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Fish oil in cardiovascular disease 

 

Greenland Inuits have a low rate of coronary heart disease.1 Their diet contains a 

high content of long chain omega-3 polyunsaturated fatty acids (ω3-PUFAs) from 

fish or seal blubber. This raised the interest in fish oils for the prevention for 

cardiovascular disease (CVD) mortality. Indeed, increased intake of  fish and ω3-

PUFAs reduce the risk of heart disease.2,3,4,5 Plausible properties of fish oils for the 

prevention of heart disease include antiarrhythmic, antiatherogenic, and/or 

antithrombotic actions as will be discussed in the following sections.  

 

Fish oil characteristics and sources 

 

ω3-PUFAs are essential fatty acids that cannot be synthesized de novo and 

therefore must be derived from the diet. They are characterized by their first 

double bond at carbon atom number 3, counted from the methyl end of the carbon 

chain. ω3-PUFAs are present in a variety of nuts, soybean oil and fish oil. The wide 

range of effects of ω3-PUFAs on biochemical and biophysical functions are 

dependent on the combination of chain length, number and placement of double 

bonds, and isomerism of around these bonds. The two predominant ω3-PUFAs in 

fish oil are eicosapentaenoic acid (EPA, C20:5n-3) and the more elongated and 

desaturated docosahexaenoic acid (DHA, C22:6n-3).  EPA and DHA are mainly 

acquired from seafood. α-Linolenic acid (ALA, C18:3n-3) is the plant source of ω3-

PUFAs that can, to a limited extent, be elongated and desaturated to EPA and 

DHA.6  

 The source of marine ω3-PUFAs is chloroplasts of algae and 

phytoplankton. It is thought that ω3-PUFAs are needed to keep the cell membranes 

fluid.7 The content of ω3-PUFAs from fish varies between species. Fatty fish such 

as salmon and herring have high contents of EPA and DHA and lean fish such as 

cod have low contents (Table 1).  

 The American Heart Association issued an advice to eat (fatty) fish at least 

two times a week. Patients with documented coronary heart disease are 

recommended by the American Heart Association to consume about 1 g of fish oil 

fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) per day.8 
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Table 1 shows the EPA and DHA content of different types of finfish and shellfish 

commonly consumed.  

 

Fish EPA DHA EPA+DHA 

Herring (Atlantic) 0.909 1.105 2.014 

Herring (Pacific) 1.242 0.883 2.125 

Salmon (farmed) 0.690 1.457 2.147 

Salmon (wild) 0.411 1.429 1.84 

Mackerel (Atlantic) 0.504 0.699 1.203 

Sablefish 0.867 0.920 1.787 

Trout 0.259 0.677 0.936 

Shrimp 0.171 0.144 0.315 

Cod (Atlantic) 0.004 0.154 0.158 

Cod (Pacific) 0.103 0.173 0.276 

Clams 0.138 0.146 0.284 

 

Table 1. Content of EPA and DHA in g/100 g of cooked finfish or shellfish. Adapted from US Department of Agriculture. 

Agriculture Research Service Nutrient Data Laboratory. Available at http://www.nal.usda.gov/fnic/foodcomp/search. 

 

 

Fish oil in atherosclerosis and thrombosis 

 

Atherosclerosis and its thrombotic complications are the major cause of morbidity 

and mortality in the industrialized world. The possible antiatherosclerotic 

mechanism of fish oil was investigated in autopsy studies and case control 

trials.9,10,11,12 Results from autopsy studies showed that the prevalence of fatty 

streaks and plaques in the coronary arteries and the aortas of Alaskan natives was 

lower than in non-natives.10,11 Genetic components influencing LDL size may well 

play a role in this finding.13 However, a part of this protection can be attributable 

to a greater dietary intake of fish oils. Indeed, case control studies have shown an 

inverse relation between ω3-PUFA content in various tissues and coronary 

atherosclerosis.9,12   

 Plaque composition is a major determinant of plaque disruption. ω3-

PUFAs from fish oil were incorporated in obstructive atherosclerotic plaques14 and 

this coincided with less infiltration of macrophages making ω3-PUFA-enriched 
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plaques less prone to rupture.15 However, the outcomes of two clinical trials that 

investigated the effect of fish oil supplementation on regression or progression of 

atherosclerosis do not show a consistent beneficial effect, and if so, it is a modest 

effect.16,17  

 Following plaque rupture, thrombogenesis is common. Dietary 

supplementation with cod liver oil in pigs resulted in reduced platelet deposition 

onto arteries subjected to deep intimal injury (by balloon angioplasty) and reduced 

injury related vasoconstriction.18 In baboons, a diet rich in fish oil reduced 

thrombus formation and vascular lesion formation afflicted by mechanical injury.19 

The risk of stroke was also reduced in women that consumed fish 5 or more times 

a week compared to women that ate fish only once a month.20  

 A systematic review concluded that there is substantial evidence for the 

efficacy of ω3-PUFAs in reducing cardiovascular mortality and one mechanism 

may be related to the stabilisation of vulnerable atherosclerotic plaques, although 

the effects on progression of atherosclerosis, haemostatic activity and vascular 

inflammation remain equivocal.21  

 

 

Fish oil and lipid metabolism 

 

High levels of plasma triglycerides are an independent risk factor for coronary 

heart disease. Once synthesized, triglycerides are packed with apolipoprotein B 

(ApoB) and secreted as very low-density lipoprotein (VLDL). VLDL together with 

low-density lipoprotein (LDL) and lipoprotein A are the major atherogenic 

lipoproteins in the blood. A diet rich in fish oil markedly lowered triglyceride 

levels in patients with hypertriglyceridemia.22 A review on ω3-PUFAs from fish 

and plant oils on human serum lipids and lipoproteins shows that triglyceride 

concentrations decrease by 25-30%, LDL and HDL cholesterol content tend to rise 

by 5-10% and 1-3% respectively.23 The mechanism by which fish oil alters these 

plasma lipid profiles remains uncertain. Recent evidence suggests that fish oil 

regulates hepatic ApoB100 and thereby lipoprotein production.24  In addition, EPA 

and DHA may promote lipoprotein lipase activity and thereby increase 

triglyceride clearance.25  
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Fish oil and blood pressure 

 

Hypertension is a risk factor for cardiovascular disease and sudden death.26 A 

meta-analysis of 36 randomized controlled trials reported that fish oil reduced 

systolic blood pressure by 2.1 mmHg and diastolic blood pressure by 1.6 mmHg 

with a median dose of 3.7 g of fish oil per day.27 The reduction in blood pressure by 

fish oil tended to be higher in populations that were older and/or hypertensive.27 

 

Fish oil and heart rate (variability) 

 

 Elevated heart rate is an important risk factor for cardiovascular death, especially 

sudden death.28,29,30 A meta-analysis of the effect of fish oil on heart rate concluded 

that fish reduces heart rate, especially among those with higher baseline heart rates 

and a longer treatment with fish oil.31 In men with a history of myocardial 

infarction, supplementation with fish oil for 4 months decreased heart rate and 

improved the heart rate recovery after exercise.32  

 Heart rate variability refers to the beat-to-beat alterations in heart rate and 

a low heart rate variability is a powerful predictor of mortality in post-myocardial 

infarction patients.33,34 Supplementation with fish oil (5.4 g EPA+DHA) for 12 

weeks increased heart rate variability in patients with a prior myocardial 

infarction.35 Indeed, the same authors showed that the content of ω3-PUFAs in 

platelets was closely associated with fish consumption in patients with a 

myocardial infarction and that there was a positive correlation between DHA and 

heart rate variability.36 In addition, in heart failure patients, 4 month 

supplementation with fish oil also enhanced the baroreceptor control of heart rate 

in addition to enhancement of heart rate variability.37 
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Evidence for a role of fish oil in sudden death resulting from 

arrhythmias 

 

The Diet And Reinfarction Trial (DART) was the first large randomized controlled 

trial exploring the effect of fatty fish consumption on death from coronary heart 

disease.2 In DART, over 2000 men with a history of myocardial infarction were 

allocated to three dietary strategies: (a) lowering saturated fat and increasing P/S 

(polyunsaturated: saturated fat) ratio, b) increasing cereal fiber intake and c) 

increasing fatty fish intake). The control group was not advised to change anything 

in their diet.  Subjects advised to increase their fatty fish intake had a 29% 

reduction in all-cause mortality compared to the control group. Because 

paradoxically more non-fatal myocardial infarctions occurred in the fatty-fish 

advice group, Burr and coworkers suggested that ω3-PUFAs have an anti-

arrhythmic effect. A follow-up study showed that the immediate reduction in 

mortality was followed by an increased risk over the next three years.38  

 A randomized clinical trial, the GISSI Prevenzione Trial, investigated the 

effects of ω3-PUFAs and vitamin E as supplements in 11324 patients who had 

survived a myocardial infarction.3 The subjects were randomly allocated to three 

treatments: A daily dose of 1) 850 mg EPA/DHA, 2) 300 mg vitamin E, 3) 

EPA/DHA + vitamin E. The fourth group that received neither PUFA nor vitamin 

E served as control. Treatment with ω3-PUFAs, but not vitamin E, significantly 

lowered the risk of the primary endpoint, mortality, by 10%-15%. Relative risk of 

death decreased by 14%-20%, and risk of cardiovascular death decreased by 17%-

30%. The decrease in mortality was for 45% attributable to a reduction in sudden 

death.3 The time course of the benefit of ω3-PUFAs on mortality in the GISSI-

Prevenzione trial was analyzed in more detail.39 After 3 months of EPA/DHA 

supplementation, total mortality was significantly lower, particularly due to a 

decrease of sudden death.39  

 The Physicians Health Study in men reported that eating fish at least once 

a week was associated with a reduced risk of sudden cardiac death, but not of 

myocardial infarction.40 In particular men with high blood levels of ω3-PUFAs had 

risk reductions of sudden death up to 90%.41 

 The risk reductions in sudden death due to fish oil supplementation 

inspired the idea of fish oil as an antiarrhythmic therapy. Contrary to the GISSI-



Chapter 1 

 15 

trial, however, a prospective cohort study in healthy men reported no association 

between either increased ω3-PUFA or fish intake and coronary heart disease.42 

  In another randomized controlled trial, men with angina pectoris were 

allocated to different treatment groups.43 One group was advised to eat oily fish or 

was supplied with fish oil capsules. In this study, the group that was advised to 

increase their fish oil intake had a higher risk of cardiac death, especially sudden 

cardiac death. Excess risk was mostly in the group given the fish oil capsules.43 

Burr and coworkers explained these unforeseen contrary results by risk 

compensation of the patients or by mercury contamination of the capsules.43 

 Recently, Raitt and coworkers also published detrimental results of fish oil 

in patients with an implantable cardioverter defibrillator (ICD) in a randomized, 

double-blind, placebo-controlled trial.44 All patients had a history of sustained 

ventricular tachycardia (VT) or ventricular fibrillation (VF) and were allocated to 

either fish oil (1.8 g daily) or placebo (olive oil). Results showed that recurrent 

VT/VF events were more common in the patient population assigned to the fish 

oil.  

 Two other randomized placebo-controlled multicenter studies have also 

directly studied the effects of fish oil on cardiac arrhythmias in patients with 

implantable cardioverter defibrillators (ICDs).45,46 The SOFA trial reported no effect 

on life-threatening arrhythmia or death in patients supplemented with fish oil (2g 

daily).45 Leaf and co-workers selected 402 patients with ICDs that were randomly 

assigned to the double-blind treatment with fish oil (2.6g daily) or olive oil for one 

year. Results showed no significant difference for the time to first ICD event 

(VT/VF). However, secondary analyses of ‘probable’ ventricular arrhythmias, 

demonstrated that fish oil potentially reduces fatal ventricular arrhythmias.46 

 The studies of the effects of fish oil on cardiac mortality, therefore, are 

inconsistent. Contrasting results in the various trials may be based on the fact that 

these patients have different cardiac pathologies and their arrhythmias are based 

on different mechanisms related to these pathologies. The antiarrhythmic effect of 

fish oil in patients with prior myocardial infarction in DART could not be 

reproduced in a similar study with patients suffering from angina pectoris.2,43 In 

the first trial, arrhythmias may have been primarily related to heart failure, 

whereas those in the latter trial may have been related to ischemia. The 

mechanisms of arrhythmias in heart failure or ischemia are entirely different. 

Evidence suggests that arrhythmias in heart failure are based on triggered 
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activity,47,48 while those in acute myocardial ischemia are caused by reentry.49 

Conceivably, the absence of any effect of fish oil in, for example, the ICD trials may 

be explained by a combination of a beneficial effect in one part of the patient 

population and a detrimental effect in another part of the population. Indeed, some 

evidence appears to support a proarrhythmic effect of fish oil44 providing a 

semblance with earlier antiarrhythmia trials.  

 

Mechanisms of arrhythmias 

 

Before discussing the results of the arrhythmia suppression trials, the different 

mechanisms of arrhythmias will be discussed below. Mechanisms of arrhythmias 

are traditionally divided into abnormalities in impulse initiation and abnormalities 

in impulse conduction.  The mechanisms relevant for life-threatening arrhythmias 

are triggered activity (abnormal impulse initiation) and reentry (abnormal impulse 

conduction).  

1. Triggered activity 

Triggered activity may arise from early and delayed afterdepolarizations and is 

one of the mechanisms of initiation of an arrhythmia. Triggered activity can be 

induced by depolarizations of the membrane following the upstroke of the  action 

potential.50  

 Early afterdepolarizations (EADs) depend on a pre-existing prolonged 

action potential and are particularly evident during severe bradycardia.51 They 

may give rise to a particular polymorphic VT named Torsade de Pointes (TdP) 

after its typical appearance on the ECG. A harbinger sign is the prolonged QT 

segment. A long QT syndrome may be either acquired or hereditary. An 

antiarrhythmic intervention for EAD-induced triggered activity is action potential 

shortening. 

 Delayed afterdepolarizations (DADs) depend on a pre-existing rapid 

rhythm. They have been documented in myocytes obtained from patients with 

heart failure and are thought to be caused by spontaneous sarcoplasmic reticulum 

Ca2+-release. An antiarrhythmic intervention for DADs is slowing the heart rate, 

lowering intracellular calcium, shortening of the action potential (prolonging 
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diastole) and reducing cardiac excitability. Both types of afterdepolarizations may 

form the trigger for a re-entrant arrhythmia.  

2. Reentry 

Reentry is circus movement of activation and a principal mechanism for the 

maintenance of arrhythmias. Normal myocardium is protected from reentrant 

circuits by a long refractory period and high conduction velocity of the wave front 

and the absence of an area of conduction block, around which activation can circle. 

When the electrophysiological properties of the myocardium alter and the 

activation front does not meet refractory tissue and may thereby continue its path 

repetitively, reentry occurs.  Conditions that favour a reentrant circuit to arise are 

slowing of conduction and a decrease in refractory period (the mathematical 

product of conduction velocity and refractory period, the wavelength, determines 

the length of the circuit). For initiation of reentry, the presence of unidirectional 

block is prerequisite. The criteria for the maintenance of an arrhythmia were first 

described by Mines.52,53 

 

Pro- and antiarrhythmic effects of changes in action potential 

duration and excitability 

 

Interventions aimed to alter action potential duration, excitability and conduction 

velocity can have both anti- and proarrhythmic actions, depending on the 

mechanism of arrhythmia. Action potential shortening is antiarrhythmic when the 

underlying arrhythmia is triggered activity caused by DADs and EADs. However, 

it promotes reentry by shortening the refractory period and, therefore, the 

wavelength. Action potential prolongation is an antiarrhythmic strategy for 

reentry, but may induce EADs and thereby TdP. 

 Reducing cardiac excitability is an antiarrhythmic intervention when the 

underlying arrhythmia is based on triggered activity. However, it also slows 

conduction, one of the conditions that actually may favour reentry. This 

phenomenon complicated trials with ion channel blockers that were designed to 

suppress arrhythmias.  
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Antiarrhythmic drug trials   

 

The Cardiac Arrhythmia Suppression Trial (CAST) studied the effects of sodium 

channel blockers encainide and flecainide (drugs that suppress ventricular ectopy) 

in survivors of acute myocardial infarction.54 Initial suppression of ventricular 

ectopy in the encainide and flecainide groups was followed by a 3.6-fold increase 

in arrhythmic death during ten months of follow-up compared to the control 

group.54 Patients in CAST had a moderate risk of arrhythmic death and the risk of 

proarrhythmia was thought to be low. Another sodium channel blocker,  

morcizine,  also increased mortality in post-myocardial infarction patients and led 

to the termination of CAST II.55  Sodium channel blockade, while antiarrhythmic at 

cellular level by depressing membrane excitability, was probably facilitating 

reentry by slowing conduction.  

 Indeed, it has been shown that ventricular fibrillation is more likely to 

develop after coronary artery occlusion in the presence of a sodium channel 

blocker in dogs.56 However, another explanation may be that the adverse effects of 

Class I antiarrhythmia was dependent on baseline characteristics of the patients 

(i.e. presence of a Q wave, heart rate). 

 After the unforeseen results in the CAST trials, the interest was shifted 

towards Class III agents, known for their potassium channel blocking effects. 

Potassium channel blockers increase action potential duration and thereby 

wavelength to reduce arrhythmias based on reentry. 

 The Survival with Oral D-sotalol trial (SWORD) investigated the effects of 

Class III d-sotalol, a pure potassium channel, also in patients with a prior 

myocardial infarction and with an ejection fraction of 0.4 or less. SWORD was 

stopped prematurely because of a higher mortalilty, especially among women, in 

the d-sotalol group.57 The authors concluded that the increase in arrhythmic death 

in women suggested an increase in polymorphic ventricular arrhythmia TdP.57 

One explanation is that women have longer action potential duration making them 

more  susceptible to TdP.58  The DIAMOND (Danish Investigators of Arrhythmias 

and Mortality on Dofetilide Study Group) trial investigated another Class III 

potassium channel blocker, dofetilide, in patients with symptomatic congestive 

heart failure and severe left ventricular dysfunction.59 The results showed that 

dofetilide did not reduce mortality in these patients.  
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 Amiodarone, a drug with sodium channel blocking, β-blocking, potassium 

channel blocking and calcium channel blocking characteristics was tested in two 

large trials, the European Myocardial Infarct Amiodarone Trial (EMIAT) and 

Canadian Amiodarone Myocardial Infarction Arrhythmia Trial (CAMIAT). Both 

studies demonstrated that whereas amiodarone is not proarrhythmic in high-risk 

post myocardial infarction patients, its use does not reduce total mortality or 

confer any overall beneficial effects.60  

  Class II antiarrhythmic drugs block the β-adrenergic receptors and prevent 

sudden death, but are ineffective in suppressing arrhythmias.61 The mechanism by 

which β-blockers reduce sudden death is thought to be by decreasing heart rate 

and reducing sympathetic activity. This may be a more promising approach to 

reduce sudden death than suppression of arrhythmias.62 β-blockers that produced 

the greatest reduction in sinus rhythm were indeed most effective in preventing 

sudden death in patients with a myocardial infarction.63 

 In summary, antiarrhythmic drugs that change action potential duration, 

excitability and/or conduction velocity were either ineffective or even 

proarrhythmic. The observed harmful effects of antiarrhythmic drugs are due to 

the complexity of arrhythmia mechanisms.  

 

Fish oil and electrophysiology 

 

So far, most studies that have investigated the effects of fish oil on cardiac 

electrophysiology have done so by acutely administering ω3-PUFAs onto single 

cells. Although the physiological relevance can be questioned, these cellular 

studies have shown that in the presence of ω3-PUFAs changes in excitability, 

action potential duration, refractory period and ionic current densities occur. 

Depending on the concentration of ω3-PUFAs used and differences in species, both 

shortening and prolongation of the cardiac action potential have been reported in 

the presence of ω3-PUFAs64,65,66,67 in superfused preparations. ω3-PUFAs also 

reduce membrane excitability66,68 and conduction velocity when added to the 

perfusate of Langendorff perfused hearts.68 Changes in action potential duration, 

excitability and conduction velocity can be due to altered ion channel function, 

altered myocardial structure or altered gap junctional conductance.  
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 The fast sodium current (INa), the L-type calcium current (ICa,L), the 

transient outward potassium current (Ito), the fast and slow component of the 

delayed rectifier current (IKr and IKs), the inward rectifier current (IK1) are important 

ion currents for the shape and duration of the cardiac action potential. A 

presentation of the different phases of the cardiac action potential and the 

schematic time course of the underlying currents are given in Chapter 2, Figure 3C.  

Acute administered ω3-PUFAs have indeed shown to block, decrease or increase a 

number of ion currents such as INa, ICa,L, INCX, Ito1, IKr, IKs
65,69,70,71,72,67,73,74,75,76,77,78,79 and 

thereby cause the observed changes in excitability, action potential duration and 

conduction velocity. For a more detailed description of the effects of ω3-PUFAs on 

ion channels, I refer to Chapter 2. These electrophysiological changes have severe 

consequences for arrhythmogenesis. Indeed, most animal studies show that fish oil 

-either in the diet or acutely infused- prevents lethal arrhythmias.80,81,82,83  

 The question remains whether circulating, acutely superfused ω3-PUFAs 

cause similar changes in electrophysiology as do incorporated ω3-PUFAs derived 

from a dietary intervention. Also, from what we know from the antiarrhythmia 

suppression trials, block of INa and the reduction in excitability and conduction 

velocity would rather promote arrhythmias than suppress them. To get a better 

understanding of the effects of ω3-PUFAs from fish oil on the different 

mechanisms of arrhythmias, we addressed these questions in this thesis. 

 

Hypotheses 

 

This study investigates how ω3-PUFAs from fish oil can prevent and/or cause 

arrhythmias by altering cardiac electrophysiology under different cardiac 

pathologies or in different arrhythmic mechanisms. To that purpose we used a 

two-sided approach. First, we studied basic electrophysiology of single cells 

isolated from fish oil fed pigs and compared these results with basic 

electrophysiology of sunflower oil fed pigs that served as a control.  Furthermore, 

we studied the fish oil-induced changes in electrophysiology under conditions that 

represented the different arrhythmia mechanisms. To study reentrant arrhythmias, 

ischemia was created in Langendorff-perfused hearts from pigs fed a diet rich in 

fish oil, sunflower oil or a control diet. Second, we evoked arrhythmias 
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representing triggered activity (formation of EADs and DADs respectively) under 

conditions that simulate heart failure. Our two major hypotheses were: 

1. Fish oil is pro-arrhythmic during regional ischemia and is antiarrhythmic 

under conditions of heart failure.  

2. Incorporated dietary-derived ω3-PUFAs alter electrophysiology in a 

different way than do circulating, acutely administered ω3-PUFAs (i.e. 

added to the bathing solution). 

 

Outline of this thesis 

 

The possible pro- and antiarrhythmic properties of ω3-PUFAs are discussed in 

Chapter 2. We performed a dietary intervention study in which we fed pigs a diet 

rich in fish oil or a diet rich in sunflower oil (control) for 8 weeks. Isolated 

myocytes from these pig hearts were used for characterization of cardiac 

electrophysiology. We performed patch clamp studies to measure action potentials 

and ion currents and used a fluorescent dye to measure intracellular calcium. We 

describe the changes in basic electrophysiology induced by incorporated ω3-

PUFAs in Chapter 3.  In Chapter 4 we induce ischemia by occlusion of the left 

anterior descending artery in isolated hearts from pigs fed a diet rich in fish, 

sunflower oil or a control diet and describe the outcome of these diets on 

electrophysiological parameters and reentrant arrhythmias. In Chapter 5 we 

investigate the effects of incorporated ω3-PUFAs on EAD formation in isolated 

myocytes from fish oil fed pigs. Chapter 6 describes the effects of incorporated ω3-

PUFAs on norepinephrine-induced DADs and the underlying Ca2+-aftertransients. 

Furthermore we describe norepinephrine-induced changes in intracellular Ca2+, in 

action potential shape and duration, and in ion currents in isolated myocytes from 

the fish oil and sunflower oil fed pigs. Since triggered activity mainly occurs under 

conditions of heart failure, we used a rabbit model of heart failure and explanted 

hearts from patients with heart failure to investigate the effects of acutely 

administered ω3-PUFAs on triggered arrhythmias. The results obtained from this 

study are described in Chapter 7. In the editorial in Chapter 8 we consider the 

consequences of fish oils for atrial fibrillation. The final chapter deals with the main 

outcome and implications of our studies, and discusses the use of fish oil to treat 

arrhythmias in patients. 



Introduction 

 22 

Reference List 

 

 1.  Bang HO and Dyerberg J NA. Plasma lipid and lipoprotein pattern in 
greenlandic west-coast Eskimos. The Lancet. 1971;297:1143-6. 

 2.  Burr ML, Gilbert JF, Holliday RM, Elwood PC, Fehily AM, Rogers S, 
Sweetnam PM, Deadman NM. Effects of changes in fat, fish, and fibre 
intakes on death and myocardial reinfarction: Diet And Reinfarction Trial 
(DART). The Lancet. 1989;334:757-61. 

 3.  GISSI-Prevenzione Investigators. Dietary supplementation with n-3 
polyunsaturated fatty acids and vitamin E after myocardial infarction: 
results of the GISSI-Prevenzione trial. The Lancet. 1999;354:447-55. 

 4.  Kromhout D, Bosschieter EB, De Lezenne Coulander C. The inverse 
relation between fish consumption and 20-year mortality from coronary 
heart disease. N Engl J Med. 1985;312:1205-9. 

 5.  Siscovick DS, Raghunathan TE, King I, Weinmann S, Wicklund KG, 
Albright J, Bovbjerg V, Arbogast P, Smith H, Kushi et a. Dietary intake and 
cell membrane levels of long-chain n-3 polyunsaturated fatty acids and the 
risk of primary cardiac arrest. JAMA. 1995;274:1363-7. 

 6.  Brenna JT. Efficiency of conversion of alpha-linolenic acid to long chain n-3 
fatty acids in man. Curr Opin Clin Nutr Metab Care. 2002;5:127-32. 

 7.  Barber MD. Omega 3 fatty acids and cardiovascular disease: Algae can be 
source of "fish" oil. BMJ. 2004;328:406-b. 

 8.  Kris-Etherton PM, Harris WS, Appel LJ, and for the Nutrition Committee. 
Fish consumption, fish oil, omega-3 fatty acids, and cardiovascular disease. 
Circulation. 2002;106:2747-57. 

 9.  Loustarinen R, Boberg M, Saldeen T. Fatty acid composition in total 
phospholipids of human coronary arteries in sudden cardiac death. 
Atherosclerosis. 1993;99:187-93. 

 10.  Newman WP, Middaugh JP, Propst MT, Rogers DR. Atherosclerosis in 
Alaska Natives and non-natives. The Lancet. 1993;341:1056-7. 



Chapter 1 

 23 

 11.  Pedersen HS, Mulv,  G, Newm,  III, Boud, au DA. Atherosclerosis in 
coronary arteries and aorta among Greenlanders: an autopsy study. 
Atherosclerosis. 2003;170:93-103. 

 12.  Seidelin KN, Myrup B, Fischer-Hansen B. n-3 fatty acids in adipose tissue 
and coronary artery disease are inversely related. Am J Clin Nutr. 
2007;55:1117-9. 

 13.  Voruganti VS, Cai G, Cole SA, Freeland-Graves JH, Laston S, Wenger CR, 
MacCluer JW, Dyke B, Devereux R, Ebbesson SOE, Fabsitz RR, Howard 
BV, Comuzzie AG. Common set of genes regulates low-density lipoprotein 
size and obesity-related factors in Alaskan Eskimos: Results from the 
GOCADAN Study. Am J Hum Biol. 2006;18:525-31. 

 14.  Rapp JH, Connor WE, Lin DS, Porter JM. Dietary eicosapentaenoic acid 
and docosahexaenoic acid from fish oil. Their incorporation into advanced 
human atherosclerotic plaques. Atheroscler Thromb. 1991;11:903-11. 

 15.  Thies F, Garry JMC, Yaqoob P, Rerkasem K, Williams J, Shearman CP, 
Gallagher PJ, Calder PC, Grimble RF. Association of n-3 polyunsaturated 
fatty acids with stability of atherosclerotic plaques: a randomised 
controlled trial. The Lancet. 2003;361:477-85. 

 16.  Sacks FM, Stone PH, Gibson CM, Silverman DI, Rosner B, Pasternak RC. 
Controlled trial of fish oil for regression of human coronary 
atherosclerosis. J Am Coll Cardiol. 1995;25:1492-8. 

 17.  von Schacky C, Angerer P, Kothny W, Theisen K, Mudra H. The effect of 
dietary ω3 fatty acids on coronary atherosclerosis: A randomized, double-
blind, placebo-controlled trial. Annals of Internal Medicine. 1999;130:554-
62. 

 18.  Lam JY, Badimon JJ, Ellefson RD, Fuster V, Chesebro JH. Cod liver oil 
alters platelet-arterial wall response to injury in pigs. Circ Res. 1992;74:769-
75. 

 19.  Harker LA, Kelly AB, Hanson SR, Krupski W, Bass A, Osterud B, 
Fitzgerald GA, Goodnight SH, Connor WE. Interruption of vascular 
thrombus formation and vascular lesion formation by dietary n-3 fatty 
acids in fish oil in nonhuman primates. Circulation. 1993;87:1017-29. 



Introduction 

 24 

 20.  Iso H, Rexrode KM, Stampfer MJ, Manson JE, Colditz GA, Speizer FE, 
Hennekens CH, Willett WC. Intake of fish and omega-3 fatty acids and risk 
of stroke in women. JAMA. 2001;285:304-12. 

 21.  Hamer M and Steptoe A. Influence of specific nutrients on progression of 
atherosclerosis, vascular function, haemostasis and inflammation in 
coronary heart disease patients: a systematic review. Br J Nutr. 
2006;95:849-59. 

 22.  Phillipson BE, Rothrock DW, Connor WE, Harris WS, Illingworth DR. 
Reduction of plasma lipids, lipoproteins, and apoproteins by dietary fish 
oils in patients with hypertriglyceridemia. N Engl J Med. 1985;312:1210-6. 

