±35.28 395.09±27.12 85.75±21.68 64.46±10.82 133.03±16.64x

-dP/dt/+dP/dt 0.70±0.02 0.75±0.02 0.74±0.02 0.68±0.06 0.79±0.02 0.73±0.03
Values are presented as means ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 comparing W-SD to HTG-SD and HTG-HFD, and x p < 0.05, xx p < 0.01, xxx p < 0.001 compar-
ing HTG-SD to HTG-HFD in 20` reperfusion. W-SD – Wistar rats-standard diet, HTG-SD –hypertriacylglycerolemic rats-standard diet, HTG-HFD – hypertriacylglycer-
olemic rats - high-fat diet

Tab. 1. Baseline values of control Wistar rats (W-D), and HTG rats with the standard diet (HTG-SD) and high fat-diet (HTG-HFD).

Fig. 1. Prevalence of ventricular premature beats (VPB), ventricular tachycardia (VT), ventricular fi brillation (VF) and bradycardia (B) in 20 
min reperfusion. Values are presented as means ± SEM. No signifi cant differences were statistically identifi ed. W-SD – Wistar rats-standard 
diet, HTG-SD –hypertriacylglycerolemic rats-standard diet, HTG-HFD – hypertriacylglycerolemic rats - high-fat diet.
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dycardia in the W-SD group, while only two animals developed 
bradycardia in the HTG-SD and HTG-HFD groups. A summary 
of arrhythmias is presented in Figure 1.

During stimulation, 6 out of 10 animals developed 2 minutes 
lasting sustained tachyarrhythmias in the W-SD group, 7 out of 9 
(one animal was not stimulated due to persisting arrhythmia de-
veloped at the end of reperfusion) in the HTG-SD group, and 6 
out of 6 (four animals developed sustained arrhythmia at the end 
of reperfusion and were not stimulated) in the HTG-HFD group. 
Isolated hearts of the W-SD groups were more resistant to induce-
ment of ventricular arrhythmia than HTG-HFD (p < 0.044 W-SD 
vs HTG-HFD) (Fig. 2). Sinus rhythm recovery was not statisti-
cally signifi cantly different among the groups.

Discussion

Current predominant lifestyle has led to the occurrence of 
many chronic diseases, and of cardiovascular diseases in particu-
lar. Ventricular malignant arrhythmias contribute signifi cantly to 
morbidity and mortality of these cardiovascular patients. A recent 
study of Albarado-Ibaňez et al (32) demonstrated that metabolic 
syndrome remodels electrical activity of the sinoatrial node and 
produces arrhythmias in rats. Our study shows development of 
malignant heart arrhythmia in isolated hearts on the Langendorff 
apparatus. Metabolic disorders expressed in this metabolic syn-
drome model in both dietary groups of the HTG rats, in compari-
son to the Wistar control group, were an increase in VPB count, 
duration and frequency of VT and VF in an ascending order W-SD 
< HTG-SD < HTG-HFD. Although the statistical analysis failed 
to give statistical signifi cance because of a considerable variance 
in the duration of arrhythmogenic events, deterioration of isolated 
HTG rat hearts was evident from the recordings and obtained data. 
Summarization of total duration of all VT or VF episodes of all 
rats indicates a clear progression of malignant heart arrhythmia 
in HTG-SD rats, with an even higher degree in HTG-HFD rats. 
Decrease in bradyarrhythmia observed in HTG rats is explained 
through a shift of the heart to a more severe reaction and imbal-

ance resulting mainly as VT and VF. Decreased cardiac suscepti-
bility to arrhythmia induction in cardio-stimulation supports our 
observations in favour of the pro-arrhythmic effect of metabolic 
syndrome comorbidity identifi ed in HTG-HFD rats. HFD with-
out any doubt worsened the outcomes of hearts isolated from the 
HTG-HFD group compared with the HTG-SD and W-SD groups. 
The HFD consisting of standard pellet enriched with 7.5 % lard 
and 1 % cholesterol contributed signifi cantly to the genesis of 
heart arrhythmia.

The Prague hereditary hypertriacylglycerolemic rats are not 
the commonest used model of the metabolic syndrome but they 
resemble selected symptoms very well (29). Commonly used rat 
models are spontaneous hypertensive rats and Sprague Dawley 
rats, both strains fed with high-sugar diet (33). Although high-fat 
diet models and high-sucrose models have different effects on the 
metabolism, both facilitate metabolic disorders (34). Spontaneous 
HTG rats and HTG rats fed high-fat diet both resemble signs of the 
metabolic syndrome (31). High-fat diet however affects the heart 
sinus rhythm to a higher extent, leading to a reduced fi brillation 
threshold and a more frequent occurrence in ventricular fi brillation. 
Sinus rhythm disturbances occurring in the metabolic syndrome 
(32) may thus lead to heart arrhythmias, manifested as ventricular 
tachycardia and fi brillation, as observed in our experiment. Based 
on observations conducted on isolated hearts from animals with 
metabolic syndrome, the authors stress the importance to trans-
late these fi ndings to clinical practice and to take in mind the in-
creased probability of VF development in patients with metabolic 
syndrome. They would also suggest to prescribe anti-arrhythmic 
drugs as prevention of cardiac morbidity and mortality.

Learnings points

The rat subjects expressing the metabolic syndrome developed 
malignant heart arrhythmias to a greater extent in comparison to 
healthy controls.
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