 23.  Harris WS. N-3 fatty acids and serum lipoproteins: human studies. Am J 
Clin Nutr. 1997;65:1645S-54S. 

 24.  Pan M, Cederbaum AI, Zhang Y, Ginsberg HN, Williams KJ, Fisher EA. 
Lipid peroxidation and oxidant stress regulate hepatic apolipoprotein B 
degradation and VLDL production. J Clin Invest. 2004;113:1277-87. 

 25.  Park Y and Harris WS. Omega-3 fatty acid supplementation accelerates 
chylomicron triglyceride clearance. J Lipid Res. 2003;44:455-63. 

 26.  Hollander W. Role of hypertension in atherosclerosis and cardiovascular 
disease. Am J Cardiol. 1976;38:786-800. 

 27.  Geleijnse JM, Giltay EJ, Grobbee DE, Donders AR, Kok FJ. Blood pressure 
response to fish oil supplementation: metaregression analysis of 
randomized trials. J Hypertens. 2002;20:1493-9. 

 28.  Greenland P, Daviglus ML, Dyer AR, Liu K, Huang CF, Goldberger JJ, 
Stamler J. Resting heart rate is a risk factor for cardiovascular and 
noncardiovascular mortality: the Chicago Heart Association Detection 
Project in Industry. Am J Epidemiol. 1999;49:853-62. 

 29.  Shaper AG, Wannamethee G, Macfarlane PW, Walker M. Heart rate, 
ischaemic heart disease, and sudden cardiac death in middle-aged British 
men. Br Heart J. 1993;70:49-55. 

 30.  Wannamethee G, Shaper AG, Macfarlane PW, Walker M. Risk factors for 
sudden cardiac death in middle-aged British men. Circulation. 
1995;91:1749-56. 



Chapter 1 

 25 

 31.  Mozaffarian D, Geelen A, Brouwer IA, Geleijnse JM, Zock PL, Katan MB. 
Effect of fish oil on heart rate in humans: a meta-analysis of randomized 
controlled trials. Circulation. 2005;112:1945-52. 

 32.  O'Keefe J, Abuissa H, Sastre A, Steinhaus DM, Harris WS. Effects of 
omega-3 fatty acids on resting heart rate, heart rate recovery after exercise, 
and heart rate variability in men with healed myocardial infarctions and 
depressed ejection fractions. Am J Cardiol. 2006;97:1127-30. 

 33.  Kleiger RE, Miller JP, Bigger J, Moss AJ. Decreased heart rate variability 
and its association with increased mortality after acute myocardial 
infarction. Am J Cardiol. 1987;59:256-62. 

 34.  Farrell TG, Bashir Y, Cripps T, Malik M, Poloniecki J, Bennett ED, Ward 
DE, Camm AJ. Risk stratification for arrhythmic events in postinfarction 
patients based on heart rate variability, ambulatory electrocardiographic 
variables and the signal-averaged electrocardiogram. J Am Coll Cardiol. 
1991;18:687-97. 

 35.  Christensen JH, Gustenhoff P, Korup E, Aaroe J, Toft E, Moller J, 
Rasmussen K, Dyerberg J, Schmidt EB. Effect of fish oil on heart rate 
variability in survivors of myocardial infarction: a double blind 
randomised controlled trial. BMJ. 1996;312:677-8. 

 36.  Christensen MD, Korup MD, Aaroe MD, Toft MD, Moller MD. Fish 
consumption, n-3 fatty acids in cell membranes, and heart rate variability 
in survivors of myocardial infarction with left ventricular dysfunction. Am 
J Cardiol. 1997;79:1670-3. 

 37.  Radaelli A, Cazzaniga M, Viola A, Balestri G, Janetti MB, Signorini MG, 
Castiglioni P, Azzellino A, Mancia G, Ferrari AU. Enhanced baroreceptor 
control of the cardiovascular system by polyunsaturated fatty acids in 
heart failure patients. J Am Coll Cardiol. 2006;48:1600-6. 

 38.  Ness AR, Hughes J, Elwood PC, Whitley E, Smith GD, Burr ML. The long-
term effect of dietary advice in men with coronary heart disease: follow-up 
of the Diet and Reinfarction Trial (DART). Eur J Clin Nutr. 2002;56:757-61. 

 39.  Marchioli R, Barzi F, Bomba E, Chieffo C, Di Gregorio D, Di Mascio R, 
Franzosi MG, Geraci E, Levantesi G, Maggioni AP, Mantini L, Marfisi RM, 
Mastrogiuseppe G, Mininni N, Nicolosi GL, Santini M, Schweiger C, 
Tavazzi L, Tognoni G, Tucci C, Valagussa F, on behalf of the GISSI-



Introduction 

 26 

Prevenzione Investigators. Early protection against sudden death by n-3 
polyunsaturated fatty acids after myocardial infarction: Time-course 
analysis of the results of the Gruppo Italiano per lo Studio della 
Sopravvivenza nell'Infarto Miocardico (GISSI)-Prevenzione. Circulation. 
2002;105:1897-903. 

 40.  Albert CM, Hennekens CH, O'Donnell CJ, Ajani UA, Carey VJ, Willett WC, 
Ruskin JN, Manson JE. Fish consumption and risk of sudden cardiac death. 
JAMA. 1998;279:23-8. 

 41.  Albert CM, Campos H, Stampfer MJ, Ridker PM, Manson JE, Willett WC, 
Ma J. Blood levels of long-chain n-3 fatty acids and the risk of sudden 
death. N Engl J Med. 2002;346:1113-8. 

 42.  Ascherio A, Rimm EB, Stampfer MJ, Giovannucci EL, Willett WC. Dietary 
intake of marine n-3 fatty acids, fish intake, and the risk of coronary 
disease among men. N Engl J Med. 1995;332:977-83. 

 43.  Burr ML, Ashfield-Watt PAL, Dunstan FDJ. Lack of benefit of dietary 
advice to men with angina: results of a controlled trial. Eur J Clin Nutr. 
2003;57:193-200. 

 44.  Raitt MH, Connor WE, Morris C, Kron J, Halperin B, Chugh SS, 
McClelland J, Cook J, MacMurdy K, Swenson R, Connor SL, Gerhard G, 
Kraemer DF, Oseran D, Marchant C, Calhoun D, Shnider R, McAnulty J. 
Fish oil supplementation and risk of ventricular tachycardia and 
ventricular fibrillation in patients with implantable defibrillators: A 
randomized controlled trial. JAMA. 2005;293:2884-91. 

 45.  Brouwer IA, Zock PL, Camm AJ, Bocker D, Hauer RNW, Wever EFD, 
Dullemeijer C, Ronden JE, Katan MB, Lubinski A, Buschler H, Schouten 
EG, :SOFA Study Group. Effect of fish oil on ventricular tachyarrhythmia 
and death in patients with implantable cardioverter defibrillators: The 
study on omega-3 fatty acids and ventricular arrhythmia (SOFA) 
randomized trial. JAMA. 2006;295:2613-9. 

 46.  Leaf A, Albert CM, Josephson M, Steinhaus D, Kluger J, Kang JX, Cox B, 
Zhang H, Schoenfeld D. Prevention of fatal arrhythmias in high-risk 
subjects by fish oil n-3 fatty acid intake. Circulation. 2005;112:2762-8. 

 47.  Janse MJ. Electrophysiological changes in heart failure and their 
relationship to arrhythmogenesis. Cardiovasc Res. 2004;61:208-17. 



Chapter 1 

 27 

 48.  Baartscheer A, Schumacher CA, Belterman CNW, Coronel R, Fiolet JWT. 
SR calcium handling and calcium after-transients in a rabbit model of heart 
failure. Cardiovasc Res. 2003;58:99-108. 

 49.  Janse MJ and Wit AL. Electrophysiological mechanisms of ventricular 
arrhythmias resulting from myocardial ischemia and infarction. Physiol 
Rev. 1989;69:1049-169. 

 50.  Fozzard HA. Afterdepolarizations and triggered activity. Basic Res 
Cardiol. 1992;87:105-13. 

 51.  Nuss HB, Kääb S, Kass DA, Tomaselli GF, Marban E. Cellular basis of 
ventricular arrhythmias and abnormal automaticity in heart failure. Am J 
Physiol Heart Circ Physiol. 1999;277:H80-H91. 

 52.  Mines GR. On dynamic equilibrium in the heart. J Physiol. 1913;46:349-83. 

 53.  Mines GR. On circulating excitations in heart muscle and their possible 
relation to tachycardia and fibrillation. Trans Roy Soc Can. 1914;8:43-52. 

 54.  The Cardiac Arrhythmia Suppression Trial (CAST) Investigators. 
Preliminary report: effect of encainide and flecainide on mortality in a 
randomized trial of arrhythmia suppression after myocardial infarction. N 
Engl J Med. 1989;321:406-12. 

 55.  The Cardiac Arrhythmia Suppression Trial II Investigators. Effect of the 
antiarrhythmic agent moricizine on survival after myocardial infarction. N 
Engl J Med. 1992;327:227-33. 

 56.  Nattel S, Pederson DH, Zipes DP. Alterations in regional myocardial 
distribution and arrhythmogenic effects of aprindine produced by 
coronary artery occlusion in the dog. Cardiovasc Res. 1981;15:80-5. 

 57.  Waldo AL, Camm AJ, deRuyter H, Friedman PL, MacNeil DJ, Pauls JF, Pitt 
B, Pratt CM, Schwartz PJ, Veltri EP. Effect of d-sotalol on mortality in 
patients with left ventricular dysfunction after recent and remote 
myocardial infarction. The Lancet. 1996;348:7-12. 

 58.  Lehmann M, Hardy S, Archibald D, Quart B, MacNeil D. Sex Difference in 
Risk of Torsade de Pointes With d,l-Sotalol. Circulation. 1996;94:2535-41. 



Introduction 

 28 

 59.  Danish Investigations of Arrhythmia and Mortality on Dofetilide Study 
Group, Torp-Pederson C, Moller M, Bloch-Thomsen PE, Kober L, Sandoe 
E, Egstrup K, Agner E, Carlsen J, Videbaek J, Marchant B, Camm AJ. 
Dofetilide in patients with congestive heart failure and left ventricular 
dysfunction. Danish Investigations of Arrhythmia and Mortality on 
Dofetilide Study Group. N Engl J Med. 1999;341:857-65. 

 60.  Boutitie F, Boissel JP, Connolly SJ, Camm AJ, Cairns JA, Julian DG, Gent 
M, Janse MJ, Dorian P, Frangin G. Amiodarone interaction with β-blockers: 
Analysis of the merged EMIAT (European Myocardial Infarct Amiodarone 
Trial) and CAMIAT (Canadian Amiodarone Myocardial Infarction Trial) 
databases. Circulation. 1999;99:2268-75. 

 61.  Sharpe N. Benefit of β-blockers for heart failure: proven in 1999. The 
Lancet. 1999;353:1988-9. 

 62.  Teo KK, Yusuf S, Furberg CD. Effects of prophylactic antiarrhythmic drug 
therapy in acute myocardial infarction. An overview of results from 
randomized controlled trials. JAMA. 1993;270:1589-95. 

 63.  Kjekshus JK. Importance of heart rate in determining β-blocker efficacy in 
acute and long-term acute myocardial infarction intervention trials. Am J 
Cardiol. 1986;57:43-F-49-F. 

 64.  Ander BP, Weber AR, Rampersad PP, Gilchrist JSC, Pierce GN, Lukas A. 
Dietary flaxseed protects against ventricular fibrillation induced by 
ischemia-reperfusion in normal and hypercholesterolemic rabbits. J Nutr. 
2004;134:3250-6. 

 65.  Bogdanov KY, Spurgeon HA, Vinogradova TM, Lakatta EG. Modulation of 
the transient outward current in adult rat ventricular myocytes by 
polyunsaturated fatty acids. Am J Physiol Heart Circ Physiol. 
1998;274:H571-H579. 

 66.  Kang JX. Free, long-chain, polyunsaturated fatty acids reduce membrane 
electrical excitability in neonatal rat cardiac myocytes. Proc Natl Acad Sci. 
1995;92:3997-4001. 

 67.  Macleod JC, Macknight ADC, Rodrigo GC. The electrical and mechanical 
response of adult guinea pig and rat ventricular myocytes to omega-3 
polyunsaturated fatty acids. Eur J Pharmacol. 1998;356:261-70. 



Chapter 1 

 29 

 68.  Dhein S, Michaelis B, Mohr FW. Antiarrhythmic and electrophysiological 
effects of long-chain omega-3 polyunsaturated fatty acids. Naunyn 
Schmiedebergs Arch Pharmacol. 2005;371:202-11. 

 69.  Doolan GK, Panchal RG, Fonnes EL, Clarke AL, Williams DA, Petrou S. 
Fatty acid augmentation of the cardiac slowly activating delayed rectifier 
current (IKs) is conferred by hminK. FASEB J. 2002;12:1662-4. 

 70.  Ferrier GR, Redondo I, Zhu J, Murphy MG. Differential effects of 
docosahexaenoic acid on contractions and L-type Ca2+ current in adult 
cardiac myocytes. Cardiovasc Res. 2002;54:601-10. 

 71.  Guizy M, Arias C, David M, Gonzalez T, Valenzuela C. Omega-3 and 
omega-6 polyunsaturated fatty acids block HERG channels. AJP - Cell 
Physiology. 2005;289:C1251-C1260. 

 72.  Leifert WR, McMurchie EJ, Saint DA. Inhibition of cardiac sodium currents 
in adult rat myocytes by n-3 polyunsaturated fatty acids. J Physiol. 
1999;520:671-9. 

 73.  Singleton CB, Valenzuela SM, Walker BD, Tie H, Wyse KR, Bursill JA, Qiu 
MR, Breit SN, Campbell TJ. Blockade by n-3 polyunsaturated fatty acid of 
the Kv4.3 current stably expressed in Chinese hamster ovary cells. Br J 
Pharmacol. 1999;127:941-8. 

 74.  Xiao YF, Kang JX, Morgan JP, Leaf A. Blocking effects of polyunsaturated 
fatty acids on Na+ channels in neonatal rat ventricular myocytes . Proc Natl 
Acad Sci. 1995;92:11000-4. 

 75.  Xiao YF, Gomez AM, Morgan JP, Lederer WJ, Leaf A. Suppression of 
voltage-gated L-type Ca2+ currents by polyunsaturated fatty acids in adult 
and neonatal rat ventricular myocytes. Proc Natl Acad Sci. 1997;94:4182-7. 

 76.  Xiao YF, Wright SN, Wang GK, Morgan JP, Leaf A. Fatty acids suppress 
voltage-gated Na+ currents in HEK293t cells transfected with the alpha 
subunit of the human cardiac sodium channel. Proc Natl Acad Sci. 
1998;95:2680-5. 

 77.  Xiao YF, Ke Q, Wang SY, Auktor K, Yang Y, Wang GK, Morgan JP, Leaf A. 
Single point mutations affect fatty acid block of human myocardial sodium 
channel alpha subunit Na+ channels. Proc Natl Acad Sci. 2001;98:3606-11. 



Introduction 

 30 

 78.  Xiao YF, Morgan JP, Leaf A. Effects of polyunsaturated fatty acids on 
cardiac voltage-activated K+ currents in adult ferret cardiomyocytes. Sheng 
Li Xue Bao. 2002;54:271-81. 

 79.  Xiao YF, Ke Q, Chen Y, Morgan JP, Leaf A. Inhibitory effect of n-3 fish oil 
fatty acids on cardiac Na+/Ca2+ exchange currents in HEK293t cells. 
Biochem Biophys Res Commun. 2004;321:116-23. 

 80.  Billman GE, Kang JX, Leaf A. Prevention of sudden cardiac death by 
dietary pure omega-3 polyunsaturated fatty acids in dogs. Circulation. 
1999;99:2452-7. 

 81.  Dujardin K, Dumotier B, Hondeghem L. Dietary supplementation with n-3 
polyunsaturated fatty acids: A far less toxic alternative and perhaps 
superior antiarrhythmic therapy to amiodarone? Circulation 112 (Suppl S). 
2005;U554. 

 82.  McLennan PL, Abeywardena MY, Charnock JS. Dietary fish oil prevents 
ventricular fibrillation following coronary artery occlusion and 
reperfusion. Am Heart J. 1988;116:709-17. 

 83.  McLennan PL, Bridle TM, Abeywardena MY, Charnock JS. Dietary lipid 
modulation of ventricular fibrillation threshold in the marmoset monkey. 
Am Heart J. 1992;123:1555-61. 

 
 



Chapter 2 

 31 

 

Pro- and antiarrhythmic properties of a diet 

rich in fish oil 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cardiovascular Research 2007; 73: 316-325 



Pro- and antiarrhythmic properties of a diet rich in fish oil 

 

 32 

Abstract 

 

Increased consumption of fish rich in omega-3 polyunsaturated fatty acids (ω3-

PUFAs) is associated with decreased incidence of sudden cardiac death in post 

myocardial infarction patients, but is also related to increased incidence of sudden 

death and arrhythmias in patients with acute myocardial ischemia. This review 

discusses the possible anti- and proarrhythmic mechanisms of ω3-PUFAs in 

relation with various cardiac pathologies. Differences between circulating and 

incorporated ω3-PUFAs on electrophysiology are emphasized.  

 We conclude that ω3-PUFAs alter cardiac electrophysiology and thereby 

may be pro- or antiarrhythmic, dependent on the mechanism of arrhythmia. As 

ω3-PUFAs may be antiarrhythmic under conditions that favour triggered activity, 

they may facilitate re-entrant arrhythmias. This may explain the contradicting 

outcomes of increased intake of fish oil on sudden death and arrhythmias in 

clinical trials.  

 An advice to increase intake of ω3-PUFA supplements or fatty fish should 

be tailored to individual patients with respect to the arrhythmogenic mechanisms 

associated with the underlying pathology.  
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Introduction 

 

Epidemiological studies support a protective effect of omega-3 polyunsaturated 

fatty acids (ω3-PUFAs) on cardiac death and, more specifically, on sudden cardiac 

death.1 The Physicians Health Study reported that eating fish at least once a week 

was associated with a reduced risk of sudden cardiac death, but not of myocardial 

infarction in men.1 In particular men with high blood levels of ω3-PUFAs had risk 

reductions of sudden death up to 90%.2 As sudden cardiac death is in the majority 

of cases preceded by ventricular arrhythmias, it has been suggested that ω3-PUFAs 

are antiarrhythmic. 

 The risk reductions in sudden death by ω3-PUFAs were confirmed in 

several randomized controlled trials.3,4 In DART, men with a prior MI were 

advised to increase their fatty fish intake. Two years later, a 29% reduction in all-

cause mortality was observed in the fish advised group compared to the control 

group.3 The GISSI-Prevenzione Trial, a randomized clinical trial, investigated the 

effects of ω3-PUFAs supplements in the secondary prevention of myocardial 

infarction.4 Treatment with ω3-PUFAs lowered mortality and sudden cardiac death 

was reduced by 45%.4 

 Following publication of these data, the American Heart Association 

issued an advise to eat (fatty) fish at least two times a week.5 Patients with 

documented coronary heart disease are recommended by the American Heart 

Association to consume about 1 g of fish oil fatty acids eicosapentaenoic acid (EPA) 

and docosahexaenoic acid (DHA) per day. Figure 1 displays the structural 

formulas of EPA and DHA. 

 

 
 
Figure 1. Structural formulas of fish oil fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). 
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 Contrary to reports on beneficial effects of fish oil, DART-2 reported that 

fish oil supplementation resulted in an increase in cardiac death in patients with 

angina pectoris.6 Moreover, in patients with implanted cardioverter defibrillators 

(ICDs) fish oil supplementation resulted in a proarrhythmic response.7 Two other 

trials reported that fish oil supplementation in patients with ICDs did not result in 

a pro- or antiarrhythmic response.8,9 A systematic review concluded that additional 

intake of ω3-PUFAs does not have clear effects on mortality and cardiovascular 

events.10 The reduction in cardiovascular mortality by ω3-PUFAs may be limited to 

a population subgroup (e.g. patients with myocardial infarction and with heart 

failure).10 Indeed, fish oil supplementation reduced sudden cardiac death in post 

myocardial infarction patients4 while an increased risk of cardiac death was 

observed in patients with angina pectoris.3,6 This may be related to different 

mechanisms of the prevailing arrhythmia in these population subgroups. 

Arrhythmias in heart failure are induced by triggered activity,11,12 while those in 

acute myocardial ischemia are caused by reentry.13  

 Increased mortality has also been observed in several antiarrhythmic drug 

trials.14,15,16,17 The main reason for the disappointing outcomes in these trials is that 

drugs that suppress one type of arrhythmia may facilitate another. As a 

consequence, the Sicilian Gambit Working Group initiated a rational approach to 

study antiarrhythmic drugs against the background of various arrhythmia 

mechanisms and their vulnerable parameters.18 A similar approach is required to 

study the effects of fish oil supplementation on arrhythmias. 

 In this paper we review the electrophysiological effects of ω3-PUFAs in 

fish oil, EPA and DHA, against the vulnerable parameters of life-threatening 

arrhythmias. Differences between circulating and incorporated ω3-PUFAs on 

electrophysiology are emphasized. Modulating factors of the autonomic nervous 

system and intracellular pathways are outside the scope of this review.  

 

Arrhythmogenic mechanisms 

 

Arrhythmia mechanisms are traditionally divided into abnormalities in impulse 

initiation (triggered activity, automaticity) and abnormalities in impulse 

conduction (reentry).19 Life-threatening arrhythmias are predominantly caused by 

triggered activity and reentry. This review limits itself to these mechanisms. 
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Abnormal automaticity only plays a minor role in the sub-acute phase of ischemia 

and does not lead to life-threatening arrhythmias13 and thus has minor relevance 

for the effects of fish oil on sudden cardiac death  in the population. 

 

Triggered activity and reentry mechanisms 

 

Triggered activity may arise from early and delayed afterdepolarizations.20 An 

early afterdepolarization (EAD, Figure 3, panel A (top)) occurs when the action 

potential is prolonged during slow cardiac rhythms.21 They may give rise to a 

particular polymorphic ventricular tachycardia named Torsade de Pointes after its 

typical appearance of the electrocardiogram. The congenital or acquired long-QT 

syndrome is a predisposing disorder which can lead to ventricular tachycardia and 

ultimately sudden death from these arrhythmias. One of the antiarrhythmic 

interventions for EADs is action potential shortening. 

 A delayed afterdepolarization (DAD, Figure 3, panel A (bottom)) can occur 

during rapid rhythms when intracellular Ca2+ is elevated e.g. in heart failure. 

Antiarrhythmic interventions for DADs include action potential shortening, 

slowing heart rate, lowering intracellular Ca2+ and reducing cardiac excitability. 

Both types of afterdepolarizations may form the trigger for a re-entrant 

arrhythmia. 

 In normal heart, an impulse is generated by the sinus node and dies out 

when the whole heart has been activated. Reentry occurs if the same impulse 

continues to re-excite tissue. It is a mechanism for the maintenance of arrhythmias 

(Figure 3, panel B). Conditions that favour a re-entrant circuit to arise are slow 

conduction and short refractory periods (the mathematical product of conduction 

velocity and refractory period -the wavelength- determines the length of the 

circle).13 In addition, the presence of a unidirectional block is prerequisite for a re-

entrant circuit to arise.22  

 

Action potential duration, excitability and conduction velocity  

Interventions aimed to alter action potential duration, excitability and conduction 

velocity can have both anti- and proarrhythmic actions, depending on the 

mechanism of arrhythmia. Action potential shortening is antiarrhythmic when the 
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underlying arrhythmia is caused by triggered activity initiated by EADs or DADs. 

However, action potential shortening promotes reentry by shortening the 

refractory period and, therefore, the wavelength. Conversely, action potential 

prolongation is an antiarrhythmic strategy for reentry, but may induce EADs and 

thereby Torsade de Pointes. 

 Reducing cardiac excitability is an antiarrhythmic intervention when the 

underlying arrhythmia is based on triggered activity. However, it may also slow 

conduction, one of the conditions that favour reentry. 

 In the following section we review the effects of fish oil on 

arrhythmogenesis, vulnerable parameters of arrhythmias,18 sarcolemmal ion 

currents and intracellular Ca2+ handling. We will make a distinction between acute 

administrations of ω3-PUFAs to ventricular myocytes and ω3-PUFAs incorporated 

into the sarcolemma of ventricular myocytes caused by a dietary intervention with 

fish oil. These treatments have dissimilar electrophysiological consequences 

although they are often presented as counterparts. 

 

Experimental studies of fish oil on arrhythmias and electrophysiology 

 

Fish oil and experimental arrhythmias 

McLennan et al.23 studied arrhythmias, induced by myocardial ischemia, in rats fed 

a 3-month diet rich in tuna fish oil, sunflower oil, or sheep fat. Only rats fed the 

tuna fish oil rich diet were protected from ischemia- and reperfusion-induced 

ventricular fibrillation.23 Identical experiments in marmoset monkeys showed that 

a long term diet (30 months) rich in tuna fish oil increased ventricular fibrillation 

threshold and resulted in a lower incidence of sustained ventricular fibrillation.24 A  

diet rich in fish oil protected rabbits against dofetilide-induced Torsade de 

Pointes.25  

 Not only a diet, but also intravenous administration of a fish oil emulsion 

reduces cardiac arrhythmias. Intravenous administration of EPA or DHA was 

studied in a dog model of cardiac sudden death where anterior myocardial 

infarction was created surgically. A hydraulic inflatable cuff was placed around the 

left circumflex artery so it could be compressed at will.26 After recovery from 

surgery, the dogs were trained to run on a treadmill. During the final minute of a 
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20-minute episode of exercise, the circumflex artery was occluded. Dogs with 

reproducible ventricular fibrillation were selected for the experiments. Intravenous 

administration of EPA or DHA prevented fatal ischemia-induced arrhythmias.26 

An uncontrolled pilot study in patients with ICDs who had repeated episodes of 

ventricular tachycardia showed that infusion of ω3-PUFAs during 

electrophysiological testing reduced the inducibility of sustained ventricular 

tachycardia in 5 out of 7 patients.27 However, an important drawback of these two 

infusion studies is that proarrhythmia cannot be revealed as a direct consequence 

of the study designs. In cellular experiments, acute administration of EPA reduced 

the incidence of DADs in isolated myocytes from rabbits with heart failure.28 

 A meta-analysis evaluating the effects of fish oil on arrhythmia outcome in 

various animal studies concluded that EPA and DHA can prevent arrhythmias in 

ischemia- but not reperfusion- induced arrhythmia models.29 However, this study 

did not discriminate between dietary administration of fish oil and direct infusion 

of fish oil in the different animal models.   

 

Action potential duration, excitability and conduction velocity 

Acute administration of 5-25 µM ω3-PUFAs resulted in action potential shortening 

in neonatal rat cardiomyocytes, rabbit ventricular myocytes and guinea pig 

ventricular myocytes, respectively.30,31,32 Action potential shortening caused by 

superfusion of 10 µM EPA was accompanied by a threefold increase in relative 

refractory period in neonatal rat cardiomyocytes.31 Normally, this phenomenon is 

referred to as post-repolarization refractoriness and is only present in depolarized 

cells during myocardial ischemia.13 However, the increase in relative refractory 

period occurred at normal resting membrane potentials and can, therefore, only be 

explained by reduced membrane excitability.31  

 Incorporated ω3-PUFAs, resulting from a diet rich in fish oil in pigs, also 

lead to action potential shortening in isolated ventricular myocytes.33 Rabbits fed a 

diet rich in α-linolenic acid (ALA), an ω3-PUFA from flaxseed, had shorter QT 

intervals compared to control.30  

On the contrary, direct infusion of (1-20 µM) ALA and EPA prolonged QTc in 

isolated rabbit hearts.34 Also, in adult rat ventricular myocytes, an increase in 

action potential duration was observed with low (<10 µM) ω3-PUFA 

concentrations, whereas action potential duration was decreased with higher (>10 
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µM) ω3-PUFA concentrations.32,35 Therefore, ω3-PUFAs may shorten or prolong 

action potential duration, depending on differences in species and on whether they 

are circulating (through acute administration) or incorporated into the sarcolemma 

(dietary administration). Figure 2 shows typical examples of action potential 

duration changes in response to either incorporated or acutely superfused ω3-

PUFAs. 

 

 
 
Figure 2, A; Action potentials recorded from isolated ventricular myocytes from pigs fed a control diet (Control) or a diet rich in 

fish oil (ω3). Incorporation of ω3-PUFAs results in action potential shortening. B; Action potentials recorded after acute 

administration of different concentrations of ω3-PUFAs in guinea pig ventricular myocytes. Acute administration of ω3-PUFAs 

results in action potential shortening. C; Action potentials recorded after acute administration of different concentrations of ω3-

PUFAs in adult rat ventricular myocytes. Acute administration of ω3-PUFAs results in both prolongation and shortening of the 

action potential. Adapted from32, with permission of Elsevier. 

 

 Membrane excitability in single cardiomyocytes was reduced following 

acute administration of fish oil fatty acids EPA and DHA (5-10 µM).31 EPA 

stabilized the resting membrane potential and increased diastolic stimulation 

threshold.31 This finding is in line with observations in Langendorff-perfused 

rabbit hearts, where direct infusion of (1-20 µM) EPA and DHA increased the 

threshold for induction of a ventricular extrasystole in a concentration-dependent 

manner.34 Contrarily, excitability of ventricular myocytes isolated from pigs fed a 

diet rich in fish oil was unchanged by incorporated ω3-PUFAs.33 In the same 

model, maximal upstroke velocity remained the same, suggesting that a diet rich in 

fish oil does not modify conduction velocity. 

 Direct addition of DHA (1-20 µM) to the perfusate of spontaneously 

beating isolated rabbit hearts resulted in a reduction of longitudinal and 

transversal conduction velocities, although the latter to a lesser extent.34 This may 

point to reduced sodium channel availability34 and/or reduced gap junction 

conductance. At present, the effect of fish oil on gap junction intracellular 
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communication is unknown. Results of fish oil on sodium channels are reviewed in 

the following section. 

 In conclusion, fish oil alters vulnerable parameters important in 

arrhythmogenesis, dependent on the manner of administration. Alterations in 

transmembrane currents underlie these changes.  

 

Ion channels, exchangers and intracellular calcium handling 

Figure 3, panel C illustrates the cardiac ventricular action potential (top). The 

numbers 0-4 define the various phases of the action potential. They respectively 

represent: The upstroke of the action potential (phase 0); Initial rapid 

repolarization, also denominated as the notch of the action potential (phase 1); The 

action potential plateau, or persistent depolarization of the action potential, (phase 

2); Rapid repolarization (phase 3) and diastole (phase 4).36 The time courses of the 

most relevant transmembrane currents that underlie the ventricular action 

potential are shown in the bottom panel. Inward, depolarizing currents are 

schematically represented by a downward deflection. Outward, repolarizing 

currents are represented by an upward deflection. 

 

 
 

Figure 3, A; early afterdepolarization (EAD, top panel) and delayed afterdepolarization (DAD, bottom panel). B; Schematic 

representation of normal conduction and a reentrant circuit. C; Normal ventricular action potential (top panel). Numbers denote 

the different phases of the ventricular action potential. The underlying ion currents and their schematic time course (bottom 

panel). See text for identification of the currents. 
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Sodium current 

The cardiac sodium current (INa) is responsible for the upstroke of the action 

potential and plays an important role in impulse conduction (Figure 3, panel C). 

Peak INa was reduced by 51% after acute administration of EPA and DHA (5-10 

µM) in neonatal rat cardiomyocytes.37 In addition, these concentrations of EPA and 

DHA shifted steady-state inactivation by ~20 mV towards more negative 

potentials, without modifying activation properties. Similar results were obtained 

in human embryonic kidney (HEK293t) cells upon expression of the pore-forming 

subunit cDNA of the human cardiac sodium channel, hH1α, in HEK293t cells.38 INa 

was suppressed in a concentration and voltage-dependent manner by extracellular 

application of EPA. Furthermore, steady state inactivation of INa was shifted by ~27 

mV towards more negative potentials. EPA enhanced slow inactivation and  

markedly prolonged recovery from inactivation of hH1α.38 Several other ω3-

PUFAs had similar effects on hH1α as EPA.38 Generally, ω3-PUFAs showed higher 

affinity to block channels that were in the inactivated state compared to channels in 

closed or resting state.38 Interestingly, substitution of a single amino acid, 

asparagine with lysine at site 406 (N406K) in the D1-S6 region of hH1α reduced the 

potency of EPA to inhibit INa suggesting a direct interaction between EPA and the 

ion channel protein.39 

 Activation properties of the sodium channel were unaltered by acute 

administration of EPA and DHA in both neonatal rat cardiomyocytes and HEK293t 

cells expressing hH1α cDNA, respectively.37,38 However, in adult rat ventricular 

myocytes, acute administration of ω3-PUFAs (25 µM) shifted the voltage 

dependence of activation of the cardiac sodium channel to more positive 

potentials.40 In this study, the effects of EPA and DHA on the cardiac sodium 

channel correlated with their ability to increase membrane fluidity.40 Mutations in 

the α-subunit of human cardiac Na+ channel cause an inactivation-deficient Na+ 

channel with a long-lasting persistent INa. This late INa was more sensitive to 

suppression by ω3-PUFAs (IC50 <1 µM) compared to the corresponding peak INa 

(IC50 <5 µM) in HEK-293t cells.41 

 In contrast with the acute effects, peak INa was unaffected by incorporated 

ω3-PUFAs in ventricular myocytes isolated from pigs and rats that were fed a diet 

rich in fish oil.33,42 In both studies voltage dependence of activation remained 
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unaltered, whereas a shift (<8 mV) in inactivation towards more negative 

potentials was observed.33,42 

 In conclusion, acutely administered ω3-PUFAs reduce INa.37,38,40 This 

contributes to the observed reduction in excitability and to slowing of ventricular 

conduction.31,34 However, incorporated ω3-PUFAs do not alter INa.33,42  

 

Calcium current (L and T type) 

The L-type calcium current (ICa,L) is responsible for the plateau and contributes to 

the duration of the ventricular action potential (Figure 3, panel C).   

 ICa,L was suppressed by acute administration of ω3-PUFAs in a 

concentration-dependent manner (IC50 <10 µM) in ventricular myocytes (neonatal 

rat, adult rat and guinea pig).32,43,44 Activation properties of ICa,L remained 

unchanged, and a negative shift of steady-state inactivation was observed 

following acute administration of ω3-PUFAs.43 Block of ICa,L by acutely 

administered DHA (10 µM) was also demonstrated by Ferrier et al.44 in guinea pig 

ventricular myocytes. Remarkably, ω3-PUFAs reduced ICa,L, while preserving 

myocardial function.44  

 Incorporation of ω3-PUFAs into the sarcolemma also reduced ICa,L (~20%), 

leaving activation properties unaltered.33 At plateau potentials, ‘reopening’ of the 

L-type calcium channel was reduced in ventricular myocytes with incorporated 

ω3-PUFAs compared to control ventricular myocytes.33 This may prevent EAD 

formation and thereby triggered activity.33  

 The effects of acute and incorporated ω3-PUFAs on T-type calcium 

channels of the heart have not yet been described. However, it appears that the 

effects of acutely administered EPA and DHA on adrenal T-type calcium channels 

are similar to those described for L-type calcium channels.45  

 In conclusion, acute administration of ω3-PUFAs to ventricular myocytes 

reduces ICa,L43,44 and thereby lowers the plateau of the action potential. 

Incorporated ω3-PUFAs also reduce ICa,L and, more importantly, inhibit ‘reopening’ 

of the calcium channel at plateau potentials. This may prevent EADs and Torsade 

de Pointes.33   
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Repolarizing currents 

Early rapid repolarization or the notch of the action potential (phase 1) is caused by 

the transient outward current, carried by potassium ions (Ito1) and/or chloride ions 

(ICl(Ca) or Ito2) (Figure 3, panel C). Ito is larger in subepicardial ventricular myocytes 

compared to mid- and endomyocardial ventricular myocytes and thereby 

contributes to transmural dispersion in repolarization.46 The slow and rapid 

components of the delayed rectifier current (IKs and IKr, respectively) are 

responsible for rapid repolarization (phase 3) of the action potential. The inward 

rectifier current (IK1) contributes to the terminal phase of repolarization and to 

maintenance of the resting membrane potential.   

 The Kv4.3 gene encodes a large proportion of the ion channel responsible 

for Ito1. DHA blocked the Kv4.3 current in a concentration dependent manner with 

an IC50 of ~4 µM in a stable transfected mammalian cell line.47 Ito1 was inhibited 

following acute administration of EPA and DHA (IC50 <10 µM) in rat and ferret 

ventricular myocytes.32,35,48 In the presence of the antioxidant alpha-tocopherol, the 

inhibiting effect of DHA on Ito1 is less pronounced, but still significant in rat 

ventricular myocytes.49 However, incorporated ω3-PUFAs did not alter Ito1 in 

ventricular myocytes isolated from rats fed a diet rich in fish oil.33  

 Block of Ito1 would be expected to attenuate transmural dispersion of 

repolarization and thereby prevent reentrant tachyarrhythmias46 but so far the 

effects of fish oil on transmural dispersion of repolarization have not been 

investigated. 

  IK decreased following acute administration of EPA and DHA with an IC50 

of 20 µM in ferret cardiomyocytes.48 IK consists of two components IKr and IKs. 

Acutely administered DHA (10 µM) blocked the human ether-a-go-go-related gene 

(HERG) channel which encodes the pore-forming subunit of the ion channel 

carrying IKr in a time-, voltage- and use-dependent manner.50 These data suggested 

that DHA preferentially binds to the open state of the channel.50 However, 

incorporated ω3-PUFAs did not cause any change in IKr of pig ventricular 

myocytes.33 

 IKs has been studied in Xenopus oocytes upon expression of the channel 

pore-forming subunit, KvLQT1, in the presence or absence of the auxiliary subunit, 

hminK. IKs was enhanced (~32%) by acute administration of DHA (20 µM), but not 

by EPA.51 Upon incorporation of ω3-PUFAs, IKs was increased (~70%) in pig 

ventricular myocytes.33  
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 A decrease of IKr following acute administration of ω3-PUFAs may, at least 

in part, explain why ω3-PUFAs prolong the action potential as less repolarizing 

current is present during the repolarization phase of the action potential. On the 

other hand, augmentation of IKs by acutely administered ω3-PUFAs leads to 

increased repolarizing current during the repolarization phase of the action 

potential. Whether the observed changes in repolarizing potassium currents 

caused by ω3-PUFAs lead to action potential prolongation or shortening will 

largely depend on the delicate balance between these and other depolarizing and 

repolarizing currents, species-differences regarding channel protein expression 

and the concentration of EPA and DHA in the superfusate.32 

 IK1 did not change upon acute administration of ω3-PUFAs in ferret 

cardiomyocytes.48 Incorporation of  ω3-PUFAs resulted in an increase of IK1 by 

~50% in ventricular myocytes isolated from pig fed a diet rich fish oil.33 Increased 

IK1 by incorporated ω3-PUFAs contributes to the observed action potential 

shortening.33 In addition, an increase in IK1 may decrease excitability and thereby 

reduce DADs and triggered activity. 

 The transient outward current is not always carried by potassium ions but 

is, in several species, carried by chloride ions (ICl(Ca)).33 Data on ICl(Ca) following 

acute administration of ω3-PUFAs are lacking. Incorporation of ω3-PUFAs into 

ventricular myocytes left ICl(Ca) unaltered.33  

 

Other currents that affect action potential shape and duration, e.g. ultra-rapid 

delayed rectifier K+ current, have not yet been investigated in the presence of 

(circulating or incorporated) ω3-PUFAs.  

 

Na+/Ca2+ exchanger 

The Na+/Ca2+ exchanger (NCX) exchanges 3 Na+ ions for 1 Ca2+ ion and is 

therefore electrogenic. It can generate inward or outward current and contributes 

to the shape and duration of the action potential (Figure 3, panel C). 

 Outward and inward Na+/Ca2+ exchanger current (INCX) was inhibited by 

acute administration of ω3-PUFAs (IC50 <1 µM) in HEK293t cells.52   

 Leifert et al.53  showed that a diet rich in fish oil increased the time constant 

of decay of Ca2+ transients in response to caffeine in isolated rat cardiomyocytes 

and suggested that NCX was involved. This finding was supported by experiments 
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in ventricular myocytes, where both outward and inward INCX were reduced by 

~60% in the presence of incorporated ω3-PUFAs.33 Inhibition of INCX results in 

action potential shortening because less depolarizing current is available during 

the final repolarizing phase of the action potential (Figure 3).33,52 Furthermore, INCX 

contributes to DAD formation after spontaneous sarcoplasmic reticulum Ca2+-

release. Possibly, reduced INCX by both acute administration and incorporated ω3-

PUFAs reduce DADs and triggered activity.  Iso- and lusitropic effects of fish oil 

are outside the scope of this review. An antiarrhythmic action of fish oil may occur 

together with negative lusitropy. 

 

Calcium homeostasis and sarcoplasmic reticulum function 

Intracellular Ca2+ handling plays an important role in the genesis of triggered 

activity.54 In experiments on rat ventricular myocytes, acute administration of EPA 

(1.5-15 µM) reduced the amplitude of Ca2+ transients and Ca2+ sparks without 

modifying Ca2+ spark kinetics.43 The frequency of spontaneous waves of Ca2+-

release was also diminished in the presence of EPA (10 µM). This indicates that 

sarcoplasmic reticulum function is affected by acute administration of EPA. 

Additionally, EPA decreased diastolic Ca2+ concentrations and imaging of Ca2+ 

waves showed that EPA also increased Ca2+ wave amplitudes and propagation.55 

Increased Ca2+ wave amplitudes by EPA correlated with enhanced sarcoplasmic 

reticulum load in rat ventricular myocytes.55,56,57 It was concluded that ω3-PUFAs 

reduce sarcoplasmic reticulum Ca2+ uptake and also inhibit Ca2+-release 

(ryanodine receptors-RyR). The potency of ω3-PUFAs (10-100 µM) to reduce open 

probability (Po) of RyR was demonstrated in isolated sarcoplasmic reticulum 

vesicles.56,58 

 Spontaneous Ca2+-release from the sarcoplasmic reticulum underlies DAD-

related arrhythmias in heart failure.12,59 Increased diastolic Ca2+ levels have been 

shown to induce spontaneous Ca2+-releases from the sarcoplasmic reticulum in a 

rabbit model of heart failure.12 In that model, diastolic and systolic [Ca2+]i levels 

were reduced after acute administration of EPA (20 µM) to isolated ventricular 

myocytes.28 Furthermore, spontaneous Ca2+-releases and DADs were reduced by 

EPA after burst-pacing in the presence of noradrenalin.28 
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Table 1. Summary of changes in ion current densities and intracellular Ca2+ handling by 

circulating (acute administration) and incorporated (dietary administration) ω3-PUFAs: 
 

  
↓, reduction; ↑, increase; = unchanged, - not reported. 

 

 In contrast, incorporated ω3-PUFAs did not cause any alterations in 

diastolic Ca2+ or Ca2+ transient amplitude in pig ventricular myocytes. In these 

animals, the duration of the Ca2+ transient was shortened probably secondary to 

the shorter action potential recorded in these myocytes.33 Similar results were 

obtained in ventricular myocytes isolated from rats fed a diet rich in fish oil where 
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Ca2+ transients and diastolic Ca2+ values remained unaltered in the presence of 

incorporated ω3-PUFAs. In this study, sarcoplasmic reticulum Ca2+ content was 

also unaffected by incorporated ω3-PUFAs.53 

 In summary, the effects of acute administration of ω3-PUFAs on 

intracellular Ca2+ handling are different from those with incorporated ω3-PUFAs. 

Acute administration of ω3-PUFAs leads to a decrease in diastolic Ca2+ 

concentration in rat ventricular myocytes and in ventricular myocytes isolated 

from rabbits with heart failure.28,55,57 Furthermore, EPA reduces spontaneous 

waves of Ca2+-release from the sarcoplasmic reticulum that underlie DAD-related 

arrhythmias.28,12 Therefore, acute administration of ω3-PUFAs may reduce 

triggered activity based on spontaneous Ca2+-releases and DADs.  

 ω3-PUFAs have profound but various effects on cardiac electrophysiology, 

dependent on whether they circulate in the bloodstream (acute administration) or 

are incorporated into the sarcolemma of the myocyte (dietary intervention). Table 1 

schematically summarizes ω3-PUFAs-induced changes in ion current densities and 

intracellular Ca2+ handling. 

 

Pro- or antiarrhythmic effects in humans 

 

Fish oil fatty acids EPA and DHA may be considered as electrophysiological drugs 

as they alter parameters important for the generation and maintenance of 

arrhythmias. Earlier antiarrhythmic drug trials were unsuccessful in reducing 

mortality in patients and in some cases, even increased mortality.14,15,16,17 The 

negative outcomes in the antiarrhythmic drug trials were probably due to different 

mechanisms of arrhythmias of inhomogeneous patient populations. For example, 

the Cardiac Arrhythmia Suppression Trial (CAST) was designed to reduce 

ventricular ectopy in post myocardial infarction patients.16 However, the initial 

effective suppression of ventricular ectopy by sodium channel blockers was 

followed by an increase in arrhythmic death in the following months.16 Sodium 

channel blockade probably facilitates reentry by slowing conduction. 

 In line with the observations in CAST, ω3-PUFAs may also cause 

arrhythmias through sodium channels blockade and action potential shortening, 

two conditions that favour reentry-based arrhythmias.22 Incorporated ω3-PUFAs 

shorten action potentials and thereby refractory periods33 and acute administration 
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of ω3-PUFAs slows ventricular conduction.34 Therefore, arrhythmias based on 

reentry may occur more often in the presence of either circulating or incorporated 

ω3-PUFAs.  

 The conflicting outcomes of clinical trials with increased intake of fish oil 

regarding propensity to cardiac arrhythmias may be explained by inhomogeneous 

patient populations. The various patient subpopulations represent different 

arrhythmogenic mechanisms. Increased consumption of fish oil was 

antiarrhythmic in patients with a prior myocardial infarction. Likely, in this patient 

population, arrhythmias may have been based on triggered activity due to 

spontaneous Ca2+-releases and prolonged action potentials. Harmful effects of fish 

oil were seen in patients with acute ischemia and in patients with a history of 

sustained ventricular tachycardia/ventricular fibrillation. The arrhythmic 

mechanism in these patients may have been based on reentry.  

 

Acute administration versus incorporation of ω3-PUFAs 

 

Increased consumption of fish oil leads to increased (circulating) blood-levels of 

ω3-PUFAs2 and ω3-PUFAs incorporation into various tissues.60 The relative 

contributions of circulating and incorporated ω3-PUFAs to electrophysiology have 

not yet been discriminated. 

 Data on plasma levels of ω3-PUFAs after dietary interventions are scarce. 

In post menopausal women, fish oil supplements (2 g EPA and 1.4 g DHA) for 5 

weeks increased plasma concentrations of EPA and DHA up to 0.5-0.7 mM.61 In 

dogs, a fish oil rich diet for 8 weeks increased EPA and DHA serum levels to 1.0-

1.3 mM.62 To which extent these plasma levels are actually ‘free’ EPA and DHA, is 

unknown. Negretti et al. estimated that maximum levels of free circulating ω3-

PUFAs are ~8-32 µM.55 

 Dietary administration of fish oil leads to incorporation of ω3-PUFAs into 

the all membranes including myocardial membranes of the heart. Several weeks 

after the start of the dietary intervention with fish oil, ω3-PUFAs account for ~25% 

of total lipids in the sarcolemma.33,53  

 What are the primary sites of action of circulating and incorporated ω3-

PUFAs? Leaf and coworkers showed that substitution of a single amino acid in the 

hH1α diminished the inhibitory effect of the acutely administered EPA on INa,39 
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supporting a hypothesis of direct interaction between the fatty acid and ion 

channel. However, this explanation alone was unsatisfactory because other ligand 

gated ion channels that lack amino acid homology with voltage gated ion channels 

are also inhibited by an acute administration of ω3-PUFAs.63 Therefore, it has been 

suggested that fatty acids primarily alter membrane properties close to ion 

channels rather than a direct interaction with the ion channel protein. Anderson 

and coworkers hypothesized that incorporation of the long acyl chain of the fatty 

acid compresses the phospholipid bilayer resulting in a mismatch with the 

hydrophobic length of the transmembrane channel.64 The resulting compression or 

stretch by the long chain fatty acids will, therefore, alter the conformational state 

and conductance of the ion channel.65 

 Another hypothesis is that acutely administered ω3-PUFAs alter 

membrane fluidity. Gating properties of INa were altered by acute administration of 

ω3-PUFAs, but also by benzyl alcohol.40 The latter compound is known to increase 

membrane fluidity.40 In this study, block of INa by ω3-PUFAs correlated with an 

increased membrane fluidity.40 Nevertheless, another study debated the potency of 

PUFAs to alter membrane fluidity, since the molar ratio’s of PUFAs to membrane 

phospholipids was found to be very low (< 1%).66  

  Dietary administration of fish oil alters lipid rafts and specific 

microdomains of the plasma membrane.67 There is an increasing body of evidence 

for significant ion channel localization in lipid rafts.68 Incorporated ω3-PUFAs 

enhance the propensity to form PUFA-rich microdomains and would thereby 

modify the function of proteins.69  

 Changes in intracellular pathways, alterations in cellular redox status, gene 

expression and metabolism of phosphoinositides have also been reported by ω3-

PUFAs and are reviewed by Judé and coworkers.70  
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Conclusions 

 

1. Circulating ω3-PUFAs have different electrophysiological effects from ω3-

PUFAs incorporated into the sarcolemma.  

2. Fish oil ω3-PUFAs are cardiac electrophysiological drugs that may result in pro- 

or antiarrhythmia depending on the underlying arrhythmogenic mechanism.  

3. An advice to increase intake of ω3-PUFA supplements or fatty fish should be 

tailored to individual patients with respect to the arrhythmogenic mechanisms 

associated their pathology. 
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Abstract 

 

Background: Omega-3 polyunsaturated fatty acids (ω3-PUFAs) from fish oil reduce 

the risk of sudden death presumably by preventing life-threatening arrhythmias. 

Acutely administered ω3-PUFAs modulate the activity of several cardiac ion 

channels, but the chronic effects of a diet enriched with fish oil leading to ω3-

PUFA-incorporation into the sarcolemma on membrane currents are unknown. 

Methods: Pigs received a diet either rich in ω3-PUFAs or in ω9 fatty acids for 8 

weeks. Ventricular myocytes were isolated and used for patch-clamp studies. 

Results: ω3 myocytes contained higher amounts of ω3-PUFAs and had a shorter 

action potential (AP) with a more negative plateau than control myocytes. In ω3 

myocytes, L–type Ca2+ current (ICa,L) and Na+–Ca2+ exchange current (INCX) were 

reduced by ~20% and ~60%, respectively, and inward rectifier K+ current (IK1) and 

slow delayed rectifier K+ current (IKs) were increased by ~50% and ~70%, 

respectively, compared to control. Densities of rapid delayed rectifier K+ current, 

Ca2+–activated Cl- current, and Na+ current (INa) were unchanged, although 

voltage-dependence of INa inactivation was more negative in ω3 myocytes. 

Conclusions: A fish oil diet increases ω3-PUFA content in the ventricular 

sarcolemma, decreases ICa,L and INCX and increases IK1 and IKs, resulting in AP 

shortening. Incorporation of ω3-PUFAs in the sarcolemma may have consequences 

for arrhythmias independent of circulating ω3-PUFAs. 
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Introduction 

 

Increased consumption of fish oil, rich in omega–3 (ω3) polyunsaturated fatty acids 

(PUFAs), reduces cardiovascular mortality, especially sudden cardiac death, in 

patients with healed myocardial infarction.1,2 In rats fed a fish oil rich diet the 

number of ischemia/reperfusion related arrhythmias is reduced.3 The mechanisms 

underlying the anti-arrhythmic effect of a diet rich in ω3-PUFAs are unknown. 

Acutely administered ω3-PUFAs reversibly modulate a variety of cardiac ion 

channels and exchangers.3 Long term electrophysiological effects of ω3-PUFA 

intake leading to incorporation of ω3-PUFAs into the sarcolemma have not been 

studied. Incorporation of ω3-PUFAs into the phospholipid bilayer affects 

sarcolemmal biophysical properties.5 

 We hypothesize that incorporation of ω3-PUFAs in the absence of 

circulating fatty acids has electrophysiological effects on various cardiac ion 

channels and transporters. Therefore, we studied ion channel characteristics of 

cardiac ventricular myocytes isolated from pigs fed for 8 weeks with a diet rich in 

either fish oil (ω3-PUFA) or in ω9 fatty acids (high oleic sunflower oil, HOSF) as a 

control. We show that incorporated sarcolemmal ω3-PUFAs alone result in action 

potential (AP) shortening, caused by combined effects on various Ca2+ and K+ ion 

channels and the Na+–Ca2+ exchanger. Therefore, incorporation of ω3-PUFAs into 

the sarcolemma may affect reentrant and triggered arrhythmias in a different way. 
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Methods 

 

Cell preparation 

The investigation conforms to the Guide for the Care and Use of Laboratory 

Animals (NIH Publication 85-23, 1996). Male pigs (7 weeks old) received a diet rich 

in ω3-PUFAs or HOSF for 8 weeks. Table 1 summarizes the composition of these 

diets. Average body weight after 8 weeks of diet was similar in ω3-PUFA and 

HOSF fed animals (55.4±1.8 vs 52.3±1.4 kg, mean±sem, n=8). 

 After the feeding period, pigs were sedated with ketamine (500 mg, i.m. 

Nimatek; Animal Health), azaperon (160 mg, i.m. Stresnil; Janssen-Cilag) and 

atropine (0.5 mg, i.m.; Centrafarm) and anaesthetized with pentobarbital (20 

mg/kg, i.v. Nembutal; Ceva Sante Animale). A sidebranch of the circumflex artery 

was cannulated, tissue excised and the perfused myocardium was moved to a 

perfusion setup. Left midmyocardial ventricular myocytes were enzymatically 

isolated as described previously.6 Small aliquots of cell suspension were put in a 

recording chamber on the stage of an inverted microscope. Cells were allowed to 

adhere for 5 minutes before superfusion was initiated. The temperature was 35–

36°C, except for Na+ current recordings (22–23°C). Quiescent, rod-shaped cross-

striated cells and smooth surface were selected for measurements. 

 

Electrophysiology  

Data acquisition and analysis 

Membrane potentials and currents were recorded in the whole-cell configuration 

of the patch-clamp technique (Axopatch 200B Clamp amplifier, Axon Instruments 

Inc.) using patch pipettes (1-3 MΩ, borosilicate glass). Voltage control, data 

acquisition, and analysis were accomplished using custom software. Potentials 

were corrected for liquid junction potential, except for INa measurements where it 

was 0.2 mV. Membrane currents and potentials were low-pass filtered (1 kHz) and 

digitized (2 kHz), except for AP and INa measurements, 5 and 20 kHz, respectively. 

Cell membrane capacitance (Cm) was estimated as described previously.7 Series 

resistance was compensated for by at least 80%. 
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Table 1. Composition of HOSF and ω3 diet (g/100g feed (% total dietary energy)) 

 
HOSF=high oleic sunflower oil, ω3=fish oil, LA=linoleic acid, ALA=α-linolenic acid; AA=arachidonic acid, 

EPA=eicosapentaenoic acid, DHA=docosahexaenoic acid. The sum of listed components is less than the totals indicated here, 

since not all components were analyzed.  

 

 HOSF ω3 

Total fat 6.22 (14.58) 6.26 (14.77) 

Saturated fatty acids 

Total 0.72 (1.69) 1.09 (2.57) 

Monounsaturated fatty acids 

Total 3.82 (9.02) 1.08 (2.54) 

C18:1ω9 (oleic acid) 3.73 (8.80) 0.73 (1.73) 

Polyunsaturated fatty acids 

Total 1.40 (3.31) 3.02 (7.12) 

C18:2ω6 (LA) 1.39 (3.28) 1.08 (2.54) 

C18:3ω3 (ALA) 0.01 (0.03) 0.02 (0.06) 

C20:4ω6 (AA) 0.00 (0.00) 0.06 (0.13) 

C20:5ω3 (EPA)  0.00 (0.00) 0.81 (1.92) 

C22:6ω3 (DHA) 0.00 (0.00) 0.71 (1.67) 

Other, unidentified fatty acids 0.03 (0.07) 0.64 (1.51) 

Total carbohydrate 64.80 (67.5) 64.80 (67.5) 

Corn Starch 32.40 (33.8) 32.40 (33.8) 

Glucose 32.40 (33.8) 32.40 (33.8) 

Total proteins   

Casein 18.0 (18.8) 18.0 (18.8) 

Total energy content (kJ) 16065 16065 
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Current clamp experiments 

APs were elicited at 0.2 to 6 Hz by 3 ms, 1.5× threshold current pulses through the 

patch pipette. We analyzed resting membrane potential (RMP), maximal upstroke 

velocity, stimulation threshold, maximal AP amplitude, plateau amplitude 

(defined as the potential difference between RMP and potential 50 ms after the 

upstroke), and AP duration at 20, 50, and 90% repolarization. Parameters from 10 

consecutive APs were averaged. 

 

Voltage clamp experiments  

Na+ current (INa), L–type Ca2+ current (ICa,L), T–type Ca2+ current (ICa,T), Ca2+-

activated Cl- current (ICl(Ca)), inward rectifier K+ current (IK1), slow delayed rectifier 

K+ current (IKs), rapid delayed rectifier K+ current (IKr), and Na+–Ca2+ exchange 

current (INCX) were measured with the solutions indicated below and by voltage-

clamp protocols shown in the appropriate figures. Voltage-dependence of 

(in)activation was determined by fitting a Boltzmann function (y=A/[1+exp{(V-

V1/2)/k}]) to the individual curves, yielding half-maximal voltage (V1/2) and slope 

factor k. The time constants of recovery from inactivation were determined using a 

double-exponential function (INa=[Af×exp(–t/τf)]+[As×exp(–t/τs)), where t is the 

recovery time interval, τf and τs are the time constants of fast and slow 

components, and Af and As are the fractions of the fast and slow components. 

Current densities were calculated by dividing current amplitudes by Cm. 

 

Solutions 

 Standard pipette solution contained (mmol/L): K-gluconate 125, KCl 20, K2-ATP 5, 

HEPES 10; pH 7.2 (KOH). EGTA (10 mmol/L) was added to the pipette solution 

for INa, ICa,T, ICa,L, IKr and IKs measurements. For INa, ICa,T and ICa,L measurements, 

CsCl replaced all K-gluconate and KCl in the pipette solution. Furthermore, for INa 

measurements K2-ATP was replaced by Na2-ATP (2 mmol/L) and NaCl (3 

mmol/L). Standard Tyrode’s solution contained (mmol/L): NaCl 140, KCl 5.4, 

CaCl2 1.8, MgCl2 1.0, glucose 5.5, HEPES 5.0; pH 7.4 (NaOH). ICl(Ca) was measured 

as the transient outward current sensitive to 0.2 mmol/L 

4,4’diisothiocyanatostilbene-2,2’-disulfonic acid (DIDS). For ICa,T and ICa,L 

measurements, TEA-Cl and CsCl replaced NaCl and KCl of the bath solution, 

respectively. For INa measurements, NaCl was reduced to 7 mmol/L and KCl was 

replaced by CsCl (133 mmol/L). For INa, IKr, and IKs measurement, the bath solution 
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included 5 µmol/L nifedipine. IKr was measured as 5 µmol/L E4031-sensitive 

current while IKs was measured as 90 µmol/L chromanol 293B-sensitive current in 

the presence of 5 µmol/L E4031. pH of both extracellular and pipette solution was 

adjusted with CsOH and NMDG-OH for INa and ICa measurements, respectively. 

For INCX recording, the pipette solution contained (mmol/L): CsCl 145, NaCl 5, Mg-

ATP 10, TEA 10, HEPES 10, EGTA 20, CaCl2 10; pH 7.2 (NMDG-OH). To suppress 

membrane currents other than INCX, the following blockers were added to a K+-free 

Tyrode’s solution (mmol/L): BaCl2 1, CsCl 2, nifedipine 0.005, ouabain 0.1, DIDS 

0.2. INCX was measured as 10 mmol/L Ni2+-sensitive current during a descending 

voltage ramp protocol.8 

 

Drugs  

All drugs used for cellular measurements were obtained from Sigma-Aldrich (MO, 

USA), except for E-4031 (Eisai Inc., NJ, USA) and chromanol 293B (Tocris Cookson 

Inc. MO, USA). DIDS was freshly prepared as 0.5 mol/L stock solution in DMSO. 

Nifedipine and chromanol 293B, respectively, were prepared as 5 mmol/L and 0.1 

mol/L stock solutions in ethanol. E-4031 was prepared as 5 mmol/L stock solution 

in distilled water. All stock solutions were diluted appropriately before use. DIDS 

and nifedipine were stored in the dark. 

 

Cytosolic Ca2+ measurements 

Intracellular Ca2+ ([Ca2+]i) was measured in indo-1 loaded myocytes as described 

previously.9 Myocytes were stimulated at 2 Hz with field stimulation. Dual 

wavelength emission of indo-1 was recorded ((405-440)/(505-540) nm, excitation at 

340 nm) and free [Ca2+]i was calculated.9 

 

Lipid analyses 

Lipids from food, heart samples and myocytes were extracted with the method of 

Folch et al.10 Phospholipids from plasma and heart were isolated with 

aminopropyl bonded phase columns (Bond Elut; Varian BV). Saponification and 

methylation of the phospholipids with boron trifluoride (Pierce, IL, USA) was 

performed and the formed fatty acid methyl esters were subjected to capillary gas 

chromatography using a Chrompack column (Fused Silica, Chrompack), a flame 

ionization detector and H2 as carrier gas. Fatty acid methyl esters were expressed 

as fraction of the total amount. 
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Statistics 

Data are mean±SEM. A t-test or in Two-Way Repeated Measures ANOVA 

followed by pairwise comparison using the Student-Newman-Keuls test was used. 

P<0.05 defined statistical significance. 

 

Results 

 

Heart, cell, and membrane properties 

Figure 1A summarizes basic heart and isolated myocytes morphology 

characteristics of HOSF and ω3-PUFAs fed animals. Mean heart weight and left 

ventricular wall thickness were not different between the HOSF and ω3 group. Cell 

length was similar, but cell width and Cm was significantly larger in ω3 myocytes 

compared to HOSF. 

 Figure 1B summarizes the most prominent differences of cell phospholipid 

fraction in the two groups. In biopsies obtained from intact ω3 hearts as well as in 

isolated myocytes, the proportion of ω3-PUFAs was increased at the expense of ω6-

PUFAs. Thus ω3-PUFAs from diet were incorporated into the cell membrane. 

Moreover, PUFA compositions in biopsies and isolated myocytes were similar (Fig. 

1B), indicating that the cell isolation procedures did not affect the composition of 

the sarcolemma. 
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Figure 1. Heart, cell, and membrane properties. A, Morphological characteristics of heart and isolated myocytes. n, number of 

hearts/myocytes (*P<0.05 unpaired t-test). B and C, PUFA composition of myocyte membranes measured in biopsies (B) and 

isolated myocytes (C). n, number of hearts (*P<0.05 unpaired t-test). 

 

Action potentials and [Ca2+]i-transients 

Figure 2A shows representative APs at 1 Hz from a HOSF and ω3 myocyte. The ω3 

AP has a more negative plateau potential and is considerably shorter than the 

HOSF AP. Figure 2B summarizes AP characteristics of HOSF and ω3 myocytes. On 

average, ω3 myocytes show a 10% more negative AP plateau potential and a 30% 

shorter AP at both 50 and 90% repolarization. No significant differences in RMP, 

excitability threshold, maximal upstroke velocity or maximal AP amplitude are 

observed. The AP shortening in ω3 myocytes is particularly clear at physiological 

heart rates, i.e. at 3-Hz, and slower; the more negative AP plateau potential is 

present at all pacing frequencies (Fig. 2C). Figure 2D shows typical [Ca2+]i-

transients and Figure 2E summarizes [Ca2+]i-transient characteristics of HOSF and 

ω3 myocytes. No significant differences in diastolic [Ca2+]i and [[Ca2+]i-transient 

amplitudes are observed. The duration of [Ca2+]i-transient at both 50 and 90% of 

the transient decrease is significantly shorter in ω3 myocytes. 
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Figure 2. Dietary ω3-PUFAs shorten action potentials (APs) and intracellular Ca2+-transients. A, Representative APs of a HOSF 

and an ω3 myocyte at 1 Hz. Inset shows maximal upstroke velocities (arrows). B, Average AP parameters of HOSF and ω3 

myocytes. ST=stimulation threshold, Vmax=maximal upstroke velocity, RMP=resting membrane potential, APA=maximal AP 

amplitude, Pla=AP plateau amplitude, APD20, APD50 and, APD90=AP duration at 20, 50, and 90% repolarization. *P<0.05 in 

unpaired t-test. C, Stimulus frequency-dependency of APD90 and Pla (inset) in HOSF and ω3 myocytes. *P<0.05 in ANOVA 

followed by Student-Newman-Keuls test. D, Typical example [Ca2+]i-transients of a HOSF and an ω3 myocyte. E, Average AP 

parameters of HOSF and ω3 myocytes. DC=diastolic [Ca2+]i, TA=transient amplitude, TD20, TD50, and TD90=transient duration at 

20, 50, and 90% transient decrease. *P<0.05 in unpaired t-test. 

 

Na+ current 

Figure 3A shows representative INa recordings. Mean INa densities (Fig. 3B) are not 

different between HOSF and ω3 myocytes. Peak INa averages –26.6±1.8 and -

26.1±2.3 pA/pF in HOSF and ω3 myocytes, respectively. Also voltage dependency 

of INa activation (Fig. 3C) does not differ significantly between HOSF and ω3 

myocytes. V1/2 and k are –36.9±0.6 mV and 4.8±0.3 mV (HOSF) and –38.4±0.5 mV 

and 4.9±0.4 mV (ω3), respectively. Half-maximal inactivation voltages, based on 

current densities following a 1000 ms depolarizing prepulse, are –79.1±0.8 mV 

(HOSF) and –83.5±0.9 (ω3) (P<0.05). In HOSF and ω3 myocytes, k’s of inactivation 

are identical (–4.6±0.1 mV (HOSF) vs. –4.9±0.2 mV (ω3)). Recovery from 

inactivation (Fig. 3D) is not significantly different between HOSF and ω3 myocytes. 

Double-exponential fits revealed that the time constants of fast and slow 
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components of recovery (τfast and τslow, respectively) are 32.1±4.1 and 1490±205 

ms in HOSF and 37.5±3.6 and 1420±372 ms in ω3 (both n.s.). Slow inactivation of 

INa (Fig. 3E) also is not significantly different between HOSF and ω3 myocytes. 

 

 

 
 

Figure 3. Effect of dietary ω3-PUFAs on Na+ current (INa). A, Representative INa of a HOSF and ω3 myocyte. B, Peak current-

voltage (I-V) relationships of INa. C, Voltage-dependence of (in)activation. Inactivation was approximately –4 mV shifted in ω3 

myocytes (*P<0.05). Solid lines: Boltzmann fits of the average data. D, Recovery from inactivation. Solid lines: double-

exponential functions of the average data (P=n.s. in ANOVA). E, Development of slow inactivation of INa. Solid lines: mono-

exponential functions of the average data. Insets: protocols used. 

 



Incorporated sarcolemmal fish oil fatty acids shorten pig ventricular action potentials  

 70 

Ca2+ currents 

T-type Ca2+ current. Figure 4A shows representative ICa traces. The depolarizing 

steps from –90 and –50 mV to –20 mV elicit the time- and voltage-dependent 

inward currents typical of ICa. ICa,T is obtained by digital subtraction of ICa traces 

elicited by stepping from holding potentials of –90 and –50 mV. However, in both 

HOSF and ω3 myocytes, the ICa traces from –90 and –50 mV are overlapping (Fig. 

4A), indicating that ICa,T was virtually absent in both cell types, in agreement with 

previous findings in adult myocytes of other large mammals.11 

 L-type Ca2+ current. ICa,L is defined as ICa elicted from –50 mV and is 

significantly smaller in ω3 than HOSF myocytes (Fig. 4, A and B). For example, at 0 

mV, ICa,L density averaged –7.6±0.6 (HOSF) and –6.2±0.4 pA/pF (ω3), indicating a 

20% reduction of ICa,L in ω3 myocytes. The voltage-dependence of ICa,L activation 

and inactivation are shown in Figure 4C. Activation V1/2 averaged –11.5±0.7 and –

11.1±0.9 mV (P=n.s.) and slope factors are 6.2±0.2 and 6.2±0.1 mV (P=n.s., HOSF 

and ω3 myocytes, respectively). Inactivation voltage-dependence was assessed 

with 500 ms prepulses followed by 500 ms test pulses to 0 mV (Fig. 4C, inset). 

Inactivation V1/2 averages –28.3±1.1 (HOSF) vs. –28.4±1.6 mV (ω3, P=n.s.); slope 

factors are –4.8±0.2 and –4.6±0.1 mV (P=n.s.). Figure 4C shows that the steady state 

inactivation curve (or availability curve) rises positive to +10 mV, due to 

‘incomplete inactivation’.12 Interestingly, in ω3 myocytes, this ‘incomplete 

inactivation’ is significantly smaller than in HOSF myocytes at potentials of +25 

mV and more positive. 
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Figure 4. Dietary ω3-PUFAs reduce L-type Ca2+ current (ICa,L) density. A, Current traces elicited by depolarizing steps to –20 mV 

from –90 (ICa,L and ICa,T) and –50 mV (ICa,L). ICa,T was obtained by subtracting currents evoked from a HP of –50 mV from those 

with the same depolarization but evoked from a holding potential of –90 mV. Note that ICa,T was absent. B, Peak I-V 

relationships of ICa,L. *P<0.05 in ANOVA followed by Student-Newman-Keuls test. C, Voltage-dependence of ICa,L (in)activation. 

Solid lines: Boltzmann fits of the average data. Activation and inactivation properties did not differ between HOSF and ω3 

myocytes, however, at ≥ 25 mV, where ‘incomplete inactivation’ occurs, ICa,L was significantly smaller in ω3 myocytes (*P<0.05 

in ANOVA followed by Student-Newman-Keuls test). 

 

Cl- currents 

Figure 5A shows superimposed current traces recorded in absence and presence of 

0.2 mmol/L DIDS. By digitally subtracting the two traces (Fig. 5B), the DIDS-

sensitive ICl(Ca) is obtained.7 ICl(Ca) was found in all myocytes, and exhibits similar 

current densities and I-V relationships in both groups (Fig. 5C). No DIDS-sensitive 

steady-state currents are observed, excluding the presence of persistently activated 

Cl- currents.13 
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Figure 5. Dietary ω3-PUFAs do not alter Ca2+-activated Cl- current (ICl(Ca)). A, Current traces elicited by depolarizing voltage 

steps from –40 to 40 mV in absence and presence of 0.2 mmol/L DIDS. Inset: protocol used. B, DIDS-sensitive current (ICl(Ca)). C, 

Average I-V relationships of ICl(Ca). 

 

 K+ currents 

Inward rectifier K+ current 

 IK1 is defined as steady-state current at the end of hyperpolarizing voltage-clamp 

steps from –40 mV. The steady-state current is blocked by 2 mmol/L Ba2+, and no 

time-dependent currents are observed in the presence of Ba2+ (Figure 6A), 

excluding the contribution of the non-selective cation pacemaker current If to the 

steady-state current. Figure 6B shows mean I–V relationships of IK1. The I-V 

relationships have a reversal potential of -88 mV, which is close to EK and the 

RMP, and demonstrates inward rectification, characteristic for IK1. Both inward and 

outward IK1 components are significantly larger in ω3 myocytes. Maximum 

outward IK1 density at –70 mV was increased by 54% in ω3 myocytes (3.1±0.3 to 

2.0±0.1 pA/pF). 
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Delayed rectifier K+ currents 

Figure 6, C and D shows superimposed current traces recorded upon depolarizing 

steps from –50 to 0 mV (Fig. 6C) and from –50 to 40 mV (Fig. 6D) under control 

conditions, in the presence of E-4031, and in the combined presence of E-4031 and 

chromanol 293B to discriminate between IKr and IKs, respectively. IKr is defined as 

E-4031-sensitive current, and IKs as chromanol 293B-sensitive current. No change in 

mean IKr amplitude (Fig. 6E) is observed. Voltage-dependence of activation of IKr 

assessed by normalizing tail current amplitudes to maximum current is similar in 

HOSF and ω3 (V1/2 and k, respectively, –36.8±2.0 and 10.0±1.4 mV (HOSF) and –

37.1±2.3 and 8.1±1.6 mV (ω3)). IKs density is significantly larger in ω3 myocytes 

(Fig. 6F). IKs density at +40 mV is increased by 70% in ω3 myocytes (1.16±0.2 in 

HOSF vs. 1.98±0.4 pA/pF in ω3 myocytes). The increase in density is accompanied 

by a tendency to shift the activation voltage-dependence toward more negative 

potentials. V1/2 of IKs activation was 34.3±6.5 and 16.0±7.8 mV (P=0.07) in HOSF 

and ω3, respectively; k of IKs activation was identical (16.1±1.7 vs. 19.7±4.5 mV) in 

both groups. 
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Figure 6. Dietary ω3-PUFAs enhances slow delayed rectifier K+ current (IKs) and inward rectifier K+ current (IK1) but not rapid 

delayed rectifier K+ current (IKr). A, Representative current traces elicited by a hyperpolarizing voltage step from –40 to –100 mV 

in control conditions and in presence of 2 mmol/L Ba2+. B, Average I-V relationships of IK1. C, Representative current traces 

elicited by a voltage step from –50 to 0 mV in control conditions and in presence of 5 µmol/L E4031. E4031-sensitive current is 

defined as IKr. D, Representative current traces elicited by a voltage step from –50 to 40 mV in presence of 5 µmol/L E4031 and 

in the combined presence of 90 µmol/L chromanol-293B and E4031. Chromanol 293B-sensitive current is defined as IKs. E, 

Average I-V relationships of IKr. F, Average I-V relationships of IKs. *P<0.05 in ANOVA followed by Student-Newman-Keuls 

test. 
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Na+-Ca2+ exchange current 

Figure 7A shows representative current traces in response to a descending voltage 

ramp protocol (Fig. 7A, inset) in the absence and presence of 10 mmol/L Ni2+. INCX 

is measured as the Ni2+-sensitive current.8 In ω3 myocytes (Fig. 7B), the current 

density of INCX is significantly reduced to 60% for the reverse (outward) mode (at 

+80 mV; 1.3±0.2 (ω3) vs. 2.3±0.3 (HOSF) pA/pF) and 31% for the forward (inward) 

mode (at –120 mV; –0.46±0.14 (ω3) vs. –1.5±0.4 (HOSF) pA/pF). 

 

 

 
 

 

Figure 7. Dietary ω3-PUFAs reduce Na+-Ca2+ exchange current (INCX) density. A, Typical current traces elicited by ramp protocol 

(inset) in absence and presence of 10 mmol/L NiCl2, and the Ni2+-sensitive current (INCX). B, Average I-V relationships of INCX. 

*P<0.05 ANOVA followed by Student-Newman-Keuls test. 
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Discussion 

 

Chronic feeding of a large mammal with fish oil leads to incorporation of ω3-

PUFAs into the ventricular sarcolemma and at the same time induces various 

electrophysiological effects in the absence of circulating fatty acids. It decreases 

ICa,L and INCX, increases IK1 and IKs, and causes AP shortening.  

 

Comparison with previous studies of remodeling of membrane currents by 

ω3-PUFAs 

We have studied the electrophysiological effects of incorporated sarcolemmal ω3-

PUFAs, rather than the acute direct interaction between circulating ω3-PUFAs and 

the ion channels in the sarcolemma. We isolated the myocytes in the presence of 

lipid-free albumin, which removes loosely bound ω3-PUFAs from the cell 

surface.14 Moreover, the experiments were performed with a PUFA-free 

superfusion solution. The cellular electrophysiological effects of ω3-PUFAs 

administered by diet are unknown.  

 A decrease in INa density after acute administration of ω3-PUFAs has been 

observed in isolated rat myocytes and HEK cells.15,16 It was accompanied by a 

negative shift in voltage-dependence of inactivation. This increased the stimulation 

threshold and decreased Vmax in cultures of neonatal myocytes.16 In our study, no 

reduction INa density was found (Fig. 3B) and the shift in voltage-dependence of 

inactivation (Fig. 3C ) was considerably smaller than that observed after acute 

administration of ω3-PUFAs.15 As a consequence, we did not observe a significant 

change in stimulation threshold or upstroke velocity (Fig. 2B). 

 ICa,L was smaller in ω3 than in HOSF myocytes (Fig. 4B), in agreement with 

effects of acute administration of ω3-PUFAs.17 Voltage-dependence of activation 

and inactivation of ICa,L were not significantly different between the two groups 

(Fig. 4C). When the protocol used for determining inactivation was extended to 

more positive potentials, a 'U-shaped curve' was seen in both groups (Fig. 4C). The 

current increase at potentials positive to +10 mV is thought to be caused by 

reduced Ca2+ current-dependent inactivation,12 and was significantly smaller than 

in ω3 myocytes. It suggests that the inward current caused by reopening of ICa,L 

channels during the late plateau phase, is smaller. This may subsequently shorten 
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AP (Fig. 2), and, more importantly, reduce the propensity to early 

afterdepolarizations (EADs) in ω3 myocytes. 

 IK1 density was larger in ω3 myocytes (Fig. 6B). The increased IK1 may 

result in earlier repolarization and a more stable resting membrane potential,18 the 

latter potentially protects against delayed afterdepolarizations (DADs). 

 The delayed rectifier K+ currents, IKr and IKs, underlie repolarization of 

cardiac APs.18 In our study, IKs, showed relatively the largest increase (70%) by ω3-

PUFAs (Fig. 6F). The effects on IKs are similar to those after acute administration of 

docosahexanoic acid.19 The increase in repolarizing current IKs contributes 

importantly to AP shortening (Fig. 2). 

 INCX was reduced both in the reversed and forward mode by the dietary 

ω3-PUFAs (Fig. 7), in line with the acute administration of ω3-PUFAs on INCX 

expressed in HEK cells.20 The NCX maintains the Ca2+ balance of the myocyte by 

transport of Ca2+ across the membrane in exchange for Na+.21 Its activity is called 

“forward” when Ca2+ is transported outward. During the early phase of a cardiac 

AP, the NCX is briefly in reversed mode resulting in an outward current. During 

the plateau and final repolarizing phases of the AP, however, the NCX is in 

forward mode, resulting in depolarizing current.21 The decreased INCX thus results 

in less depolarizing current during the final repolarizing phase of the AP, causing 

AP shortening. Moreover, INCX carries the transient inward current responsible for 

the DADs.21 Decreased INCX may therefore result in decreased propensity to 

develop DADs. 

 The mechanism by which dietary ω3-PUFAs decrease INCX and ICa,L, 

increase IKs and IK1, and leave other ionic currents unaltered remains to be 

elucidated. Evidence is accumulating that ω3-PUFAs alter different microdomains 

of the plasma membrane, such as lipid rafts and caveolae, thereby directly 

influencing protein function,4,5 but changes in PKC activation may also play a 

role.22 The present study indicates that the role of changes in channel gating is 

limited, since activation and inactivation properties were hardly affected by 

dietary ω3-PUFAs. Further experiments are required to study the mechanism by 

which PUFAs alter ionic current densities. 
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Comparison with previous studies of action potential duration remodeling 

by ω3-PUFAs 

Dietary ω3-PUFAs shorten ventricular APs of pigs (Fig. 2). To our knowledge, no 

other experimental findings on effects of ω3-PUFAs administered by diet on APs 

are available. Our findings are in line with the observation that rabbits on a diet 

enriched with α-linolenic acid (an ω3-PUFA) have shorter QTc intervals,23 but 

disagree with observations in healthy humans where dietary supplementation of 

ω3-PUFAs did not alter QTc intervals.24 Acutely administered ω3-PUFAs also 

reduce AP duration in rabbit23 and guinea pig25 myocytes. Interestingly, acute 

administration of ω3-PUFAs (>10 µM) reduces,25 whereas lower concentrations 

prolong AP duration in rat myocytes.17  

 AP duration in rats and mice is determined by the transient outward K+ 

current (Ito1), a current that is lacking in porcine ventricle.26 It determines the 

plateau potential rather than AP duration in other (larger) mammalian species. The 

observed AP shortening in response to dietary ω3-PUFAs agrees with our findings 

of decreased inward currents, i.e. ICa,L and INCX and increased repolarizing currents, 

i.e., IKs and IK1 (see above). 

 

Comparison with previous studies of altered [Ca2+]i by ω3-PUFAs 

The AP shortening induced by dietary ω3-PUFAs is likely due to changes in ICa,L, 

INCX, IKs, and IK1 densities. However, these currents were measured with EGTA in 

the pipette solution, while the APs were recorded without EGTA. In addition to 

changes in current densities, changes in [Ca2+]i, might also contribute to the AP 

shortening by modulation of membrane currents.27 Diastolic [Ca2+]i and [Ca2+]i-

transient amplitudes, however, were similar in HOSF and ω3 VMs (Fig. 2). This 

agrees with results in rats,28 but contrasts with data obtained following acute 

administration of ω3-PUFAs. There, a rapid decrease in diastolic [Ca2+]i and 

negative inotropic effect ensued.25,29 We observed a shorter [Ca2+]i-transient in ω3 

ventricular myocytes. Whether this occurred due to altered SR function28 or to AP 

shortening by itself24 is not known. The earlier occurrence of phase-3 repolarization 

by itself would reduce [Ca2+]i via modulation of the NCX and cause a shorter 

[Ca2+]i-transient.25 
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(Patho)physiological implications 

Our results suggest that incorporated sarcolemmal ω3-PUFAs, as a result of a fish 

oil rich diet, may have distinct consequences for arrhythmogenesis. The increase in 

K+ current density and decrease of INCX and ICa,L most likely contribute importantly 

to AP shortening and may facilitate rather than prevent reentrant arrhythmias.30 

On the other hand, AP shortening may also reduce the occurrence of triggered 

activity based on EADs.31 EADs constitute an important cellular mechanism for 

triggered activity, which may trigger life-threatening ventricular arrhythmias in 

patients with heart failure and/or long QT-syndromes.32 The occurrence of EADs 

is likely to be further prevented by the reduction of ICa,L by dietary ω3-PUFAs.17,18 

The ω3-PUFAs-induced reduction of EADs is supported by preliminary results in 

rabbit hearts where the ω3-PUFA diet reduced the occurrence of Torsade de 

Pointes arrhythmias,33 which are importantly due to EADs.34 AP shortening, 

increase of IK1, and decrease of INCX potentially protects against DADs evoked by 

high heart rates in Ca2+-overload conditions.18 Finally, the negative shift of the INa 

inactivation curve indicates that at a certain degree of depolarization (that occurs 

in acute myocardial ischemia) fewer Na+ channels are available, causing 

conduction slowing and block. This may be potentially proarrhythmic.35 

 

Limitations of the study  

We studied porcine ventricular myocytes. The configuration of the human AP is 

very much like that of pig, but this does not exclude differences in the underlying 

membrane currents and thereby of the overall effects ω3-PUFAs have.18 Further 

studies are required to clarify the effects of dietary ω3-PUFAs on Ito1 (because the 

latter is lacking in porcine ventricle26) and on human myocyte electrophysiology. 

 Although feeding pigs with fish oil leads to major electrophysiological 

alterations due to incorporation of ω3-PUFAs into the membrane alone, additional 

effects of circulating ω3-PUFAs may be important as well. 

 

Conclusions 

Incorporated ω3-PUFAs in the absence of circulating ω3-PUFAs cause AP 

shortening. Based on the underlying changes in the profile of ionic sarcolemmal 

currents we speculate that a fish oil rich diet may have pro-arrhythmic as well as 

anti-arrhythmic consequences. This may explain why ω3-PUFAs seem protective 
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against arrhythmias in patients with healed infarction (and with heart failure), but 

inefficient in patients with acute ischemia (angina pectoris). Thus, the impact of a 

fish oil enriched diet may depend on the pathophysiological setting. 
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Abstract 

 

Objective: Dietary supplementation with fish oil derived n-3 fatty acids reduces 

mortality in patients with myocardial infarction but may have adverse effects in 

angina patients. The underlying electrophysiologic mechanisms are poorly 

understood. We studied the arrhythmias and the electrophysiologic changes 

during regional ischemia in hearts from pigs fed a diet rich in fish oil.  

Methods: Pigs received diets rich in fish oil, in sunflower oil or a control diet for 8 

weeks. Hearts were isolated and perfused. Ischemia was created by occluding the 

left anterior descending artery. Diastolic stimulation threshold, refractory period, 

conduction velocity, activation recovery intervals and the maximum downstroke 

velocity of 176 electrograms were measured in the ischemic zone. Spontaneous 

arrhythmias during 75 minutes of regional ischemia were counted.  

Results: More episodes of spontaneous ischemia-induced sustained ventricular 

tachycardia and ventricular fibrillation occurred in the fish oil and sunflower oil 

group than in the control group. More inexcitable myocardium was present in the 

ischemic zone in the group fed fish oil or sunflower oil than in the control group 

after 20 minutes of ischemia. After 40 minutes of ischemia more block occurred in 

the control group than in the other groups. The downstroke velocity of the 

electrograms in the ischemic border zone was lower in the fish oil group and 

sunflower oil group than in the control after 20 minutes.  

Conclusions: A diet rich in fish oil results in proarrhythmia compared to a control 

diet during regional ischemia in pigs. Myocardial excitability is reduced in the fish 

oil and sunflower oil group during the early phase of arrhythmogenesis. In the late 

phase of arrhythmogenesis excitability is more reduced in the control group than 

in the fish oil and sunflower oil group. 
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Introduction 

 

Clinical studies have demonstrated that a diet rich in n-3 fatty acids from fish oil 

reduces the risk of cardiac death.1 In a large trial in patients with prior myocardial 

infarction, dietary n-3 fatty acids decreased the incidence of fatal heart disease 

relative to placebo.2 Risk reduction of sudden cardiac death was larger than that of 

total cardiovascular mortality suggesting an antiarrhythmic effect.2 Indeed, there is 

an inverse correlation between serum phospholipid n-3 fatty acids and the 

occurrence of ventricular arrhythmias.3 However, an advice to eat fish or take fish 

oil capsules in 3114 men with angina pectoris (without myocardial infarction) 

tended to increase the risk of sudden cardiac death.4 Two trials on patients with an 

automatic cardioverter defibrillator (AICD) did not show differences in mortality 

between patients with and without fish oil supplementation.5,6 Another trial in 

patients with an AICD demonstrated a significant increase of recurrent ventricular 

tachycardia (VT) or ventricular fibrillation (VF) during a 2-year treatment with n-3 

fatty acids.7 Patients elected for AICD implantation, however, constitute a diverse 

population with respect to cardiac pathologies. It may well be that a diet rich in 

fish oil is antiarrhythmic in some patients and proarrhythmic in others.  

 So far, the electrophysiological mechanisms of n-3 fatty acids were 

investigated following acute administration in dogs,8 single myocytes or 

expression systems.9,10,11,12 Superfusion of n-3 fatty acids directly influence 

sarcolemmal sodium-13,14 and calcium-channels.15,16 However, the 

electrophysiological mechanism(s) of dietary, incorporated n-3 fatty acids on 

arrhythmogenesis have not been elucidated. 

 We hypothesize that dietary n-3 fatty acids are proarrhythmic during acute 

regional myocardial ischemia. We therefore documented arrhythmogenesis during 

acute regional ischemia in hearts of pigs fed a diet rich in fish oil, sunflower oil or a 

control diet, and studied the underlying electrophysiological changes.  
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Methods 

 

The experimental protocol complied with the Guide for the Care and use of 

Laboratory Animals published by the US National Institutes of Health (NIH 

publication 85-23, revised 1996) and was approved by the institutional animal 

experiments committee. Male piglets (7 week old) entered the study and were 

assigned to diets rich in fish oil (N-3, n=11), sunflower oil (N-9 group, n=11) or to a 

standard diet (‘Control’, n=6) (composition of the diets, table 1). 

 The diets of the N-3 and N-9 groups differed from each other in 

eicosapentaenoic acid (EPA, C20:5n-3), docosahexaenoic acid (DHA, C22:6n-3), and 

oleic acid (C18:1n-9) content. The control diet did not contain EPA or DHA. Oleic 

acid (sunflower oil) was used to detect a potential specific effect of multiple double 

bonds and/or a double bond at the n-3 position.  

 

Table 1. Composition of the diets in g/100g feed.  

 

 

 
CONTROL N-9 N-3 

g/100g feed (% of dietary energy) 

Total fat 4.62 (10.76) 6.22 (14.58) 6.26 (14.77) 

Saturated fatty acids 

Total 1.64 (3.87) 0.72 (1.69) 1.09 (2.57) 

Mono-unsaturated fatty acids 

Total 1.60 (3.76) 3.82 (9.02) 1.08 (2.54) 

C18:1n-9 1.41 (3.34) 3.73 (8.80) 0.73 (1.73) 

Polyunsaturated fatty acids 

Total 1.09 (2.57) 1.40 (3.31) 3.02 (7.12) 

C18:2n-6 1.00 (2.35) 1.39 (3.28) 1.08 (2.54) 

C18:3n-3 0.08 (0.24) 0.01 (0.03) 0.02 (0.06) 

C20:4n-6 0.00 (0.00) 0.00 (0.00) 0.06 (0.13) 

C20:5n-3 0.00 (0.00) 0.00 (0.00) 0.81 (1.92) 

C22:6n-3 0.01 (0.02) 0.00 (0.00) 0.71 (1.67) 

Other fatty acids 0.29 (0.68) 0.03 (0.07) 0.64 (1.51) 
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 After 8 weeks of feeding, pigs received ketamine (Nimatek, Animal Health 

BV, NL) 350 mg, azaperone (Stresnil, Janssen, NL)  80 mg and atropine 

(Centrafarm) 0.5 mg (intramuscularly) and were anaesthetized with 20 mg/kg 

pentobarbital (Nembutal, CevaSate Animale) intravenously. They were intubated 

and ventilated with room air and isoflurane (Forene, Abbott). Expiratory CO2 was 

monitored. Heparin (Leo Pharmaceuticals, 5000 IU) was injected intravenously. 

Blood was collected and the heart was isolated after a midsternal thoracotomy, and 

perfused with a blood-Tyrode’s mixture.17 A short occlusion of the left anterior 

descending artery (LAD) showed the extent of cyanosis. A ligature was left around 

the LAD. AV-block was made. The perfusate [K+] was 4.2±0.2 mM (m± sem, n=8). 

 The occlusion was made just below the first diagonal branch. The relative 

size of the ischemic area was 25.6±1.3, 23.9± 1.4 and 26.4±1.3% (m± sem, N-3, N-9 

and control, respectively) of ventricular weight (NS).  

 

Data acquisition 

A rectangular 176 electrode matrix (interelectrode distance 2 mm) was sutured 

over the prospective ischemic border. One electrode at about 1 cm into the 

prospective ischemic border was selected for pacing (exact distance was measured 

later). A bipolar stimulating electrode was placed in the normal myocardium near 

the multi-electrode. A virtual ground electrode was connected to the aortic root 

and served as a reference for the unipolar recordings.  

 

Electrophysiologic studies 

After equilibration (30 minutes), the heart was paced (cycle length 450 msec) from 

a site within the prospective ischemic zone or from the normal zone. There, the 

diastolic stimulation threshold was determined (using cathodal rectangular current 

pulses) with 1 µA accuracy and was adjusted during ischemia. A diastolic 

stimulation threshold exceeding 1500 µA was considered a sign of inexcitability. 

The effective refractory period (ERP) was measured by programmed stimulation (8 

basic stimuli at diastolic stimulation threshold, one premature stimulus at twice 

diastolic stimulation threshold) in the ischemic tissue. Ischemia was produced after 

ERP and diastolic stimulation threshold measurements had stabilized.  
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 During ischemia, stimulation was performed from the normal 

myocardium. Electrograms were acquired every minute (sample interval 0.5 msec, 

duration 3.5 sec). Every five minutes diastolic stimulation threshold and ERP were 

determined. If VF occurred it was terminated by a DC shock. When more than 6 

consecutive shocks were necessary to defibrillate the heart the protocol was 

discontinued. This occurred in 2/11, 3/11 and 1/6 heart in the N-3, N-9 and 

control group respectively. 

 Data analysis was performed with a custom made program.18 Maximum 

downstroke velocity (dV/dtmin) of the initial deflection was used as an index of 

local excitability.19 Conduction velocity (longitudinally and transversely to fiber 

direction) was calculated from isochronal maps of local activation times recorded 

following stimulation in the center of the electrode grid.  Conduction block was 

defined as a site with a monophasic electrogram and no Laplacian activity.20 

Activation recovery intervals were calculated as a measure of local action potential 

duration, as the time difference between the moment of activation and 

repolarization. The latter was defined as the time of maximal dV/dt during the 

upstroke of the T-wave (in any configuration). 

 After the ischemic period (75 minutes), the circumflex artery was 

cannulated and flushed with Tyrode’s solution (composition see17). A biopsy was 

taken from the perfused tissue for the determination of the lipid profile.  

 A VT was defined as a rapid ventricular rhythm of more than 3 subsequent 

premature complexes. Sustained VT (sVT) was defined as a VT of more than 30 

seconds duration. In accordance with earlier studies, the early phase (1a) of 

arrhythmogenesis was defined as the period between 0-30 minutes of ischemia, the 

delayed phase (1b) period between 30 and 75 minutes.19  

 

Lipid analyses 

Phospholipids from plasma and heart were isolated with aminopropyl bonded 

phase columns (Varian Bond Elut).21 Phospholipids were saponified and 

methylated with boron trifluoride (Pierce, IL, USA). Formed fatty acid methyl 

esters were subjected to capillary gas chromatography using a Chrompack column 

(Fused Silica, Chrompack), a flame ionisation detector and H2 as carrier gas.   
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Statistics 

Data are mean±sem. Data were statistically analyzed using one-way ANOVA (if 

appropriate on ranked data) on the three experimental groups. Post-hoc testing for 

multiple comparisons was done with the Holm-Sidak or Dunn’s test. A p≤0.05 was 

considered statistically significant.  
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Results  

Feeding experiments 

 

Table 2. Composition of plasma and myocardial phospholipids.  

 
Fatty acids expressed as the percentage of total fatty acids identified. 

 CONTROL N-9 N-3 

MYOCARDIUM 

Saturated fatty acids 

Total 33.03 30.85±0.59 29.61±0.52 

Mono-unsaturated fatty acids 

Total 21.25 16.70±0.35 16.50±0.39 

C18:1n-9 15.28 13.53±0.26 12.68±0.31 

Polyunsaturated fatty acids 

Total 33.06 52.65±0.38 53.09±0.31 

C18:2n-6 19.41 23.76±1.09 11.21±0.49 

C20:4n-6 8.40 23.62±0.64 9.20±0.26 

C18:3n-3 0.69 0.00±0.00 0.00±0.00 

C20:5n-3 0.71 0.43±0.06 19.76±0.70 

C22:6n-3 1.27 1.03±0.28 9.48±0.27 

    

PLASMA    

Saturated fatty acids 

Total 15.01 40.80±0.49 43.10±0.57 

Mono-unsaturated fatty acids 

Total 29.51 22.64±0.39 14.23±0.82 

C18:1n-9 25.08 20.56±0.38 9.94±0.80 

Polyunsaturated fatty acids 

Total 53.16 36.65±0.25 42.40±1.26 

C18:2n-6 42.22 14.88±0.35 11.04±0.61 

C20:4n-6 6.93 15.42±0.18 4.73±0.23 

C18:3n-3 1.27 0.00±0.00 0.00±0.00 

C20:5n-3 0.95 0.00±0.00 14.38±0.56 

C22:6n-3 0.38 1.62±0.29 7.40±0.20 



Chapter 4 

 93 

The diet rich in fish oil increased EPA and DHA in plasma phospholipids at the 

expense of both n-9 and n-6 fatty acids (table 2). N-3 fatty acids also increased in 

myocardial phospholipids, mainly at the expense of n-6 fatty acids (both C20:5n-6 

and C18:2n-6) (table 2).  

 

Electrophysiological changes before ischemia 

Before the onset of ischemia activation-recovery intervals, ERP, longitudinal and 

transverse conduction velocity, or diastolic stimulation threshold were not 

different between the three groups (data not shown).  

 

Arrhythmias 

Arrhythmias were counted during ischemia in all three groups of experiments. 

Figure 1 shows the averaged incidence of arrhythmias in 5 minutes’ bins during 

the entire period of ischemia in the three groups. Note that for clarity the ‘other’ 

arrhythmias are divided by 10. The characteristic separation of arrhythmias in two 

phases (1a and 1b) occurs in all three groups. Table 3 summarizes the average 

number of arrhythmias (all, VF and sustained VT (sVT), VF) in the three 

experimental groups, during both phases of arrhythmogenesis (1a and 1b). 

The average of all spontaneous arrhythmias during both phases (1a and 1b) or 

during the entire ischemic episode did not differ between the N-3, N-9 and control 

groups (table 3).  

Figure 2 shows the averaged number of episodes of sustained VT and/or VF 

during the entire episode of ischemia in each of the three groups. Significantly 

more episodes of sVT/VF occurred in the N-3 and N-9 groups than in the control 

group (p=0.028, ANOVA) in the entire ischemic period, but not in the constituting 

phases (1a or 1b).  
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Figure 1. Arrhythmias during ischemia quantified in 5 minutes’ bins in the three experimental groups. Ventricular extrasystoles, 

doublets and non sustained ventricular tachycardias are included in the category ‘other arrhythmias’. Note that number of 

arrhythmias in the latter category is divided by 10 for clarity. In the three groups the arrhythmias occur in two phases (1a and 

1b). 
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 In the 1b phase, however, VF constituted a larger fraction of all episodes of 

life-threatening arrhythmias (sVT and VF) in the N-3 group (70±0.09 %, n=11) 

compared to the N-9 group (14±0.06%, n=10,) and compared to the control group 

(0±0%, n=6,ANOVA, p<0.001). Indeed, VF in the 1b phase occurred more 

frequently in the N-3 group than in the control group (ANOVA on ranks, p=0.003), 

but the occurrence of VF was not statistically different between the N-9 group and 

the control group. Also, the occurrence of VF in the 1a phase was not different 

between the groups. 

 VTs were monomorphic in all three groups. The percentage of sVTs of all 

VTs in each group was not significantly different (ANOVA).  

 Figure 3 shows examples of activation maps of a basic beat at 0, 20 and 40 

minutes of ischemia and of the first beat of VF (40 minutes) in the three groups. VF 

did not occur in the control group and the onset of a VT is shown. Note that more 

crowding of isochrones and areas of activation block occurs in the N-3 and N-9 

groups than the control group at 20 minutes. After 40 minutes of ischemia there is 

more block and slowed conduction in the control group. This is also evident from 

the appearance of monophasic electrograms in the normal, the border and the 

central ischemic zone (N, B, and C respectively). In the examples the first activation 

from VF originated from outside the electrophysiological border (dotted line) 

leading to increased conduction slowing. Overall, the origin of VF was not  

different between the three groups. 

Excitability and activation block  

Because sVT/VF was more prevalent in the N-3 and N-9 groups than in control 

group, whereas the sum of all arrhythmias was not significantly different in these 

groups, we argued that the difference is caused by a different substrate for reentry 

rather than by a difference in the number of triggers. We therefore studied 

excitability, the prime determinant of the substrate of ischemia-induced reentrant 

arrhythmias in both the early and delayed phase of arrhythmogenesis.22,19 
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Figure 2. Averaged occurrence of sVT/VF during the entire period of regional ischemia in the three experimental groups. Stars 

indicate statistically significant difference (p<0.05). Number of experiments indicated. 

 

 

Activation block  

Monophasic electrograms are indicative of the absence of local activation. In figure 

3 more monophasic electrograms occur in the N-3 and N-9 heart than in the control 

heart after 20 minutes of ischemia. The reverse is true after 40 minutes.  Figure 4 

shows the time course of development of sites of activation block (within the 

ischemic area) in the three groups. The area under the curve (up to the secondary 

rise) was significantly larger in the N-3 than in the control group (p<0.05 ANOVA). 

The N-9 group did not differ from the other groups. At 20 minutes of ischemia the 

N-3 and N-9 groups differed significantly from the control group (ANOVA on 

ranks, all p<0.01). At 40 minutes of ischemia no differences in the percentage of 

activation block was detected.  

 The onset of the second rise in block-electrograms was later in the N-3 and 

N-9 groups than in the control group (N-3: 39.0+/-1.6 (n=8), N-9: 39.3+/-1.7 (n=8) 

and control: 25.8+/-1.5 (n=6) minutes of ischemia, p<0.001 ANOVA).  
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Figure 3 Epicardial activation patterns of a heart of the control group, the N-9 group and the N-3 group at 0, 20, and 40 minutes 

of ischemia following stimulation from the normal zone at a cycle length of 450 msec. The dots in the top left panel indicate 

electrodes (one column and row only). The cyanotic border is indicated by the dotted line (left panels). The course of the LAD is 

along the top margin of the rectangle (apex to the left). Lines indicate isochrones; numbers activation time (msec). Arrows 

indicate the dominant activation sequence. Electrograms from three electrodes (from the central zone (C), border zone (B), and 

normal zone (N)) are represented at the bottom of each panel. Calibration bars are at the right lower corner. At 40 minutes of 

ischemia the activation pattern of the last stimulated beat is shown and that of the onset of VF (VT in the control heart). Gray 

area: tissue with monophasic electrograms. Note more activation block and crowding of isochrones in the N-3 and N-9 heart 

after 20 minutes than in control, and less after 40 minutes of ischemia.  
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Figure 4. Averaged time-course of percentage of sites with activation block within the ischemic tissue during the entire 75 

minute period of ischemia. More activation block occurred in the N-3 group compared to the control group. 

 

Local electrograms and diastolic stimulation threshold 

The site of stimulation was on the average 13.4±0.67 mm distant from the 

electrophysiological border (defined by the region separating tissue with ST-

elevation from that with ST-depression in subsequent mapping experiments) and 

was not significantly different between the three groups (ANOVA).  

 Figure 5 shows the averaged change of the diastolic stimulation threshold 

(DST) in the three groups.  The area under the curve (up to the moment of the 

secondary rise in diastolic stimulation threshold) was larger in the N-3 group than 

in both the N-9 and control group (ANOVA).  Analysis of variance of the values at 

the time points 20 and 40 minutes of ischemia yielded a statistically significant 

difference at 20 minutes between N-3 and both the N-9 and control groups. At 40 

minutes the DST was not significantly different. 
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Figure 5. Averaged time course of change of the diastolic stimulation threshold in the ischemic tissue in the three groups. 

 

 To obtain a more generalized measure of excitability in the entire ischemic 

zone we analyzed the downstroke velocity of the initial deflection (dV/dtmin)   of all 

electrograms recorded from the ischemic zone (stimulation from the normal zone) 

at 20 minutes and 40 minutes of ischemia. Sites with monophasic electrograms 

were exempted. 

 Figure 6 shows the averaged distribution of dV/dtmin in the ischemic tissue 

from the three groups at 20 minutes of ischemia. The averaged dV/dtmin was 

significantly lower in the N-3 (n=10) and the N-9 (n=10) group compared to the 

control (n=6) group (-2.1±0.4, -3.1±1.6 V/s and -5.6±1.0, respectively, p=0.005, 

ANOVA). The lower panel shows the percentage of sites within the central 

ischemic zone (sites with activation block excepted) with a dV/dtmin less than 4 

V/s: It was higher in the N-3 and N-9 group than the control group (85.6±3.8, 

75.3±7.3, 45.2±13.1%, respectively, p=0.01, ANOVA). In the border zone the 

absolute value of the dV/dtmin, or the percentage of sites with a dV/dtmin less than 

4 V/s were not different between the groups.  

 After 40 minutes of ischemia, dV/dtmin was not different between the 

groups, either in the border zone, the central zone or in the entire ischemic zone. 

The dV/dtmin of the electrograms recorded from the non-ischemic myocardium 

after 20 minutes of ischemia was not significantly different between the groups 

(data not shown) 
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Figure 6. Averaged distribution frequency of dV/dtmin derived from electrograms recorded in the ischemic tissue (sites with 

block excluded), in the three groups at 20 minutes of ischemia. More sites with a low dV/dtmin occur in the N-3 and N-9 groups 

than in control. The lower panel shows the % of sites with a dV/dtmin of 0-4 V/s in each of the groups. 

 

Refractory period 

Measurements of the refractory period in the ischemic zone (at the same sites 

where diastolic stimulation threshold was measured) and conduction velocity 

were hampered by the development of inexcitability and arrhythmias. Effective 

refractory period data from the first 40 minutes of ischemia were obtained. No 

differences in effective refractory period were detected between the groups 

(ANOVA, p=0.08). 
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Discussion  

 

Our study shows that a diet rich in n-3 fatty acids results in a larger incidence of 

life-threatening arrhythmias during acute ischemia than a control diet. In the 1b 

phase of arrhythmias VF constitutes a larger fraction of these arrhythmias in the 

fish oil fed group than the group fed sunflower oil. The proarrhythmia observed 

during ischemia in the N-3 group, in combination with the unchanged number of 

triggers, supports the notion that the arrhythmogenic substrate was altered by n-3 

fatty acids. The proarrhythmic potential of a diet rich in fish oil is correlated with 

the development of a larger mass of inexcitable tissue in the ischemic zone, 

particularly in the central part of the ischemic myocardium, and with a later 

secondary decrease in excitability.  

 Prior to the initiation of regional ischemia, measures of refractoriness, 

conduction or excitability did not differ between the three groups. In contrast, n-3 

fatty acids resulted in action potential shortening in isolated myocytes of pigs fed a 

diet rich in fish oil.23 The action potentials were recorded under highly controlled 

experimental conditions whereas larger variabilities may be displayed in perfused 

hearts. Also, it cannot be excluded that circulating n-3 fatty acids present in the 

perfusion experiments but absent during action potential recordings may have 

modified the electrophysiologic changes. The individual contribution of circulating 

versus incorporated n-3 fatty acids is yet to be determined. 

 In our study, dietary n-3 and n-9 fatty acids resulted in a moderate 

increase in inexcitable tissue and thereby favored the onset of reentrant 

arrhythmias. A larger increase in the amount of inexcitable tissue is antiarrhythmic 

after administration of lidocaïne or after preconditioning with low-flow 

ischemia.19,24 

 N-3 fatty acids are not antiarrhythmic in every clinical trial. In trials 

involving patients with prior myocardial infarction fish oil reduced the risk in 

sudden death up to 45%.2,25 Many other studies support this beneficial role of 

increased fish intake.1,2,25,26,27 However, in a trial in patients with angina pectoris 

without prior myocardial infarction, the incidence of sudden death tended to be 

increased.4 A recent trial in patients with an AICD demonstrated a significant 

increase of recurrent VT/VF during a 2-year treatment with n-3 fatty acids7, 

whereas other AICD trials did not show a difference between the patients with and 

without n-3 fatty acid supplementation.5,6  
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 Our data may help to explain these discrepant findings of fish oil 

supplementation in clinical trials. In patients with heart-failure associated 

arrhythmias based on triggered activity28 decreased myocardial excitability is 

antiarrhythmic. However, a decrease in myocardial excitability is proarrhythmic 

under conditions of prolonged myocardial ischemia. A diet rich in fish oil may 

therefore be proarrhythmic in patients with angina.  

 We have compared three groups of pigs in which the fish oil and the 

sunflower oil diets were equal in fat content, energy content but differed in the 

amount of n-3 fatty acids. The observation that VF constituted a larger fraction of 

life-threatening arrhythmias during the 1b-phase in the N-3 group than in the N-9 

group suggests that at least some of the observed differences are explained by the 

n-3 position and/or the number of double bonds of the fatty acid. However, the 

large differences in excitability between the N-3 and N-9 groups on one hand 

versus the control group on the other hand indicates that other dietary factors play 

a role as well. Because the control diet in our experiments was different in more 

than a single aspect from both the fish oil and sunflower oil rich diets it is difficult 

to assign a cause for the observed differences between the groups. Sunflower oil 

therefore appears to be a poor control fatty acid in the setting of ischemia.  

 The absence of an antiarrhythmic effect in our study is at variance with 

previous experimental work on n-3 fatty acids.8,29,30 One explanation may be that 

some of these studies used acute administration of free n-3 fatty acids rather than 

feeding. Another explanation may be that we have selected a pig model with a 

moderate amount of arrhythmias, allowing proarrhythmia to be uncovered. In a 

highly arrhythmogenic model n-3 fatty acids may be antiarrhythmic while in a less 

arrhythmogenic model n-3 fatty acids may facilitate arrhythmias. For example, the 

study by Billman et al. involved a maximally arrhythmogenic model by selecting 

dogs with reproducible VF for inclusion in the study.8 Furthermore, species 

differences may explain these contrasting findings. Pigs and dogs display two 

phases of arrhythmogenesis during regional myocardial ischemia, whereas small 

rodents do not.31 In studies on long term dietary intake of n-3 fatty acid in rats the 

severity and amount of arrhythmias induced by ischemia/reperfusion were 

reduced.29,30 

 Acutely administered n-3 fatty acids block the cardiac sodium channel, 

possibly by a direct interaction.13 Alterations in myocardial excitability during 

regional ischemia in our study are in concordance with this idea and are possibly 
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regulated through circulating n-3 fatty acids (present in the blood, Table 2) or 

incorporated n-3 fatty acids (present in the myocardium, Table 2). Incorporated n-3 

fatty acids alone do not affect sodium current density.23 However, it is possible that 

release of incorporated n-3 fatty acids during regional ischemia may have caused 

alterations in excitability.6  

 The 1b-phase of ischemia-induced arrhythmogenesis is related to the 

closure of gap-junctions. The high incidence of VF in this phase together with the 

delayed development of inexcitability in the fish oil group supports the idea that n-

3 fatty acids alter gap junctions. The latter may be mediated by a decrease of the 

intracellular Ca2+-concentration induced by fish oil.32 

 

Strengths and Limitations 

Mechanistic information has so far been derived from experimental studies in 

which n-3 fatty acids were administered acutely.8,11 Some feeding studies have 

been performed in pigs but these have focused on recovery of hemodynamic 

function.33 Our study is the first to demonstrate changes in electrophysiology 

underlying arrhythmogenesis of n-3 fatty acids in a chronic feeding model.  

 Although the occurrence of VF is larger in the N-3 group compared to the 

N-9 group we cannot explain this difference in terms of excitability.  

 We did not evaluate the influence of other arrhythmogenic factors 

(myocardial stretch, the autonomous nervous system34), but the results indicate 

that at least part of the electrophysiological effects of dietary n-3 fatty acids are 

conveyed in the absence of these factors.  

 In conclusion, our study demonstrates that dietary n-3 and n-9 fatty acids 

reduce excitability and cause arrhythmias during regional ischemia.  
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Abstract 

 

Fish oil reduces sudden cardiac death in post myocardial infarction patients. Life-

threatening arrhythmias in heart failure are associated with repolarization 

abnormalities leading to early afterdepolarization (EAD) formation.  We examined 

the effects of incorporated fish oil ω3 polyunsaturated fatty acids (ω3-PUFAs) on 

EAD formation in pig myocytes. Pigs were fed a diet rich in fish oil or sunflower 

oil (control) for 8 weeks. Myocytes were isolated by enzymatic dissociation and 

patch-clamped. Susceptibility to EAD formation was tested using E4031 (5 µM), a 

blocker of IKr. The fish oil diet in pigs resulted in increased incorporation of ω3-

PUFAs in the sarcolemma of the myocytes compared to the control diet and caused 

a reduced occurrence of E4031-induced EADs in pig myocytes. A shorter action 

potential, a reduced action potential prolongation in response to E4031 and a 

reduced reactivation of ICa,L by ω3-PUFAs may explain the observed reduction in 

EADs. A diet rich in fish oil protects against EAD formation. 

 

Introduction 

 

Increased consumption of ω3-PUFAs from fish reduces the risk of arrhythmic 

cardiac death in post myocardial infarction patients.1 Life-threatening arrhythmias 

in heart failure are associated with repolarization abnormalities leading to EADs 

and Torsade de Pointes.2  

 Torsade de Pointes, a polymorphic ventricular arrhythmia, is triggered by 

EADs and maintained by reentry.3,4 A diet rich in fish oil reduced the incidence of 

dofetilide-induced Torsade de Pointes in rabbits.5 It is unknown whether dietary 

fish oil repressed the trigger for Torsade de Pointes, or affected the maintenance of 

Torsade de Pointes by reentry. A diet rich in fish oil in pigs increased the content of 

ω3-PUFAs in the sarcolemma of isolated myocytes and  thereby decreased ICa,L 

density and shortened action potentials.6 Both actions may contribute to the 

suppression of EAD formation. Therefore, we studied the incidence of EAD 

formation in isolated myocytes from pigs fed a diet rich in fish oil or sunflower oil. 

We found that dietary fish oil protects against EADs. 
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Materials and methods 

Cell preparation 

The investigation conforms to the US National Institutes of Health (NIH 

Publication 85-23, 1996). Male pigs (7 weeks of age) received a diet rich in ω3-

PUFAs or sunflower oil (control) for 8 weeks as described previously.6 At the time 

of sacrifice, pigs were anesthetised with isoflurane and 3-lead ECGs were recorded 

during sinus rhythm.  

 Lipids from heart samples and myocytes were extracted with the method 

of Folch et al.7 Saponification and methylation of phospholipids from heart and 

isolated myocytes resulted in fatty acid methyl esters that were subjected to 

capillary gas chromatography and expressed as fraction of the total amount of 

lipids. 

 Left midmyocardial ventricular myocytes were isolated by enzymatic 

dissociation.8 Quiescent, rod-shaped cells with cross striations were selected for 

electrophysiological measurements. 

 The superfusion solution and pipette solutions are described previously.6 

Potentials were corrected for the estimated change in liquid junction potential, 

except for INa measurements, where it was 0.2 mV. Adequate voltage control was 

achieved with low-resistance pipettes (1.5–2.5 MΩ), and Rs and Cm compensation 

>80%. Signals were filtered (1-kHz), digitized (2-kHz) and analyzed by custom 

software.  

 Action potentials and EADs were recorded with the perforated patch-

clamp technique with amphotericin-B (2.2 mM) to avoid intracellular dialysis and 

ion channel current rundown.9 Action potentials were elicited by 3-ms long, 1.5× 

diastolic threshold, depolarizing current pulses at a 5-s or 1-s cycle length. Action 

potential characteristics were obtained by averaging the values of 10 consecutive 

action potentials. Susceptibility to EAD formation was tested using the IKr blocker 

E4031 (5 µM) (Eisai Inc, NJ, USA).10 

 Reactivation of INa and ICa,L during hyperpolarizing step-ramp protocols 

was recorded in the absence and presence of TTX (30 µM) and nifedipine (5 µM), 

respectively. Protocols are shown in the insets (Figure 2A and D). Current density 

was calculated by dividing whole-cell current amplitude by whole cell capacitance.  

Results are expressed as mean±sem. Data are considered different if P<0.05. The 

unpaired t-test, Fisher’s exact test, or in Two-Way Repeated Measures ANOVA 
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followed by pairwise comparison using the Holm-Sidak test was used if 

appropriate. 

 

Results and Discussion 

 

The fish oil diet contained 1.5 g fish oil ω3-PUFAs EPA/DHA per 100g feed.6 ω3-

PUFAs in biopsies of the heart and of isolated myocytes from the fish oil fed pigs 

comprised 22% of the total lipid content versus <2% in control (P<0.05). 

 Figure 1A shows typical action potentials recorded from control and ω3 

myocytes at a 5 s cycle length and averaged action potential characteristics (bar 

graphs). Incorporated ω3-PUFAs reduce action potential duration (APD) and 

plateau amplitudes compared to control. Resting membrane potential and action 

potential amplitude did not differ between the two groups. Average QT intervals 

in fish oil fed pigs were 328±30.3 versus 340±12.6 ms in control. This difference did 

not reach significance due to the large variability of the data, both before and after 

correction for heart rate.  

 Figure 1B shows typical action potentials recorded from a control and an 

ω3 myocyte in the absence and presence of IKr blocker E4031 at a 5 s cycle length. 

E4031 resulted in action potential prolongation in both groups, and in EADs in 

12% of the ω3 myocytes versus 65% of the control myocytes (bar graph, P<0.05).  

 EAD formation at a 5 s cycle length complicated accurate measurements 

action potential prolongation.  

 Therefore, action potential prolongation (∆APD90) was studied at a 1 s cycle 

length in control and ω3 myocytes. Figure 1C shows typical examples of action 

potential prolongation in control and ω3 myocytes in the absence (-) and presence 

(+) of E4031 at this cycle length. Action potential prolongation was larger in control 

myocytes compared to ω3 myocytes (bar graphs, P<0.05).  

EAD-induced arrhythmias are bradycardia dependent and associated with long 

action potentials. Action potentials of pigs fed a diet rich in fish oil are shorter, due 

to remodelling of ion channels carrying ICa,L, INCX, IK1, and IKs.6 
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Figure 1. A, Typical action potential recorded from a control and ω3 myocyte (5 s cycle length) and their averaged 

characteristics (bar graphs; Vm= membrane potential, RMP= resting membrane potential, APA= maximal action potential 

amplitude, Pla= action potential plateau amplitude, APD20, APD50 and APD90= Action potential duration at 20%, 50% and 90% 

repolarization). B, Typical examples of E4031–induced action potential prolongation and EAD formation in a control and ω3 

myocyte (5 s cycle length). Action potentials are recorded at times indicated by arrows 1 to 4 in the insets, which show APD90 as 

a function of time. C, Typical examples of E4031–induced action potential prolongation in a control and ω3 myocyte (1-s cycle 

length). * indicates P<0.05. 

 

 Therefore, the observed reduction in the occurrence of EADs in the fish oil 

group can partly be explained by action potential shortening due to incorporated 

ω3-PUFAs. Indeed, action potential shortening, due to a larger IKs, prevented EAD 

formation in rabbit myocytes.11  
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 The mechanisms underlying EAD formation are multiple:12,13,14 1) 

reactivation of INa, 2) reactivation of ICa,L and 3) INCX following spontaneous 

sarcoplasmic reticulum Ca2+-release.  Reactivation of INa was measured as a TTX-

sensitive current in a hyperpolarizing ramp protocol (Fig. 2A, B and C). 

Reactivation of INa did not differ between the two groups. Reactivation of ICa,L was 

measured as the nifedipine-sensitive current during a hyperpolarizing ramp 

protocol (Fig 2D, E and F). Reactivation of ICa,L was significantly smaller in ω3 

myocytes compared to control myocytes. Earlier experiments showed that ω3-

PUFAs reduce ICa,L.6,15 This may explain the reduction in reactivation of ICa,L. 

 ω3-PUFAs also inhibit INCX.6,16 However, increased INCX caused by 

spontaneous sarcoplasmic reticulum Ca2+-release is mainly relevant at membrane 

potentials negative to -60 mV. In the present study, EAD formation occurred at 

plateau potentials and signs of Ca2+-overload, i.e., spontaneous contractions or 

delayed afterdepolarizations were absent. Therefore INCX is a less probable 

mechanism for EAD formation in the present study. 

 In conclusion, a diet rich in fish oil reduces E4031-induced action potential 

prolongation and reduces the incidence of EADs. This antiarrhythmic effect may 

be due action potential shortening in combination with reduced reactivation of ICa,L 

by incorporated ω3-PUFAs. Although dietary fish oil causes action potential 

shortening that might be detrimental in patients with reentry based arrhythmias, it 

can prevent the trigger for arrhythmias in patients with heart failure or the 

acquired/congenital long QT syndrome. Therefore, patients with heart failure or 

the long QT syndrome may benefit from fish oil supplementation. 
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Figure 2. A,B, Typical INa current traces (bottom) elicited by a ramp protocol (top) in absence and presence of 30 µM TTX. C, 

Average I-V relationship of INa recorded from control and ω3 myocytes. D,E, Typical ICa,L current traces (bottom) elicited by a 

ramp protocol (top) in absence and presence of 5 µM nifedipine. F, Average I-V relationship of ICa,L recorded from control and 

ω3 myocytes. *P<0.05 
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Abstract 

 

Background: Fish oil reduces the incidence of sudden cardiac death in post 

myocardial infarction patients. Triggered activity is the principal mechanism of 

arrhythmogenesis under these conditions.  

Objective: To test whether dietary fish oil in pigs inhibits Ca2+-overload induced 

triggered activity.  

Methods: Pigs were fed a fish oil diet or a sunflower oil diet for 8 weeks. 

Ventricular myocytes (ω3: fish oil, n=11 and control: sunflower oil, n=8) were 

isolated by enzymatic dissociation and used for patch clamp studies and 

intracellular Ca2+ recordings. Triggered activity was induced with rapid pacing in 

the presence of norepinephrine. 

Results: Dietary fish oil reduced the incidence of triggered action potentials and 

delayed afterdepolarizations compared to control (9.1% in ω3 and 84.6% in control, 

p<0.05), concomitant with a reduction in spontaneous Ca2+ releases. Dietary fish oil 

prevented Ca2+-overload and reduced AP prolongation in response to 

norepinephrine (∆APD90; 23.2±8.5 ms in ω3 and 107.4±15.9 in control, p<0.05). ω3 

myocytes displayed reduced L-type Ca2+ current (ICa,L) and less recruitment of the 

Na+-Ca2+ exchange current (INCX) in response to norepinephrine compared to 

control. In the absence of norepinephrine, the slow component of the delayed 

rectifier current (IKs) was larger in ω3 myocytes, although with norepinephrine, IKs 

increased to the same level in ω3 and control myocytes. 

Conclusion: Dietary fish oil reduces the incidence of triggered activity, prevents 

Ca2+-overload and AP prolongation in response to norepinephrine. This 

corresponds to decreased ICa,L and reduced recruitment of INCX in the fish oil group. 

Fish oil may prevent arrhythmias in patients with heart failure. 
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Introduction 

 

Increased consumption of ω3-polyunsaturated fatty acids (ω3-PUFAs) from fish 

reduces the incidence of sudden cardiac death in patients with a recent myocardial 

infarction1,2, suggesting that dietary fish oil is antiarrhythmic. Arrhythmias in the 

post myocardial infarction setting are often initiated by triggered activity3,4 

resulting from delayed afterdepolarizations (DADs). DADs in human myocytes are 

due to Na+-Ca2+-exchanger current (INCX)5 following spontaneous sarcoplasmic 

reticulum (SR) Ca2+ releases.6,7 This release is facilitated by tachycardia and β-

adrenergic stimulation, because both elevate intracellular Ca2+.8 The 

antiarrhythmic mechanism of fish oil supplementation in post myocardial 

infarction patients is not completely understood.  

 Dietary fish oil leads to incorporation of ω3-PUFAs into the sarcolemma.9 

This leads to shortening of the ventricular action potential (AP), due to decreased 

L-type Ca2+ current (ICa,L) and INCX, and increased inward rectifier current (IK1) and 

IKs, the slow component of the delayed rectifier current.9 AP shortening leads to an 

increased diastolic interval, favoring removal of excess Ca2+ from the cytosol, 

reducing Ca2+ overload conditions.8 In addition, an increase in IK1 and a reduction 

in INCX protects against DADs.,7,10  

 Based on the above, we hypothesize that dietary fish oil reduces the 

incidence of triggered activity under Ca2+-overload conditions. We therefore 

studied the occurrence of triggered APs, DADs and spontaneous SR Ca2+ releases 

after rapid pacing in the presence of norepinephrine in myocytes isolated from 

pigs fed a diet rich in fish oil (ω3) or sunflower oil (control). Furthermore, we 

studied the changes in AP duration and cytosolic Ca2+ in response to 

norepinephrine in ω3 and control myocytes. 
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Methods 

 

 

Cell preparation 

The investigation conforms to the US National Institutes of Health (NIH 

Publication 85-23, 1996). Male pigs (7 weeks of age) received a diet rich in fish oil 

ω3-PUFAs (eicosapentaenoic acid, EPA and docosahexaenoic acid, DHA; n=11) or 

sunflower oil (rich in ω9-fatty acids; n=8) for 8 weeks as described previously9. 

Subsequently, animals were sedated with ketamine (500 mg, i.m. Nimatek; Animal 

Health), azaperon (160 mg, i.m. Stresnil; Janssen-Cilag), and atropine (0.5 mg, i.m.; 

Centrafarm) and killed by injection of pentobarbital (20 mg/kg, i.v. Nembutal; 

Ceva Sante Animale). Midmyocardial left ventricular myocytes were enzymatically 

isolated as described previously.11 Small aliquots of cell suspension were placed in 

a recording chamber on the stage of an inverted microscope and allowed to adhere 

for 5 minutes before superfusion was initiated. Quiescent rod-shaped cells with 

cross-striations and with smooth surface were selected for measurements. For each 

data set myocytes from 3-6 animals from each group were used. 

 

 

Electrophysiology 

Membrane potentials and currents were recorded with the use of the 

amphotericin-perforated patch-clamp technique [Ca2+-activated Cl- current (ICl(Ca)), 

IK1] or with the ruptured patch-clamp technique [rapid delayed rectifier K+ current 

(IKr), IKs, ICa,L, and INCX], at 36 ± 0.5°C with superfusion and pipette solutions as 

described previously.9 Membrane currents were low-pass filtered with a cut-off 

frequency of 1 or 3 kHz and digitized at 5 kHz; AP measurements were filtered 

and digitized at 5 and 10 kHz, respectively. Voltage control, data acquisition, and 

analysis were accomplished using custom software. Potentials were corrected for 

liquid junction potential. Cell membrane capacitance (Cm) was estimated as 

described previously.12 Series resistance was compensated for by at least 80%. 

 APs were elicited at 0.5 to 3 Hz by 3 ms (1.5 × threshold) current pulses 

through the patch pipette. AP duration at 90% repolarization (APD90) and plateau 

level (defined as the potential value recorded 60 ms after the upstroke) were 

analyzed. AP parameters from 6 consecutive APs were averaged. APs were 

measured in the absence and presence of norepinephrine (20 nM; Centrafarm, 
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Etten-Leur, Netherlands). In order to obtain steady−state conditions, AP recordings 

were started 1 min after the application of norepinephrine. Susceptibility to 

triggered activity and DADs were evoked by a 3 Hz (10 seconds) rapid pacing 

episode followed by an 8 second pause (tracing period).  

 Ion currents were measured in a paired experiment in the absence and 

presence of norepinephrine in the same myocyte. IKr was measured as the residual 

current in the presence of IKs blocker chromanol 293B (90 µM), while IKs was 

measured as the residual current in the presence of  IKr blocker E-4031 (5 µM) (E-

4031: Eisai Inc., NJ, USA; chromanol 293B: Tocris Cookson Inc. MO, USA).13 ICl(Ca) 

was measured as the transient outward current sensitive to 0.2 mM 

4,4′diisothiocyanatostilbene-2,2′-disulfonic acid (DIDS: Sigma-Aldrich, MO, USA). 

INCX was measured as 10 mM Ni2+-sensitive current. The effects of DIDS and Ni2+ 

are reversible.14,15 Current densities were calculated by dividing current 

amplitudes by Cm. 

 

 

Cytosolic Ca2+ measurements 

Intracellular Ca2+ ([Ca2+]i) was measured in indo-1 loaded myocytes as described 

previously.16 Briefly, myocytes were field stimulated and dual wavelength 

emission of indo-1 was recorded ((405-440)/(505-540) nm, excitation at 340 nm). 

Signals were digitized at 1 kHz and corrected for background signals recorded 

from indo-1 free myocytes after which free [Ca2+]i was calculated. Each experiment 

started with a conditioning period of 2 minutes in which 1 Hz field stimulation 

was applied. This was followed by Ca2+-transient recordings in the absence and 

presence of norepinephrine (20 nM) at 1 Hz stimulation. Recordings were started 1 

min after the application of norepinephrine. Ca2+-aftertransients were evoked by a 

3 Hz (10 seconds) rapid pacing episode followed by an 8 second pause (tracing 

period). 

 

 

Statistics 

Data are mean±SEM (n, number of myocytes), and statistical significance was 

based on P<0.05 (Student’s t-test, two-way Repeated Measures ANOVA followed 

by pairwise comparison using the Holm-Sidak test if appropriate). Fisher's exact 

test was used when appropriate. 
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Results 

 

Fish oil reduces the incidence of triggered APs, DADs and Ca2+-

aftertransients 

Figure 1 shows typical examples of the effect of fish oil on the incidence of 

triggered APs, DADs and Ca2+-aftertransients following a rapid pacing protocol in 

the presence of norepinephrine. The arrows indicate the last stimulated AP and 

Ca2+-transient of the rapid pacing protocol after which stimulation was 

discontinued. In the control myocyte a triggered AP (star) follows a DAD, whereas 

no triggered events occur in the ω3 myocyte. The last stimulated Ca2+-transient is 

followed by two Ca2+-aftertransients (stars) after the last stimulated Ca2+-transient 

in the control myocyte but not in the ω3 myocyte.  

In Table 1, the relative incidence of triggered APs and DADs,  and of Ca2+-

aftertransients (recorded from different myocytes) is summarized: they were 

significantly reduced in ω3 myocytes compared to control myocytes (Fisher’s exact 

test, p<0.05). 

 

 
 

 

Figure 1. Representative examples of the occurrence of triggered APs, DADs (A) and Ca2+-aftertransients (B) in a control and an 

ω3 myocyte. The arrow indicates the last stimulated AP or Ca2+-transient preceding the tracing period. Stars point to 

spontaneous APs, DADs and Ca2+-aftertransients.  
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Table 1. The occurrence of triggered APs, DADs and Ca2+-aftertransients in control and 

ω3 myocytes (expressed as % of number of myocytes) 

 

 Control ω3 

Triggered APs and DADs (%) 84.6 (n=13) 9.1* (n=11) 

Ca2+-aftertransients (%) 53.8 (n=13) 12. 5* (n=16) 

 

APs=action potentials; DADs=delayed afterdepolarizations. *P<0.05 

 

Dietary fish oil reduces Ca2+-overload in response to norepinephrine  

Because Ca2+-aftertransients and DADs reflect disturbances in [Ca2+]i  handling, 

our experiments imply that the response of [Ca2+]i  to norepinephrine is impaired 

in ω3 myocytes compared with control myocytes. Therefore, we studied the effect 

of norepinephrine on Ca2+-transients in ω3 and control myocytes. Figure 2A shows 

examples of Ca2+-transients recorded from a control and an ω3 myocyte before (-

NE) and after (+NE) application of norepinephrine at 1 Hz. The effect of 

norepinephrine is reduced in the ω3 myocyte.  Figure 2B shows that there are no 

significant differences in diastolic and systolic [Ca2+]i in the absence of 

norepinephrine between control and ω3 myocytes in correspondence with our 

previous data.9 In the presence of norepinephrine, however, diastolic and systolic 

[Ca2+]i are significantly higher in the control myocyte compared to the ω3 myocyte 

(Figure 2B).  

 

Dietary fish oil prevents AP prolongation in response to norepinephrine  

The lower [Ca2+]i in the presence of norepinephrine in ω3 myocytes can be 

attributed to an increased efflux of Ca2+  mediated by longer diastolic intervals 

caused by a shortened AP. Indeed, DAD-related triggered activity is also 

dependent on the duration of the cardiac AP (for review see 8). We therefore 

hypothesized that ω3 myocytes have shorter AP durations in the presence of 

norepinephrine compared to control myocytes.  
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Figure 2. (A) Typical example of Ca2+-transients recorded from a control and an ω3 myocyte in the absence and presence of 

norepinephrine (-/+ NE). (B) Averaged diastolic and systolic [Ca2+]i in the absence and presence of norepinephrine (*P<0.05 for 

control vs. ω3). (C) Typical examples of APs recorded from a control and an ω3 myocyte in the absence and presence of 

norepinephrine (-/+ NE). (D) Dependence of APD90 on stimulation frequency in control (n=9) and ω3 (n=8) myocytes (*p<0.05 

for NE-superfused vs. control).  

 

 Figure 2C displays typical APs recorded from a control and an ω3 myocyte 

in the absence (-NE) and presence (+NE) of norepinephrine at 1 Hz stimulation. In 

the control myocyte, norepinephrine prolongs the AP and elevates the plateau 

potential. In the ω3 myocyte, norepinephrine hardly causes AP prolongation or 

plateau potential elevation. Figure 2D displays the averaged APD90 in the absence 

and presence of norepinephrine at stimulation frequencies of 0.5-3Hz in control 

and ω3 myocytes. In control myocytes, norepinephrine prolongs the APD90 at all 

frequencies, whereas in the ω3 myocytes, norepinephrine does not prolong APD90, 

except at 1 Hz, but only to a minor extent. The increase in APD90 at 1 Hz is 

significantly larger in control than in ω3 myocytes (control; 107.4±15.9 ms and ω3; 

23.2±8.5 ms, p<0.05). Also, mean plateau potentials in the presence of 

norepinephrine were significantly more positive in control myocytes than in ω3 

myocytes (control; 30.9±0.9 mV and ω3; 21.8±1.7 mV, p<0.05).  

 

Dietary fish oil, norepinephrine and ion currents 

To identify which ion currents contribute to the shorter AP and the lower plateau 

potential in ω3 myocytes in the presence of norepinephrine, we studied the major 
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inward and outward ion currents in the absence (-NE) and presence (+NE) of 

norepinephrine in control and ω3 myocytes.  

 L-type Ca2+ current +/- norepinephrine: ICa,L was activated by 200-ms 

depolarizing voltage-clamp steps from –90 mV (Fig. 3A, inset). Figure 3A shows 

representative time- and voltage-dependent traces of ICa,L in the absence (-NE) and 

presence (+NE) of norepinephrine in a control and ω3 myocyte. Figure 3B shows 

the average current-voltage (I-V) relationship of ICa,L in control (left) and ω3 (right) 

in absence and presence of norepinephrine. Both in absence and presence of 

norepinephrine, peak ICa,L densities at 0 mV are larger in control myocytes 

compared to ω3 myocytes (control; -12±1.2 pA/pF (-NE) and -13±1.2 pA/pF (+NE): 

ω3; -9±0.5 pA/pF (-NE) and -10±0.6 pA/pF (+NE), p<0.05 for control vs. ω3). The 

relative norepinephrine-induced increase in ICa,L was similar in the two groups 

(control, 12.0±6.3% and ω3, 7.5±7.0%, p=n.s). 

 
 
 

Figure 3. (A) Representative examples of ICa,L traces activated by depolarizing voltage steps (inset) in the absence and presence 

of norepinephrine (-/+ NE) in a control and ω3 myocyte. (B) Peak current-voltage (I−V) relationships of ICa,L in the absence 

(n=13 for both control and ω3) and presence (n=5 for both control and ω3) of norepinephrine (-/+ NE) in control and ω3 

myocytes. 
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 K+ currents +/- norepinephrine:  IKs was measured as the residual current 

in the presence 5 µM E-4031 during 4-s depolarizing steps from –50 mV (Fig. 4A, 

inset). Figure 4A shows typical examples of time- and voltage-dependent traces of 

IKs in the absence (-NE) and presence (+NE) of norepinephrine in control and ω3 

myocytes. In the absence of norepinephrine, IKs is larger in ω3 myocytes compared 

to control myocytes (Fig. 4A) as described previously.9 Application of 

norepinephrine resulted in increased IKs density in both control and ω3 myocytes 

(Fig. 4B). However, the increase in IKs was lower in the ω3 myocyte compared to 

the control myocyte (Fig. 4A). Consequently, mean IKs densities in the presence of 

NE in the two groups are not significantly different (at 20 mV: control; 2.4±0.4 

pA/pF vs ω3; 2.1±0.4 pA/pF).  

 

 
 
 

Figure 4. (A) Representative IKs traces in the absence and presence of norepinephrine (-/+ NE) in control and ω3 myocytes. 

Inset: voltage protocol. (B) I−V relationships of IKs in control (-NE; n=18 and +NE; n=15) and ω3 myocytes (-NE; n=8 and +NE; 

n=8). Time-dependent outward-current amplitudes were measured at the end of a 4-s depolarization. (*p<0.05, norepinephrine 

vs. control).  

 

 IKr was measured as the residual current in the presence of 90 µM 

chromanol 293B during 4-s depolarizing steps from –50 mV. IKr was not different 



Chapter 6 

 129 

between control and ω3 myocytes9, and in both groups, IKr was unaffected by 

norepinephrine (data not shown). 

 IK1 is defined as steady-state current at the end of 500-ms hyperpolarizing 

voltage-clamp steps from –40 mV.9 In the absence of norepinephrine, IK1 was 

approximately 50% larger due to the fish oil diet.9 Norepinephrine did not alter IK1 

density (data not shown).  

 INCX +/- norepinephrine: INCX was measured as the Ni2+ sensitive current 

during a descending voltage ramp protocol. Figure 5A shows representative time- 

and voltage-dependent traces of INCX in the absence (-NE) and presence (+NE) of 

norepinephrine in a control and an ω3 myocyte. Without norepinephrine, INCX is 

larger in the control myocyte compared to the ω3 myocyte, as described 

previously.9 Application of norepinephrine resulted in significantly larger INCX in 

the control myocytes than in the ω3 myocyte. In the presence of norepinephrine, 

INCX density values for both the reverse (outward) and forward (inward) modes 

were significantly larger in control myocytes compared to ω3 myocytes (p<0.05, 

Fig. 5B and Table 2).  

 

Table 2. INCX densities in the absence (-NE) and presence of norepinephrine (+NE) in 

control and ω3 myocytes  

 

 Control ω3 

INCX - NE (n=8) +NE (n=8) -NE (n=9) +NE (n=8) 

at + 40 mV (pA/pF) 1.3 ±0.1 2.7 ±0.3 0.7±0.1* 1.1±0.1* 

at -60 mV (pA/pF) –0.7±0.1 –2.0±0.4 0.4±0.1* –0.5±0.1* 

 

NE=norepinephrine. *P<0.05 for ω3 vs. control. Values are mean ±SEM 
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Figure 5. (A) Representative INCX traces in the absence and presence of norepinephrine (-/+ NE) in control and ω3 myocytes. 

Inset: voltage protocol. (B) Average I−V relationships of INCX in control (-NE; n=8 and +NE; n=8) and ω3 myocytes (-NE; n=9 and 

+NE; n=8) (*p<0.05, +NE vs. -NE) (for *p<0.05, control vs. ω3, see Table 2).  

 

 

 ICl(Ca) +/- norepinephrine: Because ICl(Ca) is also present in pig myocytes17,18 

and may underlie DADs we measured the effects of norepinephrine on ICl(Ca) 

density in control and ω3 myocytes. ICl(Ca) was elicited by series of 500-ms 

depolarizing voltage-clamp steps (Fig. 6A, inset), and was defined as  a DIDS-

sensitive transient outward current. Figure 6A shows representative examples of 

ICl(Ca) in the absence (-NE) and presence (+NE) of norepinephrine. Fig. 5B shows 

mean I-V relationships of ICl(Ca). Both in the absence (-NE) and presence (+NE) of 

norepinephrine, ICl(Ca) is not significantly different in both groups. 
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Figure 6. (A) Representative ICl(Ca) traces in the absence and presence of norepinephrine (-/+ NE) in control and ω3 myocytes at 

+40 mV. Inset: voltage protocol. (B) Average I-V relationships of ICl(Ca) in control (-NE; n=9 and +NE; n=9) and ω3 myocytes (-

NE; n=5 and +NE; n=4). ICl(Ca) remained unchanged in the presence of norepinephrine in both groups.  
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Discussion 

 

Our results show that a diet rich in fish oil in pigs reduces the occurrence of 

triggered APs, DADs and Ca2+-aftertransients after rapid pacing in the presence of 

norepinephrine. Furthermore, dietary fish oil reduces Ca2+-overload, AP 

prolongation and plateau level elevation in the response to norepinephrine. In line 

with this, we observed that dietary fish oil causes a decrease in ICa,L and reduces 

recruitment of INCX by norepinephrine. In the absence of norepinephrine, IKs was 

larger in ω3 myocytes, although in the presence of norepinephrine, IKs increased to 

the same value in ω3 and control myocytes. These findings suggest that the 

incorporated ω3-PUFAs alter the response of several channels to norepinephrine. 

This study provides a novel mechanism by which dietary fish oil may reduce Ca2+-

overload arrhythmias. 

 Dietary fish oil reduces sudden death in patients with a prior myocardial 

infarction.1,2 To date numerous studies have shown that acute application of fish 

oil reduces experimentally induced arrhythmias by altering cardiac 

electrophysiology.19 Most of these studies involve cellular experiments after the 

addition of free fatty acids to the bathing solution. Feeding studies with fish oil 

have shown that incorporated ω3-PUFAs have different electrophysiological effects 

than acutely administered ω3-PUFAs.9,20,21 Our study was designed to investigate 

the effect of incorporated ω3-PUFAs on norepinephrine-induced triggered activity 

in isolated myocytes from fish oil fed pigs.   

 

Triggered activity  

We demonstrate that incorporated ω3-PUFAs reduced the incidence of 

norepinephrine-induced triggered APs, DADs and Ca2+-aftertransients. Elevation 

of diastolic Ca2+ concentration is directly related to the occurrence Ca2+-

aftertransients in heart failure.16,22 Indeed, diastolic and systolic [Ca2+]i in the 

presence of norepinephrine were lower in the fish oil group compared to control. A 

reduction in Ca2+-overload in presence of norepinephrine may be due to less Ca2+-

influx, more Ca2+-efflux, altered SR Ca2+ handling and/or differences in 

phosphorylation of the ryanodine receptors.16,23 Incorporated ω3-PUFAs reduced 

ICa,L by 20%9 without a difference in [Ca2+]i. In the presence of norepinephrine, ICa,L 

was increased to a similar extent in both ω3 and control myocytes (Fig. 3), 

suggesting a limited role for ICa,L in the reduction of  norepinephrine-induced Ca2+-
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overload. Ca2+-efflux by INCX in ω3 myocytes was also reduced compared to the 

control, and therefore could not contribute to increased Ca2+ removal. This 

suggests that the explanation for the reduction in Ca2+-overload in response to 

norepinephrine in ω3 myocytes is mainly on the level of the SR. Although  

membrane incorporated ω3-PUFAs do not affect SR Ca2+ content in rat myocytes in 

the absence of norepinephrine24,  differences in phosphorylation of the ryanodine 

receptors and for example the SR Ca2+ ATPase (SERCA) in ω3 myocytes could 

account for the reduction in Ca2+-overload. Clearly, further experiments are needed 

to establish the effect of incorporated ω3-PUFAs on phosphorylation of receptors, 

channels and exchangers. 

 

AP changes in ω3 and control myocytes during norepinephrine exposure 

Under control conditions, ω3 myocytes have shorter APs compared to control 

myocytes, due to the incorporation of ω3-PUFAs into the sarcolemma.9 Application 

of norepinephrine to control myocytes resulted in prolongation of the cardiac AP 

and elevation of the action potential plateau, but not in ω3 myocytes. The duration 

and the shape of the cardiac AP is determined by a delicate balance between 

inward and outward currents; small changes in ion current densities therefore can 

have a major impact on the AP shape and duration. AP prolongation in response to 

norepinephrine is also a prominent feature of human ventricular myocytes.11 The 

lack of AP prolongation in ω3 myocytes in response to norepinephrine can be 

explained by the reduced recruitment of individual ion currents. 

 

Ion currents in ω3 and control myocytes and their response to 

norepinephrine 

Incorporated ω3-PUFAs caused a 60% reduction in INCX in the absence of 

norepinephrine.9 Norepinephrine increased INCX in both control and ω3 myocytes, 

although this was much less in the ω3 myocytes (Fig.5). The decreased INCX by 

incorporated ω3-PUFAs, together with the reduced recruitment of INCX in response 

to norepinephrine in the ω3 myocytes results in less depolarizing INCX during 

plateau and repolarization of the AP. This could explain the reduction in AP 

prolongation in the ω3 myocytes. In addition, the lower cytosolic [Ca2+]i in 

response to norepinephrine in ω3 myocytes leads to even more reduced forward 

mode INCX. Therefore, NCX is a key factor in the reduced AP prolongation in ω3 

myocytes. 
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 Because INCX underlies generation of DADs, the reduced INCX in ω3 

myocytes may also explain the reduction in triggered activity seen in our study; 

any spontaneous Ca2+ release in ω3 myocytes results in a decreased incidence in 

DADs. The larger IK1 adds to stabilizing the resting membrane potential.9 

 Incorporated ω3-PUFAs increased IKs by 70%.9 Norepinephrine enhanced 

IKs density in both control and ω3 myocytes (Fig. 4). This increase was much less in 

ω3 myocytes, indicating that incorporated ω3-PUFAs alter the response of the 

channel to norepinephrine. Consequently, the difference in IKs density between the 

two groups in the presence of norepinephrine was abolished (Fig. 4), suggesting a 

limited role in preventing AP prolongation in ω3 myocytes.  

 

Implications of our study  

The importance of the β-adrenergic system in the pathogenesis and treatment of 

heart failure is well established, and pharmacological β-blockade confers survival 

benefit in patients after myocardial infarction.25 Catecholamine-dependent 

arrhythmias, such as those associated with long QT-syndrome and 

catecholaminergic polymorphic ventricular tachycardia (CPVT) are triggered by 

DADs that may degenerate into ventricular fibrillation.26,27,28 Our study supports 

fish oil supplementation for catecholamine-induced ventricular tachycardia (in 

post myocardial infarction patients, or LQT1) and provides a novel antiarrhythmic 

mechanism of fish oil in heart failure and/or LQT. 
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Conclusion 

 

Dietary fish oil reduces the incidence of triggered activity, prevents Ca2+-overload 

and AP prolongation in response to norepinephrine. This corresponds with a 

decreased ICa,L and reduced recruitment INCX in the fish oil group. In the absence of 

norepinephrine, IKs was larger in ω3 myocytes, although in the presence of 

norepinephrine, IKs increased to the same level in ω3 and control myocytes. These 

findings suggest that the incorporated ω3-PUFAs alter the response of several ion 

channels to norepinephrine. Dietary fish oil may prevent arrhythmias in patients 

with heart failure and/or the long QT syndrome. 
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Abstract 

 

Background: Fish oil reduces sudden death in patients with a prior myocardial 

infarction. Sudden death in heart failure (HF) may be due to triggered activity 

based on disturbed Ca2+ handling. We hypothesized that superfusion with ω3-

polyunsaturated fatty acids (ω3-PUFAs) from fish inhibits triggered activity in HF. 

Methods and Results: Ventricular myocytes were isolated from explanted hearts of 

1) rabbits with volume-and pressure overload-induced HF and of 2) patients with 

end-stage HF. Membrane potentials (patch-clamp technique) and intracellular Ca2+ 

(indo-1 fluorescence) were recorded after 5 minutes of superfusion with Tyrode’s 

solution (control), ω-9 monounsaturated fatty acid oleic acid (OA; 20 uM) or ω3-

PUFAs (docosahexaenoic acid or eicosapentaenoic acid; 20 uM). ω3-PUFAs 

shortened the action potential at low stimulation frequencies and caused a ~30% 

decrease in diastolic Ca2+ and systolic Ca2+ (all, p<0.05) without altering 

sarcoplasmic reticulum (SR) Ca2+ content. Subsequently, noradrenalin and rapid 

pacing was used to evoke triggered activity, delayed afterdepolarizations (DADs) 

and Ca2+-aftertransients. ω3-PUFAs abolished triggered activity and reduced the 

number of DADs and Ca2+-aftertransients compared to control and OA. ω3-PUFAs 

reduced action potential shortening and intracellular Ca2+ elevation in response to 

noradrenalin. Results from human myocytes were in accordance with the findings 

obtained in rabbit myocytes. 

Conclusion: Superfusion with ω3-PUFAs from fish inhibits triggered arrhythmias 

in myocytes from rabbits and patients with HF through a decreased sensitivity to 

noradrenalin and a reduction in intracellular Ca2+. 
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Introduction 

 

Increased consumption of ω3-polyunsaturated fatty acids (ω3-PUFAs) from fish 

reduces sudden death in patients with a prior myocardial infarction.1,2 As sudden 

death is often preceded by ventricular arrhythmias, these findings suggest that fish 

oil is antiarrhythmic.  

Arrhythmias in patients with heart failure (HF) are often initiated by triggered 

activity.3 Isolated myocytes from rabbits with HF show elevated levels of diastolic 

Ca2+, disturbed sarcoplasmic reticulum (SR) Ca2+ handling and prolonged action 

potentials leading to spontaneous SR Ca2+ release (Ca2+-aftertransient).4,5 The 

sudden rise in Ca2+, in turn, can cause membrane depolarizations (delayed 

afterdepolarizations-DADs) that may initiate action potentials, because the excess 

Ca2+ is removed by the electrogenic Na+-Ca2+ exchanger (NCX).6,7 

 The mechanisms underlying the antiarrhythmic action of fish oil are poorly 

understood. Cellular experiments show that acute administration of ω3-PUFAs 

lead to action potential shortening due to ionic remodeling of several ionic 

currents, such as sodium current (INa) and  L-type Ca2+ current (ICa,L).8,9,10 A shorter 

action potential prevents Ca2+ overload and DADs11 due to the longer diastolic 

interval and increased time for Ca2+ removal.6 Furthermore, acute application of 

ω3-PUFAs to normal myocytes also decreases Ca2+ transients, inhibits Ca2+ sparks 

and reduces spontaneous Ca2+ release from the sarcoplasmic reticulum (SR).10,12,13  

 We hypothesized that fish oil ω3-PUFAs docosahexaenoic acid (DHA) and 

eicosapentaenoic acid (EPA) inhibit DAD-induced triggered activity in HF and 

normalizes Ca2+ handling. We used an established arrhythmogenic rabbit model of 

HF5,14  and explanted hearts from patients undergoing cardiac transplantation to 

study the effect of acute administration of fish oil on the occurrence of triggered 

activity, DADs and Ca2+-aftertransients. Superfusion with monounsaturated ω9 

fatty acid oleic acid (OA) was used as a control.  
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Methods 

 

Rabbit model of pressure and volume overload induced HF  

The investigation in rabbits was approved by the local ethical committee and 

conformed to the Guide for the care and Use of Laboratory Animals published by 

the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). HF 

was induced in 20 rabbits (male, New Zealand White, specific pathogen free, 3-

3.5kg) by a 12-week period of combined volume and pressure overload as 

described in detail previously.5,14 Briefly, volume overload was induced by rupture 

of the aortic valve until pulse pressure increased by 100%. Three weeks later, 

pressure overload was created by a suprarenal stenosis of approximately 50% of 

the abdominal aorta. 

 To characterize the severity of HF, rabbits were anaesthetized by a 

combination of ketamine (intramuscular 100 mg) and xylazine (intramuscular 20 

mg) and heparinized (Heparine LEO 5000 IU). Then, left ventricular end diastolic 

pressure (LVEDP) was measured using a fluid filled catheter (Portex fine bore 

polythene tubing, internal diameter 0.76 mm, outer diameter 1.22 mm). 

Subsequently, the animal was killed by an injection of pentobarbital (240 mg), and 

body weight, heart weight and lung weight were measured as well as the presence 

of ascites.5  

 The rabbit was included in the HF study group if 3 of 4 of the following 

criteria were met: 1) LVEDP > 5 mm Hg, 2) relative heart weight > 5 g/kg, 3) 

relative lung weight > 3.5 g/kg, or 4) the presence of ascites. Of the 20 rabbits, 16 

were included. In 6 animals the severity of HF precluded the measurement of 

LVEDP (the anesthesia caused cardiac arrest). These rabbits, however, met the 

three remaining criteria. Similar to previous studies4,5 the LVEDP of these failing 

animals was high; 21.8±4.3 mm Hg (n=10), relative heart weight was 6.0±0.2 g/kg, 

relative lung weight was 5.3±0.5 g/kg, and ascites was present in 87.5% of the HF 

rabbits.  
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Human hearts 

Human explanted hearts were obtained from four patients at the time of cardiac 

transplantation. Table 1 lists the clinical characteristics of the four patients. The 

patients were in NYHA class IV and received standard therapy for chronic HF. 

Informed consent was obtained before heart transplantation. The protocol 

complied with institutional guidelines and the ‘Declaration of Helsinki’.  

 

Table 1. Patient data 

 

 Patient 1 Patient 2 Patient 3 Patient 4 

Age (y) 60 66 48 54 

Sex m m m m 

Diagnosis ICM ICM DCM ICM 

NYHA Class IV IV IV IV 

EF (%) 14 22 21 14 

Previous 

medication 

burinex, lanoxin, 

sintrom, 

promocard, 

simvastatin, 

eucardic, 

spironolactone 

eplerenone, 

furosemide, 

potassium 

durettes, 

captopril, 

acenocoumarol 

aldactone, 

emcor, 

lanoxine, 

cordarone, 

atacand, 

burinex 

amiodarone, 

burinex, 

spironolactone 

 

EF indicates ejection fraction; ICM, ischemic cardiomyopathy; DCM, dilated cardiomyopathy. 

 

Myocyte preparation and test perfusates 

For cellular isolation of rabbit ventricular myocytes both coronary arteries were 

cannulated, for isolation of human myocytes, the circumflex artery was 

cannulated. Then, left ventricular myocytes were isolated through enzymatic 

dissociation.15,16 Small aliquots of cell suspension were placed in a recording 

chamber on the stage of an inverted microscope and allowed to adhere for 5 

minutes. Quiescent rod-shaped myocytes with cross-striations and smooth surface 

were selected for measurements and superfused with Tyrode’s solution containing 

(mmol/L): NaCl 140, KCl 5.4, CaCl2 1.0, glucose 5.5, HEPES 5.0; pH 7.4 (NaOH). 

The microscope stage and perfusion chamber were temperature controlled at 37°C. 

The test perfusates contained Tyrode’s solution (control-Ca2+ 1.8 mM for action 
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potential recordings and 2.6 mM for Ca2+ measurements), OA (20 µM) or ω3-

PUFAs DHA (20 µM) or EPA (20 µM). OA, an ω9 mono-unsaturated fatty acid was 

used as a control fatty acid. We superfused the human ventricular myocytes with 

fish oil fatty acid EPA or control fatty acid OA because of the limited number of 

cells. 

 

Action potentials and DADs 

Transmembrane potentials were recorded with the use of the amphotericin-B 

perforated patch-clamp technique. Patch pipettes (1-3 MΩ) were pulled from 

borosilicate glass and filled with pipette solution containing (mmol/L): K-

gluconate 125, KCl 20, NaCl 5, HEPES 10, amphotericin-B 2.2; pH 7.2 (KOH). Data 

acquisition and analysis were accomplished using custom software. Membrane 

potentials were low-pass filtered with a cut-off frequency of 5-kHz, digitized 10-

kHz, and were corrected for liquid junction potentials. Action potentials were 

elicited at 0.5 to 4 Hz by 3-ms, 1.5× threshold current pulses through the patch 

pipette, except for human action potentials which were stimulated at 0.5 and 1 Hz. 

In each experiment, parameters from 6 consecutive action potentials were 

averaged. Following the 5 minute intervention with one of the test perfusates, 

myocytes were challenged with noradrenalin for one minute (1 µM). Subsequently, 

spontaneous action potentials and DADs were evoked by rapid pacing (10 s at 3 

Hz) and recorded during an 8 s pause. In human ventricular myocytes, we used 

the highest possible pacing frequency to evoke triggered action potentials and 

DADs. 

 

Ca2+ transients and Ca2+-aftertransients 

Myocytes were loaded with indo-1. Dual wavelength emission of indo-1 was 

recorded (405/505 nm, excitation at 340 nm) and cellular free intracellular Ca2+ 

concentration was calculated and calibrated as described previously.17 Signals were 

corrected for background recorded from indo-1 free myocytes (about 10% of raw 

signals).  

  Each experiment started with a conditioning 5 minute episode of 

stimulation at 2 Hz (1.5 Hz for human ventricular myocytes) in the presence of 

Tyrode’s solution. Following the 5 minute intervention with one of the test 

perfusates, myocytes were challenged with noradrenalin (100 nM) for one minute. 

Subsequently, Ca2+-aftertransients were evoked by rapid pacing (10 s- 3 Hz) and 
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recorded during an 8 s pause. For human ventricular myocytes, we used the 

highest possible pacing frequency to evoke Ca2+-aftertransients. Alternatively, SR 

Ca2+ content was determined as the response to a rapid application of Tyrode’s 

solution containing caffeine (10 mM).  

 

Drugs 

OA, DHA and EPA were prepared as 10 mM stock solutions in DMSO and stored 

under nitrogen at -20˚C. The fatty acids were diluted in Tyrode’s solution to 20 µM 

and freshly prepared before each single recording (used within 20 minutes). 

Amphotericin-B was prepared as a 52 mmol/L stock solution in DMSO (kept at 

4˚C in dark for a maximum of two days) and freshly diluted to 2.2 mM daily. 

 

Statistics 

Data are mean±SEM (n, number of cells). Data were statistically analyzed using t-

test, one or two-way ANOVA, on ranks or repeated measures (RM) ANOVA if 

appropriate. Post-hoc testing for multiple comparisons was done with the Holm-

Sidak or Dunn’s test. A p≤0.05 was considered statistically significant. 
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Results 

 

ω3-PUFAs inhibit triggered activity in isolated myocytes from rabbits 

with HF   

Figure 1 shows representative examples of effects of ω3-PUFAs on transmembrane 

potentials (Fig. 1A) and intracellular Ca2+ concentration (Fig. 1B) in individual 

rabbit myocytes in the presence of noradrenalin during and after rapid pacing. The 

last stimulated action potential (Fig. 1A) and last stimulated Ca2+ transient (Fig. 1B) 

of the rapid pacing protocol in the presence of noradrenalin are indicated with 

arrows. Under control conditions (normal Tyrode’s solution) and in the presence of 

OA, the last stimulated action potential (Fig 1A) is followed by multiple triggered 

action potentials and a single DAD. In the presence of DHA or EPA triggered 

action potentials do not occur (Fig. 1A). Similarly, the last stimulated Ca2+ transient 

(Fig 1B) is followed by multiple Ca2+-aftertransients under control conditions and 

in the presence of OA. In the presence of DHA or EPA, Ca2+-aftertransients do not 

arise (Fig 1B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1. ω3-PUFAs inhibit triggered action potentials and reduce the number of DADs and Ca2+-aftertransients. (A) 

Representative examples of the last stimulated action potentials (arrow) and the tracing periods in control, OA, DHA and EPA. 

(B) Representative examples of the last stimulated Ca2+ transient (arrow) and the tracing period in control, OA, DHA and EPA. 

Stars point to spontaneous action potentials, DADs and Ca2+-aftertransients. 
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Table 2 summarizes the averaged number of triggered action potentials and DADs 

in control and in the presence of OA, DHA or EPA. The number of triggered action 

potentials and DADs is not significantly different between control and OA, or 

between DHA and EPA. Post-hoc testing shows that both EPA and DHA 

significantly reduce the number of triggered action potentials and DADs compared 

to OA and/or control (Table 2).The amount of Ca2+-aftertransients is also reduced 

in the presence of DHA and EPA (Table 2). The number of Ca2+-aftertransients 

between control and OA, or between DHA and EPA is not different. 

 

Table 2. Triggered activity in control, and in OA-, DHA-and EPA-superfused rabbit 

myocytes 

 
Mean±SEM, AP=action potential, OA=oleic acid, DHA=docosahexaenoic acid, EPA=eicosapentaenoic acid, DADs=delayed 

afterdepolarizations. *p<0.05 indicates significant differences compared to control (ANOVA). #p<0.05 indicates significant 

differences compared to OA (ANOVA). 

 

DHA or EPA reduce the sensitivity to noradrenalin 

Because noradrenalin was used to evoke triggered activity, DADs and Ca2+-

aftertransients, we studied the effect of noradrenalin on action potential duration 

and on diastolic and systolic Ca2+ concentrations in all groups. Figure 2A shows 

typical examples of action potentials in the absence (-) and presence (+) of 

noradrenalin in control, OA, DHA and EPA at a pacing frequency of 3 Hz. 

Superfusion with noradrenalin for 1 minute shortens the action potential duration 

at 90% repolarization (APD90) in control, OA or DHA, but not in the EPA 

superfused myocytes (Fig. 2B).  

 Figure 2C shows typical examples of Ca2+ transient recordings after 5 

minutes of superfusion with control, OA, DHA or EPA in absence (-) and presence 

(+) of noradrenalin. The noradrenalin-induced increase in diastolic and systolic 

Ca2+ is less in the DHA- and EPA-superfused myocytes compared to control and 

OA. Figures 2D and E show that the average response of diastolic and systolic Ca2+ 

to noradrenalin is significantly lower in the DHA and EPA superfused myocytes 

Rabbit Control (n) OA (n) DHA (n) EPA (n) 

Triggered APs 0.8±0.13 (6) 0.9±0.20 (6) 0±0*# (7) 0±0*# (7) 

DADs 1.8±0.11 (6) 2.1±0.13 (6) 1.0±0.15# (7) 0.3±0.08*# (7) 

Ca2+-aftertransients 2.7±0.65 (41) 2.5±0.28 (43) 1.5±0.37# (22) 1.4±0.26*# (35) 
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compared to both control and OA. In accordance, before the onset of rapid pacing, 

diastolic and systolic Ca2+ levels are significantly lower in the DHA (102±9 nM and 

345±44 nM, n=20) and EPA (100±8 nM and 333±27 nM, n=27) superfused myocytes 

compared to control (152±11 nM and 517±36 nM, n=40) and OA superfused 

myocytes (149±9 nM and 575±56 nM, n=35). 

 

 
 
Figure 2. ω3-PUFAs reduce the sensitivity to noradrenalin. (A) Representative examples of action potential recordings in 

control, OA, DHA and EPA in the absence and presence of noradrenalin. (B) Changes in APD90 in response to noradrenalin 

(NA) in control (n=6), OA (n=6), DHA (n=7) and EPA (n=7). *p<0.05 indicates statistical differences +/- noradrenalin (RM 

ANOVA). (C) Representative examples of the intracellular Ca2+ in control, OA, DHA and EPA in de absence and presence of 

noradrenalin. (D and E) Diastolic (D) and systolic (E) Ca2+ elevation in response to noradrenalin in control (n=40), OA (n=35), 

DHA (n=20) and EPA (n=27). *p<0.05 indicates statistical differences between DHA or EPA versus control (ANOVA on ranks). 

#p<0.05 indicates statistical differences between DHA or EPA versus OA (ANOVA on ranks).  

 

Effects of ω-3 PUFAs on action potential duration  

Action potential prolongation is a common feature in HF and contributes to 

arrhythmogenesis.3 In our HF rabbit model, APD90 is significantly increased18. 

Figure 3A shows typical examples of action potential recordings prior to (t= 0 min) 

and after 5 minutes (t= 5min) of superfusion in control and with OA, DHA and 

EPA at 1 Hz. On average, the APD90 of the myocytes in control and after 

superfusion with OA, was 275±6 ms (n=21) and 277±8 ms (n=7), respectively. 

Superfusion with DHA or EPA resulted in a significantly shorter APD90, 234±7 ms 
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(n=7) and 241±8 ms (n=7) compared to either control or OA. Figure 3B displays 

frequency dependence of APD90 in the four groups. In all groups, APD90 shortened 

with increasing stimulation frequencies. Note that at stimulation frequencies of ≥2 

Hz no significant differences exist between the groups. At all stimulation 

frequencies, resting membrane potentials and action potential amplitude were not 

different between the groups (not shown). We have demonstrated previously that 

at high heart rates, the action potential duration does not differ between rabbits 

with HF and control rabbits in this model.16 

 

 
 

Figure 3. ω3-PUFAs shorten the action potential at low stimulation frequencies but not at higher pacing frequencies. (A) 

Representative examples of action potential recordings at 1 Hz before (t=0 min) and after (t=5 min) superfusion in control 

(n=21), OA (n=7), DHA (n=7) and EPA (n=7). (B) Dependence of APD90 on stimulation frequency. *p<0.05 indicates statistical 

differences between DHA or EPA versus control (ANOVA). #p<0.05 indicates statistical differences between DHA or EPA 

versus OA (ANOVA). 

 

Effects of ω-3 PUFAs on cytoplasmic and SR Ca2+ 

Typical examples of Ca2+ transients prior to (t=0 min) and 5 minutes after 

application (t= 5 min) of OA, DHA and EPA are shown in Figure 4A. Five minutes 

of superfusion with DHA and EPA decreases diastolic and systolic Ca2+ levels 

more than control and OA. At t=0 min, diastolic and systolic Ca2+ are 118±4.0 nM 

and 268±5.5 nM respectively. Following 5 minutes of superfusion, the reduction in 
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diastolic and systolic Ca2+ levels are significantly more reduced by DHA and EPA 

than in control conditions (Fig. 4B and C). EPA causes a larger reduction in 

diastolic and systolic Ca2+ levels compared to OA (Fig. 4B and C).  

 At 5 minutes of superfusion, intracellular Ca2+ levels reached a steady state 

in all groups, and subsequent superfusion with Tyrode’s solution did not change 

diastolic or systolic Ca2+ concentrations (not shown).  

 Subsequent to the intervention, we determined SR Ca2+ content by rapid 

application of Tyrode’s solution containing caffeine (10 mM) after 5 minutes of 

superfusion with OA, DHA and EPA.  SR Ca2+ content is not different in any of the 

groups (Fig. 4D). 

 

 

 
 

 

Figure 4. ω3-PUFAs decrease diastolic and systolic Ca2+ concentrations. (A) Representative examples of Ca2+ transient 

recordings at 2 Hz before (t=0 min) and after (t=5 min) superfusion in control, OA, DHA or EPA. (B and C) The reduction in 

diastolic and systolic Ca2+ levels after 5 minutes of superfusion with control (n=42), OA (n=30), DHA (n=20) or EPA (n=25). (D) 

SR Ca2+ content after 5 minutes of superfusion with control (n=14), OA (n=16), DHA (n=13) or EPA (n=16). *p<0.05 indicates 

statistical differences versus control (RM ANOVA). #p<0.05 indicates statistical differences versus OA (RM ANOVA). 
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ω3-PUFAs inhibit triggered activity in isolated myocytes from patients 

with end stage HF 

 Figure 5A and B shows representative examples of transmembrane 

potentials and intracellular Ca2+ concentrations during and after rapid pacing (1-2 

Hz for human myocytes) in the presence of noradrenalin. Similar to our findings in 

rabbit myocytes, the last stimulated action potential and the last stimulated Ca2+ 

transient (Fig. 5A) is followed by multiple triggered action potentials and a single 

DAD in the OA superfused human myocyte. None are present in the EPA-

superfused myocyte. Contrary to the rabbit myocytes, human myocytes 

superfused with OA displayed early afterdepolarizations (EADs) (Fig. 5A).  

Table 3 summarizes the average number of triggered action potentials, DADs and 

Ca2+-aftertransients and the incidence of EADs in the presence of OA or EPA. The 

difference in triggered action potentials and Ca2+-aftertransients between OA and 

EPA-superfused myocytes did not reach statistical significance. However, the 

number of DADs is significantly reduced in EPA-superfused myocytes compared 

to OA. Also, the incidence of EADs was significantly reduced in the EPA-

superfused myocyte compared to OA.  

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 5. Representative examples in human myocytes. (A) Representative example of the last stimulated action potential 

(arrow) and the tracing period in OA and EPA-superfused human myocytes. (B) Representative examples of the last 7 

stimulated Ca2+ transients (arrow) and the tracing period in OA and EPA-superfused myocytes. (C) Action potential recordings 

at 1 Hz in the absence (control) and presence of OA or EPA. (D) Ca2+ transient recording at 1.5 Hz in the absence (control) and 

presence of OA or EPA. (E) Action potential recordings after 5 minutes of superfusion with OA or EPA in the absence and 

presence of noradrenalin. (F) Ca2+ transient recordings after 5 minutes of superfusion with OA or EPA in the absence and 

presence of noradrenalin. 



Fish oil inhibits triggered activity in rabbits and patients with heart failure  

 154 

 Figure 5C and D shows typical examples of the effect of noradrenalin on 

APD90 and intracellular Ca2+ in an OA and an EPA-superfused human myocytes. 

In contrast to rabbit myocytes, noradrenalin prolongs the APD90 as has been 

documented previously and therefore was accompanied by EADs in the OA-

superfused human myocyte.19 The noradrenalin induced prolongation of the action 

potential is less in the EPA superfused myocyte and did not result in EAD 

formation. In similarity with our rabbit data, noradrenalin causes an increase in 

diastolic and systolic Ca2+. However, this increase is similar in the EPA superfused 

myocyte compared to the OA superfused myocyte (Fig. 5D). The EAD-formation 

complicated accurate measurements of APD90 in the presence of noradrenalin in 

OA superfused myocytes. The absolute increase in diastolic and systolic Ca2+ in 

response to noradrenalin was 5±5.7 nM and 73±13.3 nM in OA-superfused 

myocytes (n=9) and 9±3.4 nM and 67±13.1 nM in EPA-superfused myocytes (n=8, 

p=n.s). 

 Figure 5E and F shows typical examples of action potentials and Ca2+ 

transients after 5 minutes of superfusion with either EPA or OA at a stimulation 

frequency of 1 Hz (action potential recordings) and 1.5 Hz (Ca2+ ransient 

recordings) in the absence of noradrenalin. EPA causes a pronounced shortening of 

the action potential and decreases diastolic and systolic Ca levels compared to OA.  

 Prior to (t= 0 min) the application of OA or EPA, APD90 was 520±24.3 ms 

(n=23) at 1 Hz. After 5 minutes of superfusion with EPA, the APD90 was shortened 

to 412±22.6 ms (n=12, p<0.05, ANOVA) in human myocytes. After 5 minutes of 

superfusion with OA, the APD90 was 512±29.9 ms and did not differ from start 

values (t=0 min) (n=11, p=n.s., ANOVA). Consistent with previous findings19 the 

human failing ventricular myocytes could not be stimulated at high pacing 

frequencies (>1 Hz) during AP recordings. Therefore, APD90 frequency-

dependency was not obtained in the presence of OA or EPA.  

 Before the onset of superfusion, diastolic and systolic Ca2+ levels were 

83±5.8 nM and 143±11.7 nM (n=19). EPA decreases diastolic and systolic Ca2+ 

concentrations compared to OA and (Table 4, p<0.05, ANOVA).  

In conclusion, the effects of ω3-PUFAs on human ventricular APs and Ca2+ 

handling correspond closely with those in isolated myocytes from rabbits with HF. 
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Table 3. Triggered activity and Ca2+ handling in OA-and EPA-superfused human 

myocytes 

 

Human OA EPA 

Triggered APs (n) 1.3±0.79 (11) 0.2±0.16 (12) 

DADs (n) 1.0±0.28 (11) 0.3±0.11# (12) 

EADs (n) 73% (11) 17%# (12) 

Ca2+-aftertransients (n) 2.2±1.32 (10) 0.3±0.15 (11) 

∆ Diastolic Ca2+ (nM) -9±2.7 (10) -28±6.8# (9) 

∆ Systolic Ca2+ (nM) -7±8.7 (10) -46±9.7# (9) 

 

Mean±SEM, AP=action potential, OA=oleic acid, EPA=eicosapentaenoic acid, DADs=delayed afterdepolarizations. #p<0.05 

indicates significant differences compared to OA (t-test) 

 

 

Discussion 

 

Increased intake of fish oil is antiarrhythmic in patients with a prior myocardial 

infarction1,2 but not in patients with angina.20,21 Patients with a prior myocardial 

infarction may suffer from arrhythmias based on DADs due to disturbed Ca2+ 

handling. The antiarrhythmic efficacy of fish oil may, therefore, be specific in HF. 

To investigate whether ω3-PUFAs reduce arrhythmias in HF, we used isolated 

myocytes from rabbits with HF and isolated myocytes from patients with end-

stage HF. For the rabbit model we applied combined pressure- and volume-

overload that induced HF over a period of 3 months. In this model, a progressive 

increase of premature ventricular beats and ventricular tachycardia is observed 

that appear to have a focal origin.5,14,22 Isolated myocytes from these rabbits with 

HF display high diastolic Ca2+ levels, abnormal SR handling and action potential 

prolongation.4,23 

 Our results show that acute administration of ω3-PUFAs DHA and EPA 

inhibit the formation of noradrenalin-induced triggered activity, and reduce the 

number of DADs and Ca2+-aftertransients compared to control and compared to 

monounsaturated ω9 fatty acid OA in isolated myocytes from rabbits with HF. In 

addition, we confirm these findings in isolated human myocytes from patients 

with end-stage HF.  
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 The ionic mechanism underlying triggered action potentials and DADs 

following a spontaneous Ca2+ release is INCX.
18 Inhibition of INCX by acute 

administration of fish oil, as described previously,24,25,26 may be an additional 

mechanism by which acute application of fish oil fatty acids contributed to the 

reduction in triggered activity in our study. Also, a diet rich in fish oil enhances IK1 

and shortens the action potential, thereby protecting against DADs in Ca2+-

overload conditions.25  

 

Fish oil reduces the sensitivity for noradrenalin 

Our data show that acute administration of ω3-PUFAs reduce the responsiveness 

to noradrenalin as observed by reduced increases in diastolic and systolic Ca2+ and 

reduced changes in action potential durations in response to noradrenalin. These 

reduced responses may be due to altered properties of membrane currents and 

Ca2+ regulating proteins. However, acute application of ω3-PUFAs may also 

modulate the β-adrenergic receptors or activation of the G protein/adenylyl 

cyclase/cyclic AMP/PKA pathway. Although this may be an interesting 

additional mechanism by which fish oil reduces sudden death in HF, further 

experiments are needed to clarify this issue 

 

Cytoplasmic Ca2+ and SR Ca2+ content  

Increased levels of diastolic Ca2+ in HF are directly related to the occurrence of 

Ca2+-aftertransients.4 A decrease in diastolic Ca2+ concentrations by acute 

administration of ω3-PUFAs may therefore explain the reduced occurrence of Ca2+-

aftertransients in both our isolated rabbit and human ventricular myocytes. 

Systolic Ca2+ concentrations were also markedly reduced by acute application of 

ω3-PUFAs. The finding that acute application of fish oil leads to decreased levels of 

intracellular Ca2+ has been described previously in healthy rat myocytes.13,10 

Reductions of intracellular Ca2+ by ω3-PUFAs may be due to block of  ICa,L
10 and/or 

inhibition of the Ca2+ release channels of the SR, the ryanodine receptors in the SR 

membrane (RyR).12,13,27 Indeed, acute administration of ω3-PUFAs reduced the 

open probability of the RyR in isolated SR vesicles.27,28 In our study, similar 

mechanisms may account for the reduction in diastolic and systolic Ca2+ levels 

induced by ω3-PUFAs. 

 In HF, a decrease in SR Ca2+ content in combination with an increase in 

diastolic Ca2+ is related to spontaneous Ca2+ releases from the SR.4 Acute 
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application of ω3-PUFAs increased SR Ca2+ content in healthy rat myocytes.12,13 

Our results show that ω3-PUFAs DHA and EPA left SR content unaltered. The rare 

availability of human ventricular myocytes precluded the repetition of SR Ca2+ 

content measurements.  

 

Fish oil shortens the action potential durations  

Action potential prolongation is characteristic for HF and contributes to 

arrhythmogenesis.3 Action potential shortening is an antiarrhythmic intervention 

for DAD-related arrhythmias.6,11 In our study, the action potentials recorded from 

both rabbit and human myocytes were shortened by acute application of ω3-

PUFAs in both rabbit and human myocytes, except at fast (>2 Hz) stimulation rates 

(Fig. 3B). The shortening of the action potential by ω3-PUFAs in human myocytes 

may have contributed to a reduced number of DADs. In rabbit myocytes, however, 

susceptibility to DAD formation was tested using a rapid pacing protocol (3 Hz), 

where action potential shortening was absent. This excludes a role of action 

potential shortening by ω3-PUFAs in the reduction of DADs in rabbit myocytes. 

Our data correspond with previous studies showing that acute application of ω3-

PUFAs shortens the action potential in rat, rabbit and guinea pig myocytes.8,29,30 

However, at low concentrations (<10 µM) of ω3-PUFAs prolongation of the rat 

action potential has also been reported.8  

  

Circulating versus incorporated ω3-PUFAs 

What are physiological concentrations of free DHA and DHA in humans? Data on 

plasma levels of DHA and EPA are scarce. In post-menopausal woman, fish oil 

supplements (2 g of EPA and 1.4 g of DHA) for 5 weeks increased plasma 

concentrations up to 0.5-0.7 mM.31 In dogs, a fish oil rich diet for 8 weeks resulted 

in serum levels of 1.0-1.3 mM.32 To what extent these plasma levels are actual ‘free’ 

DHA and EPA is unknown. Negretti and coworkers estimated that maximum 

levels of free circulating ω3-PUFAs are between 8-32 µM.13 This suggests that the 

inhibition of triggered activity by 20 µM DHA and EPA used in our study is in the 

physiological range. 

 A diet rich in fish oil not only leads to circulating free ω3-PUFAs but also 

to incorporation of ω3-PUFAs into membrane phospholipids. In pig and rat 

myocytes, incorporated ω3-PUFAs shorten the action potential but do not alter 

Ca2+ transients and diastolic Ca2+ levels.24,25 The relative contribution of circulating 
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versus incorporated ω3-PUFAs on intracellular Ca2+ handling is yet to be 

determined. 

 In this study oleic acid was used as a control fatty acid. The results indicate 

that oleic acid reduced diastolic and systolic Ca2+ concentration, although much 

less than the ω3-PUFAs. Oleic acid did not inhibit triggered activity. Therefore, 

monounsaturated fatty acids can be used as a control fatty acid regarding cellular 

arrhythmogenesis.  

 

Conclusion  

Our data provide evidence for an antiarrhythmic action of free circulating ω3-

PUFAs from fish in HF due to a reduced sensitivity to noradrenalin and a 

reduction in diastolic Ca2+.  
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Editorial 
 

In this issue of Heart Rhythm, Da Cunha et al.1 describe the effect of the acute 

administration of fish oil (ω-3 polyunsaturated fatty acids) on the effective 

refractory period of canine atrium during a rapid pacing protocol for six hours. 

Rapid pacing –for hours- causes substantial decrease in action potential duration2 

and refractory periods3 in the atrium, although, remarkably, not in the ventricle.4 

The increase in knowledge from the present study1 is at first sight rather 

incremental. However, the fact that acute administration of these fish oils 

completely prevents the shortening of refractoriness in response to rapid pacing is 

very interesting. There are two confounding factors. One is that one type of atrial 

fibrillation is not the other. It is unknown -and in fact highly improbable- that 

changes induced by prolonged experimental rapid pacing are equal to changes that 

are caused by underlying factors in the clinical situation such as dilatation, 

increased pressure, changed neurohormones or ischemia. The other confounding 

factor is that we do not know under which circumstances fish oils are beneficial. 

Also, we do not know whether they exert their beneficial (or adverse …) effects by 

a direct ligand type of action or by incorporation into the sarcolemma. These two 

confounding factors are addressed in the next two paragraphs followed by a brief 

outline of previous studies on the effects of fish oils in the setting of atrial 

fibrillation. 

 

Atrial Fibrillation 

 

The study by Da Cunha et al.1 suggests that fish oils may be effective either in the 

prevention of a first attack, or, in the exacerbation of single attacks into prolonged 

episodes of atrial fibrillation.  

 

 As the authors acknowledge, one of the three electrophysiological 

hallmarks of chronic atrial fibrillation, loss of adaptation of refractoriness to heart 

rate, was described in patients by Attuel et al. as early as in 1982.5 The other two 

changes, decreased refractoriness and increased dispersion were also described in 

clinical studies6 well before their experimental confirmation in animal studies. To 

date it remains unclear which of the three factors are pivotal for the occurrence of a 
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first attack of atrial fibrillation and which are more relevant for the transition from 

paroxysmal atrial fibrillation into a chronic state. The clinical studies describe that 

all (three) hallmarks are present in chronic atrial fibrillation.5,6 The decrease of 

refractoriness as well as its increased dispersion can be observed both in patients 

with paroxysmal and chronic atrial fibrillation7 and, therefore, appears not to play 

a role in the transition from the paroxysmal to the chronic state. Whether or not a 

decrease in refractoriness is necessary for a first attack is unknown. 

 Atrial fibrillation is an arrhythmia with a long history (for an excellent 

editorial on the history of atrial fibrillation, see 8). Several types of remodeling in 

atrial fibrillation have been described: electrical remodeling, contractile remodeling 

and structural remodeling.9 However, the relationship between these three types of 

remodeling as well as their relevance for different pathophysiological states remain 

elusive. Recently, it was described that drug efficacy is dependent on the 

mechanism of atrial fibrillation.10,11 It may be expected that the efficacy of fish oils 

may also depend on the underlying mechanism. 

 

Fish oils 

 

The interest in fish oils was originally raised by low rates of coronary heart disease 

among Greenland Inuits12 and has led to numerous studies (for review see13). 

Increased intake of fish oil has reduced sudden cardiac death in some trials, but 

not in others (for review see 14) and thus produced an ambiguous picture. We have 

recently touched on two very relevant issues concerning fish oils. One is the 

underlying disease; the other is the mode of application. First, there is evidence 

that fish oils may be anti-arrhythmic under circumstances that favour triggered 

activity, but pro-arrhythmic under circumstances that may facilitate reentrant 

arrhythmias.15 This implies that fish oils are antiarrhythmic in patients with heart 

failure (including patients with a healed myocardial infarction), but pro-

arrhythmic in patients with angina pectoris (acute regional ischemia). The efficacy 

of fish oil in clinical trials with mixed patient populations would be expected to be 

null. This is the case in a systematic review on fish oils.14 In clinical trials with less 

variation in the underlying pathophysiology, fish oil supplementation may be 

either pro- or anti-arrhythmic.15 

Second, the mode of application may be equally important. It makes a difference 

whether a myocyte, healthy or sick, is subjected to circulating fish oil fatty acids, or 
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that fish oils are part of a diet and are incorporated in the sarcolemma. Verkerk et 

al.16 recently reported in a feeding study that incorporation of fish oils into the 

sarcolemma of porcine ventricle shortened action potential duration in isolated 

myocytes. Moreover, one inward current (ICa,L) and the Na+/Ca2+ exchange current 

were decreased, whereas two outward currents (IKs and IK1) were increased. These 

changes in currents complied with the observed action potential shortening. The 

fact that incorporated fish oils influenced multiple currents suggests that they do 

not act as ligands, but that they change channel activity indirectly, for example by 

interfering with membrane fluidity. It should be noted that in these experiments 

fish oils were not present in the bath solution and that the incorporation was 

irreversible even in the presence of albumin, at least for the duration of the 

experiments. In general, acute administration of fish oil to myocytes (in contrast 

with feeding experiments) leads to variable effects on action potential duration as a 

function of both concentration and species (see for review 15). Of course, the study 

of Da Cunha et al.1 only assesses the acute administration of fish oils and it would 

certainly have strengthened their findings if the same prevention of action 

potential shortening during rapid pacing would have been demonstrated in dogs 

fed a fish oil diet. 

 

Atrial fibrillation and fish oils 

 

In diverse populations of elderly adults, two studies report contrasting findings on 

fish oil and atrial fibrillation.17,18 In a 12 year follow-up study, Mozaffarian et al.18 

describe an inverse correlation between incidence of atrial fibrillation and intake of 

tuna or other broiled and baked fish, albeit not with the intake of fried fish or fish 

sandwiches. Brouwer et al.17 did not find an association between intake of fish oil 

and the onset of atrial fibrillation in a 6.5 year follow-up study. A drawback in the 

study of Mozaffarian is that it did not actually assess the intake of n-3 fatty acids 

other than by a questionnaire, whereas Brouwer et al.17 calculated n-3 fatty acid- 

and fish intake. Another study also concluded that there was no relation between 

fish oil and atrial fibrillation in healthy subjects.19 The selected subjects in these 

studies were healthy at baseline and part of the study groups developed atrial 

fibrillation during the study. The onset of atrial fibrillation may have numerous 

causes, amongst which preceding myocardial infarction, or congestive heart failure 

(see above). This may explain the ambiguous results in these cohort studies. A 
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randomized controlled trial investigated the efficacy of fish oil in preventing post-

operative atrial fibrillation in patients undergoing coronary bypass graft surgery. 

Fish oil supplementation was started after randomization of the patients for at least 

5 days until surgery and continued after surgery. Fish oil supplementation reduced 

the incidence of post-operative atrial fibrillation from 33% to 15% and also resulted 

in a shorter stay in the hospital.20 Thus, supplementation of fish oil for only one 

week affects atrial electrophysiology. It is uncertain whether supplementation of 

fish oil for one week is enough to ensure incorporation into the atrial sarcolemma. 

So, whether this reduction in atrial fibrillation is due to ‘circulating’ fish oils in the 

blood or to fish oil incorporation into the sarcolemma, or both, remains unclear.  

 The efficacy of dietary fish oil to prevent atrial fibrillation was also tested 

in a rabbit model of stretch-induced atrial fibrillation.21 A dietary intervention with 

fish oil for 12 weeks reduced the stretch-induced drop in refractory periods and 

reduced the stretch-induced susceptibility to atrial fibrillation. From both 

experimental studies1,21 it can be concluded that fish oil prevents both stretch-

induced and rapid pacing-induced electrical remodeling of the atrium which may 

have important implications for atrial fibrillation. 

 

Considerations on arrhythmogenesis 

 

The study of Da Cunha et al.1 is the first to demonstrate that acute administration 

of fish oil completely prevents electrophysiological remodelling in response to 

rapid pacing. It is to be expected that this may either prevent the onset or the 

perpetuation of atrial fibrillation. This, however, could not be adequately tested in 

the present investigation for an obvious reason. If the animal model does not show 

arrhythmias in the control situation, it is impossible to demonstrate an anti-

arrhythmic effect of the intervention.  The same group of authors have previously 

demonstrated a 100% efficacy of fish oils in the prevention of ventricular 

fibrillation in dogs in the setting of acute regional ischemia in combination with an 

old infarct, exercise and reperfusion.22 This animal model was at the other side of 

the spectrum. If an animal model, purely by design, has a 100% incidence of 

arrhythmias at baseline, it is impossible to demonstrate pro-arrhythmia. 
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In conclusion, the relation between fish oil and the incidence of atrial fibrillation 

deserves more research. We feel that a more definite answer may come from 

experimental animal studies with intermediate incidence of atrial fibrillation in one 

particular setting, f.e. atrial dilation and from randomized controlled trials with 

patient groups in which mechanisms of atrial fibrillation are, at least in part, 

known. 
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Main conclusions 

 

In this thesis we document that incorporated ω3-PUFAs from a diet rich in fish oil 

alters electrophysiological properties of the heart (Chapter 3). Second, we found 

that these changes in cardiac electrophysiology are proarrhythmic during regional 

ischemia (Chapter 4) and antiarrhythmic under conditions of heart failure (Chapter 

5 and 6).  

 During ischemia, ω3-PUFAs decrease myocardial excitability in the early 

phase of ischemia more than control and, contrastingly, result in less inexcitable 

myocardium in the late phase of ischemia compared to control.  This causes more 

reentrant arrhythmias in the fish oil group (Chapter 4).  Under conditions of heart 

failure, however, both incorporated (Chapter 5 and 6) and acutely superfused ω3-

PUFAs (Chapter 7) reduce the incidence DAD- and EAD-induced triggered 

activity. In Chapter 5 we show that incorporated ω3-PUFAs reduce the occurrence 

of EADs by reduced reactivation of ICa,L and by preventing action potential 

prolongation in response to IKr blocker E4031. 

 In Chapter 6 and 7 we describe that incorporated (Chapter 6) and acutely 

superfused ω3-PUFAs (Chapter 7) reduce triggered activity by preventing Ca2+-

overload in response to norepinephrine. Incorporated ω3-PUFAs also prevented 

action potential prolongation in response to norepinephrine, corresponding with a 

decrease in ion currents in the fish oil group (Chapter 6). In heart failure, acutely 

superfused ω3-PUFAs reduce baseline Ca2+ concentrations (Chapter 7).  

 Furthermore, we conclude on the basis of a literature study in Chapter 2 

and a basic electrophysiological study in Chapter 3, that incorporated ω3-PUFAs, 

derived from a diet rich in fish oil have different electrophysiological effects from 

acutely administered ω3-PUFAs. In the editorial in Chapter 8 we conclude that fish 

oils may also have opposing effects on atrial arrhythmias, dependent on whether 

they are circulating or incorporated and dependent on the atrial arrhythmia 

mechanism. 
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Other explanations for the increase in sudden death in angina 

pectoris patients 

 

The basis of our study lies in observations of Burr et al. that increased consumption 

of fish decreased mortality in patients with a prior MI and increased mortality in 

patients with angina pectoris.1,2 Although our studies provide a plausible 

explanation for the differences between these two trials, other reasons have been 

put forward. 

 One proposed mechanism was risk compensation of the patients,2 

implying that the behaviour of the patients taking the fish capsules was modified 

by the fish oil capsules leading to increased risk-taking behaviour. This 

phenomenon is recognized in other contexts3 and was explored in a questionnaire 

in a subset of the angina patients of the DART II trial.4 Results showed that there 

were no differences in smoking, alcohol-intake, weight or medication between the 

fish oil advised group and the other groups,4 more or less ruling out risk 

compensation as a major mechanism that accounts for the increase in sudden 

death.  

 An interaction between fish oil and drugs such as nifedipine and β-

blockers has also been postulated from subgroup analysis of DART-25, although a 

mechanistic explanation for an interaction is lacking and the interaction maybe due 

to chance. 

 Another reason that was put forward was that the DART-2 trial was not 

double-blinded allowing the doctors to modify the patient’s treatment. However,  

there were no clear differences in drug treatment at the end of the trial.2 The 

increased risk in sudden death was particularly present in the angina patients who 

were supplemented the fish oil capsules and less in the patients advised to eat 

more fish.2  

 Burr and coworkers suggested that environmental pollutants may have 

contaminated the fish oil capsules, although this seemed rather unlikely because 

the fish oils were obtained from an area where pollution was particularly low 

(southern hemisphere).2 Also this mechanism could only account for a small part 

of the increased risk.  The fundamental risk factor for the increase in sudden death 

in the DART-2 trial seems to be taking fish oil capsules rather than eating fish. 

Obviously, fish contains more than just EPA and DHA. Not only fatty fish but also 
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lean fish are associated with reduced mortality from coronary heart disease.6 An 

advice to increase fish intake will probably replace meats and thereby reduce 

intake of saturated fatty acids. This confers survival, because the association 

between saturated fats and heart disease is well established.7,8 Fish oil capsules 

would probably only add fatty acids to the diet and not replace any saturated fatty 

acids. The protective effects of fish consumption is absent if fish is fried rather than 

baked or broiled.9,10 Even more important, the absorption of fish oils after a fish 

meal would be gradual whereas taking fish oil capsules would allow fast entry of 

fatty acids into the circulation. Circulating fatty acids cause major changes in 

cardiac electrophysiology and are for example potent blockers of the Na 

channel.11,12,13 Block of the Na channel can be proarrhythmic in angina patients and 

may thereby explain the difference in response to dietary advice and fish oil 

capsules. This is reminiscent of the CAST study that was prematurely stopped 

because Na channel block increased mortality in survivors of a myocardial 

infarction.14 

 In summary, although multiple alternative mechanisms have been 

proposed, none has provided a satisfying explanation for the increase in sudden 

death in angina patients supplemented with fish oil capsules.   

 

Does fish oil shorten the action potential in humans? 

 

Before extrapolating the findings on dietary fish oil and arrhythmogenesis in pigs 

to humans, several factors such as metabolism of fish oil and differences in cardiac 

electrophysiology between pigs and humans have to be addressed. 

 In our pig model, a diet rich in fish oil for 8 weeks, resulted in an increase 

in ω3-PUFAs in the heart at the expense of ω6-PUFAs. ω3-PUFAs comprised about 

25% of the total fatty acids in the ventricular myocardium. This corresponds with a 

study in patients that received high dose fish oil supplementation (6 g of EPA and 

DHA per day) prior to pulmonary bypass surgery. The fish oil supplements 

resulted in incorporated ω3-PUFAs in atrial myocardial phospholipids (maximum 

incorporation reached at 30 days) at the expense of ω6-PUFA arachidonic acid.15 

The latter study suggests that the incorporation of ω3-PUFAs from dietary fish oil 

in pigs and humans is similar.  
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 The shape and duration of the  cardiac action potential is formed by a 

delicate balance between depolarizing and repolarizing ion currents.16 Information 

on human cardiac electrophysiology is limited due to the fact that data on action 

potential durations and ion currents are often recorded from human myocytes that 

are derived from explanted diseased hearts.17,18,19,20,21,22 The disease process has 

already adapted the action potential duration and remodelled ion channels. The 

latter makes it difficult to translate fish oil induced changes in action potential 

duration to healthy humans. Also, in porcine ventricular myocytes the notch of the 

cardiac action potential is carried by ICl(Ca),23 and in human myocytes is mainly 

carried by potassium ions, Ito1.24 This current, Ito1, is blocked by acutely superfused 

ω3-PUFAs and causes prolongation of the action potential in rodents.25 Although 

Ito1 is, to a limited extent, present in human failing myocytes,24 acutely superfused 

ω3-PUFAs caused a severe shortening of the action potential in isolated myocytes 

from patients with end-stage heart failure (Chapter 7). Evidence for action 

potential shortening from dietary derived fish oil in humans comes from a study 

that evaluated cross-sectional associations between dietary fish intake and QT 

intervals in the Cardiovascular Health study.26 Fish consumption was associated 

with a lower likelihood of prolonged QT.26 Furthermore, the ATTICA study shows 

that in a Greek population those who consumed >300 g of fish per week had a 

mean 13,6% lower corrected QT interval. In contrast, an intervention study in 

healthy subjects showed that supplementation of approximately 1.5 g of ω3-PUFAs 

for 12 weeks did not alter corrected QT intervals.27 Also, there was no relation 

between ω3-PUFAs in cholesteryl esters and corrected QT intervals measured 

during 24 hour Holter recordings in healthy subjects.28 Because a shorter QT 

interval or shorter action potential duration may be pro- or antiarrhythmic, 

depending on the underlying arrhythmia mechanism, we therefore raise the 

question whether the predominant mechanism of arrhythmia is unequivocal in 

different cardiac pathologies. 

 

How explicit is an arrhythmia mechanism in specific patient 

populations? 

 

Fish oil supplementation prevents sudden death and arrhythmias in patients with 

a prior myocardial infarction.1,29 Prior myocardial infarction is an important risk 
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factor for sudden death,30 primarily due to ventricular tachyarrhythmias. Both 

reentry and triggered activity are mechanisms that are involved in ventricular 

arrhythmias in postinfarcted tissue.31,32,33,34,35,36 Arrhythmogenesis in the post-

myocardial setting depends on changes in myocardial structure or in 

electrophysiology, in the infarct zone itself, in the border zone, or are related to 

myocardial failure. Arrhythmogenesis related to myocardial failure is often due to 

triggered activity related to prolongation of the cardiac action potential and 

disturbed Ca2+ handling. This implies that fish oil can be safely supplemented to 

patients with heart failure, if the mechanism of arrhythmia is indeed triggered 

activity. However, a patient with heart failure based on atherosclerotic heart 

disease may experience episodes of ischemia that results in reentrant arrhythmias. 

Moreover, the conditions for initiation and maintenance of reentry are more 

favourable in heart failure.37 Indeed, during acute ischemia, an increased incidence 

of ventricular arrhythmias was observed in isolated hearts from rabbits with hearts 

failure compared to control.38 Therefore, definite answers regarding the safety of 

fish oil in heart failure will come from an ongoing trial, The GISSI Heart Failure 

project39. This is a large-scale, randomized, double-blind study designed to 

investigate the effects of ω3-PUFAs on mortality and morbidity in patients with 

symptomatic heart failure.39  

 The long QT patient population may also benefit from fish oil 

supplementation. This group of patients has a prolonged QT interval that causes 

arrhythmias that are likely to be initiated by EADs.40 If fish oil would reverse the 

prolongation of the action potential, it would provide a strong protection against 

these arrhythmias. A specific subgroup of hereditary LQT syndrome patients 

(LQT1) experience arrhythmias predominantly during exercise and benefit from β-

blockers.41,42,43 As shown in Chapter 6, we show that incorporated ω3-PUFAs alter 

the response of different ion channels to norepinephrine and thereby prevent 

action potential prolongation in response to norepinephrine. This suggests that 

LQT1 patients would specifically benefit from fish oil supplementation. A 

randomized controlled trial is needed to further investigate the effects of fish oil 

supplementation on QT intervals and arrhythmogenesis in long QT patients.  

 Patients with an implantable cardioverter defibrillator that suffer from 

sustained ventricular tachycardia or ventricular fibrillation without myocardial 

infarction represent a population with a wide variety of arrhythmia mechanisms. 

In these patients, fish oil supplementation did not reduce ventricular tachycardia 
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or ventricular fibrillation and was even proarrhythmic.44 It may well be that an 

antiarrhythmic response in one part of the population was eradicated by a 

proarrhythmic response in the other. This may explain the outcome of the SOFA 

trial that did not show any effect of fish oil on arrhythmias in ICD patients.45 It may 

also be that in one patient multiple mechanisms are operative; arrhythmias may be 

initiated by a premature beat that originates from triggered activity and degenerate 

into an episode of tachycardia sustained by reentry.  

 

Alternatives for fish oil 

 

As increased intake of ω3-PUFAs is recommended by governmental agencies and 

scientific organizations,46 the demands for fish oil derived ω3-PUFAs will continue 

to increase. There is a need for alternatives because over-fishing causes a burden to 

the natural populations.47  Farming fish may seem to relieve pressure on ocean 

fisheries, but is a mixed blessing. It does contribute to the world’s fish supply, but 

several carnivorous fish species require large inputs of wild fish for feed that may 

further deplete wild fisheries stocks.48  

 As an alternative for fish, long chain ω3-PUFAs can be produced by the use 

of microorganisms. In particular marine micro-algae are capable of producing 

above C20 compounds. Although this biotechnical production of long chain ω3-

PUFAs is a very good alternative to fish, several challenges such as costs, 

contamination and safety still have to be faced.49  

 The consumption of genetically modified pigs that have a decreased ratio 

of ω6 to ω3 fatty acids is under recent attention.50,51,52 A gene, fat-1, encodes for an 

ω3 fatty acid desaturase enzyme that adds a double bond to ω6-PUFAs and 

converts them to ω3-PUFAs. The latter increases ω3-PUFAs content in membranes 

of mice and pigs.52,53 The rationale to alter the pig genome for increased ω3-PUFAs 

content in the membrane is to enhance ω3-PUFAs in the diet of humans. There are 

many concerns with the transgenic pigs that question their relevance to add to 

increased intake of ω3-PUFAs in humans.50,51 First of all, there are no examples of 

genetically modified animals that have been approved to enter the food chain, 

simply because no one wants to eat them.50 Besides that fact, it is very uncertain 

and in fact highly improbable that eating ω3 pork would provide a similar health 

benefit as fish consumption because of the confounding variables such as increased 
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intake of red meat and saturated fats. In addition to uncertainties such as stability 

of ω3-PUFAs, preparation of the ω3 meat and its taste, the absolute amount of ω3 

PUFAs in the muscle of these pigs is about 10–15% of that found in fatty fish such 

as salmon. This implies that one would have to consume large amounts of pork 

meat and, in addition, dietary fat to get a substantial ω3 PUFA intake. And the 

advice to consume of large amounts of food is something that is not desirable in a 

society where obesity is one of the main health problems. 

 Therefore, a more appealing source of ω3-PUFAs may be α-linolenic acid 

(ALA; C18:3n-3), the parent compound of long chain ω3-PUFAs. ALA is derived 

from plants and found mainly in flaxseed, linseed, and canola oil, and, to a lesser 

extent, in soybean oil and green leafy vegetables. Experiments in rats have shown 

that a diet rich in ALA raise the content of ω3-PUFAs myocardial phospholipids 

(mainly docosapentaenoic acid-DPA and DHA). This resulted in a reduction in a 

reduced incidence of ventricular fibrillation, mortality and arrhythmia score 

during reperfusion, but not during 15 minutes of ischemia.54 However, a 

systematic review concluded that with ALA no significant or consistent benefit on 

arrhythmia was observed in animal studies55. In humans, the risk of abnormally 

prolonged repolarization was 41% lower in the highest tertile of linolenic acid 

intake (0.89 g/day) compared with the lowest tertile (0.53 g/day).56 Brouwer and 

coworkers57 reported on the basis of a meta-analysis that ALA provides protection 

against heart disease but increases risk of prostate cancer. Further research is 

needed to establish the role of ALA in arrhythmogenesis. 

 

Conclusions 

 

Fish oil changes electrophysiological properties of the heart, depending on 

whether they are incorporated or circulating. Fish oil, either incorporated of 

acutely administered, can exert both pro- and antiarrhythmic effects, depending on 

the underlying arrhythmia mechanism.  
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Recommendation 

 

Our data provide convincing evidence to withdraw the advice of the American 

Heart Association to supply all patients with heart disease with 1 g of EPA and 

DHA per day.58 Instead, supplementation of fish oil should be directed towards 

specific subpopulations of patients in which the mechanism of arrhythmia is 

known. Randomized controlled trials in these specific patient populations need to 

identify populations that can be safely supplemented with fish oil and benefit the 

most from fish oil supplementation.  
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Inleiding 

 

De Nederlandse Hartstichting adviseert gezonde mensen en hartpatiënten om 

tweemaal per week vis te eten. ‘The American Heart Association’ (de Amerikaanse 

Hartstichting) adviseert patiënten met een hartziekte om visoliecapsules te slikken 

om de inname van 1 gram visolievetzuren per dag te garanderen. Dit advies is 

gebaseerd op studies die laten zien dat bij  patiënten die hersteld zijn van een 

hartinfarct het eten van vis samengaat met een verminderd risico op plotse 

hartdood en hartritmestoornissen. Twee recente onderzoeken laten echter zien dat 

het innemen van visoliecapsules gepaard gaat met een hoger risico op plotse 

hartdood en hartritmestoonissen bij hartpatiënten zonder hartinfarct, maar mét 

angina pectoris (het tekortschieten van bloedtoevoer naar de hartspier). Het 

onverwacht negatieve effect van visolie in de specifieke groep hartpatiënten 

zonder hartinfarct is onverklaard. In dit proefschrift wordt een verklaring gezocht 

voor zowel het positieve (anti-aritmische) als negatieve (pro-aritmische) effect van 

visolie in verschillende  groepen van hartpatiënten.  

 Levensbedreigende hartritmestoornissen ontstaan door bijvoorbeeld 

ischemie (verminderde doorbloeding van de hartspier zoals bij  angina pectoris), 

een hartinfarct, hartfalen of erfelijke hartziekten. Deze aandoeningen veranderen 

veelal de eigenschappen van de celmembraan, de lipidenrijke ‘omheining’ van de 

hartspiercel. Door de celmembraan van hartspiercellen lopen ionenstromen die de 

elektrische geleiding en samentrekking van het hart reguleren. Door 

veranderingen in de ionenstromen van de celmembraan kunnen 

hartritmestoornissen optreden.  

 De belangrijkste mechanismen voor levensbedreigende 

hartritmestoonissen zijn ‘triggered activity’ en ‘re-entry’. Bij patiënten met een 

hersteld hartinfarct of hartfalen worden hartritmestoornissen voornamelijk 

veroorzaakt door ‘triggered activity’. In deze patiënten verkleint de inname van 

visolie de kans op plotse hartdood en hartritmestoornissen. Deze ‘triggered 

activity’ hartritmestoornissen worden veroorzaakt door een verstoorde calcium-

huishouding in het zieke hart. Bij patiënten met angina pectoris worden 

hartritmestoornissen veelal veroorzaakt door ‘re-entry’. In deze patiënten vergroot 

visolie de kans op plotse hartdood en hartritmestoornissen. Bij ‘re-entry’ 

hartritmestoornissen cirkelt de prikkel eindeloos door het hart, terwijl in het 
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gezonde hart de prikkel bij elke hartslag uitdooft totdat deze opnieuw wordt 

opgewekt.  

 De duur van de actiepotentiaal van een hartspiercel bepaalt hoe lang die 

cel erover doet om na activering weer te herstellen. Een verkorting van de 

actiepotentiaal vermindert ‘triggered activity’ hartritmestoornissen bij patiënten 

met een hersteld hartinfarct en hartfalen, maar geeft méér ‘re-entry’ 

hartritmestoornissen bij patiënten met angina pectoris. ‘Triggered activity’ of ‘re-

entry’ hartritmestoornissen behoeven dus een tegengestelde behandeling voor 

zover het de duur van de actiepotentiaal betreft. Deze tegenstelling heeft er 

waarschijnlijk voor gezorgd dat geneesmiddelen, die de duur van de 

actiepotentiaal van het hart verlengen, tot op heden niet hebben geleid tot minder 

hartritmestoornissen bij patiënten waarvan het mechanisme van de 

hartritmestoornis niet bekend is.  

 Eerder uitgevoerd experimenteel onderzoek heeft aangetoond dat visolie 

de actiepotentiaal verkort in geïsoleerde hartspiercellen van verschillende 

proefdieren. In deze proeven is de visolie toegevoegd aan de vloeistof waar de 

hartspiercel tijdens de meting in verblijft. Het is onbekend of het eten van vis 

dezelfde effecten heeft op het hart als het  toevoegen van visolie aan een enkele 

hartspiercel. 

 In dit proefschrift wordt beschreven dat visolie in het dieet van varkens 

leidt tot de inbouw van visolievetzuren in de celmembraan van de hartspiercel en 

daardoor de actiepotentiaal verkort.  

Wij tonen aan dat bij varkens een dieet rijk aan visolie:  

1) leidt tot méér hartritmestoornissen tijdens acute ischemie (dit zijn ‘re-entry’ 

hartritmestoornissen). Dit hebben wij gemeten door in geïsoleerde harten van 

met visolie gevoerde varkens, één van de kransslagaderen van het hart 

gedurende 75 minuten af te binden.  

2) hartritmestoornissen tegengaat die gebaseerd zijn op ‘triggered activity’. Dit 

hebben wij gemeten door in geïsoleerde hartspiercellen van deze met visolie 

gevoerde varkens ‘triggered activity’ op te wekken door toediening van 

adrenaline en/of medicijnen die de duur van de actiepotentiaal verlengen. 

 

Ook wordt in dit proefschrift beschreven dat in geïsoleerde hartspiercellen van 

patiënten met hartfalen ‘triggered activity’ minder voorkomt nadat visolie is 

toegevoegd aan de vloeistof waar de hartspiercel tijdens de meting in verblijft. 
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Ondanks het feit dat zowel acuut toegediende als ingebouwde visolievetzuren de 

duur van de actiepotentiaal verkorten, tonen wij aan dat het effect van 

visolievetzuren op ionenstromen wél afhankelijk is van de wijze van toediening 

(via het dieet door inbouw of via directe toediening).  

 

Wij concluderen dat, afhankelijk van het mechanisme van de hartritmestoornis 

(afhankelijk van de ziekte van de hartpatiënt), visolie zowel anti- als pro-aritmisch 

kan zijn.  

Het advies van de Nederlandse Hartstichting om twee maal in de week vis te eten 

kan in stand worden gehouden, aangezien de hoeveelheid visolie die hiermee 

wordt ingenomen beperkt is. Daarnaast is er geen negatief effect van het eten van 

vis aangetoond in hartpatiënten. Het advies van ‘The American Heart Association’ 

aan alle hartpatiënten om visoliecapsules in te nemen, vinden wij, op basis van 

onze resultaten, niet verantwoord.  
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Dit onderzoek is tot stand gekomen door inzet, hard werken en passie voor 
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een goed promotieonderzoek. Bas, eerst visolie-student, nu collega aio, dank voor 

je slimme ideeën en je vriendschap, dat beide maar lang mogen duren, al zou ik je 
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