

Chapter 1. Introduction

This evidence report is one of three reports prepared by the Tufts-New England Medical Center (Tufts-NEMC) Evidence-based Practice Center (EPC) concerning the health benefits of omega-3 fatty acids on cardiovascular diseases. These reports are among several that address topics related to omega-3 fatty acids, and that were requested and funded by the Office of Dietary Supplements, National Institutes of Health (NIH) through the EPC program at the Agency for Healthcare Research and Quality (AHRQ). Three EPCs — the Tufts-NEMC EPC, the Southern California-RAND EPC, and the University of Ottawa EPC — each produced evidence reports. To ensure consistency of approach, the three EPCs collaborated on selected methodological elements, including literature search strategies, rating of evidence, and data table design.

The aim of these three reports is to summarize the current evidence on the health effects of omega-3 fatty acids on the following: cardiovascular diseases, cancer, child and maternal health, eye health, gastrointestinal/renal diseases, asthma, autoimmune diseases, immune-mediated diseases, transplantation, mental health, and neurological diseases and conditions. In addition to informing the research community and the public on the effects of omega-3 fatty acids on various health conditions, it is anticipated that the findings of the reports will also be used to help define the agenda for future research.

The focus of this report is on the effect of omega-3 fatty acids on cardiac electrogenesis and arrhythmias. The other two reports focus on the effects of omega-3 fatty acids on cardiovascular disease and effects of omega-3 fatty acids on cardiovascular disease risk factors. In this chapter, we review the metabolism, physiological functions, and sources of omega-3 fatty acids. In addition, we examine some basic aspects of cardiac electrophysiology or electrogenesis and discuss the analytic framework for this report. Subsequent chapters describe the methods used to identify and review studies related to omega-3 fatty acids and  cardiac electrogenesis, findings related to the effects of omega-3 fatty acids on cardiac electrogenesis and arrhythmias, and recommendations for future research in this area.

Metabolism and Biological Effects of Essential Fatty Acids
Dietary fat is an important source of energy for biological activities in human beings. Dietary fat encompasses saturated fatty acids, which are usually solid at room temperature, and unsaturated fatty acids, which are liquid at room temperature. Unsaturated fatty acids can be further divided into monounsaturated and polyunsaturated fatty acids. Polyunsaturated fatty acids (PUFAs) can be classified on the basis of their chemical structure into two groups: omega-3 (n-3) fatty acids and omega-6 (n-6) fatty acids. The omega-3 or n-3 notation means that the first double bond from the methyl end of the molecule is in the third. The same principle applies to the omega-6 or n-6 notation. Despite their differences in structure, all fats contain the same amount of energy (9 kcal/g or 37 kJ/g). 

Of all fats found in food, 2 — alpha-linolenic acid (chemical abbreviation: ALA, 18:3 n-3) and linoleic acid (LA, 18:2 n-6) — cannot be synthesized in the human body, yet are necessary for proper physiological functioning. These 2 fats are called essential fatty acids. The essential fatty acids can be converted in the liver to long-chain polyunsaturated fatty acids (LC PUFAs), which have a higher number of carbon atoms and double bonds. These LC PUFAs retain the omega type (n-3 or n-6) of the parent essential fatty acids. 

ALA and LA comprise the bulk of the total PUFAs consumed in a typical North American diet. Typically, LA comprises 89% of the total PUFAs consumed, while ALA comprises 9%. Smaller amounts of other PUFAs make up the remainder 1. Both ALA and LA are present in a variety of foods. For example, LA is present in high concentrations in many commonly used oils, including safflower, sunflower, soy, and corn oil. ALA, which is consumed in smaller quantities, is present in leafy green vegetables and in some commonly used oils, including canola and soybean oil. Some novelty oils, such as flaxseed oil, contain relatively high concentrations of ALA, but these oils are not commonly found in the food supply. 

The Institute of Medicine suggests that, for adults 19 and older, an adequate intake (AI) of ALA is 1.1-1.6 g/day, while an adequate daily intake of LA is 11-17 g/day 2. Recommendations regarding AI differ by age and gender groups, and for special conditions such as pregnancy and lactation.

As shown in Figure 1.1, EPA and DHA can act as competitors for the same metabolic pathways as AA. In human studies, the analyses of fatty-acid compositions in both blood phospholipids and adipose tissue showed similar competitive relationship between omega-3 LC PUFAs and AA. General scientific agreement supports an increased consumption of omega-3 fatty acids and reduced intake of omega-6 fatty acids to promote good health. However, for omega-3 fatty acid intakes, the specific quantitative recommendations vary widely among countries not only in terms of different units — ratio, grams, total energy intake — but also in quantity 3. Furthermore, there remain numerous questions relating to the inherent complexities about omega-3 and omega-6 fatty acid metabolism, in particular regarding the inter-relationships between the 2 fatty acids. For example, it remains unclear to what extend ALA is converted to EPA and DHA in humans, and to what extend high intake of omega-6 fatty acids compromises any benefits of omega-3 fatty acid consumption. Without resolution of these 2 foundational questions, it remains difficult to study the importance of omega-6 to omega-3 fatty acid ratio.

Metabolic Pathways of Omega-3 and Omega-6 Fatty Acids

Omega-3 and omega-6 fatty acids share the same pools of enzymes and go through the same oxidation pathways while being metabolized (Figure 1.1). Once ingested, ALA and LA can be elongated and desaturated into LC PUFAs. LA is converted into gamma-linolenic acid (GLA, 18:3 n-6), an omega-6 fatty acid that is a positional isomer of ALA. GLA, in turn, can be converted to the long-chain omega-6 fatty acid, arachidonic acid (AA, 20:4 n-6). ALA can be converted, to a lesser extent, to the long-chain omega-3 fatty acids, eicosapentaenoic acid (EPA; 20:5 n-3) and docosahexaenoic acid (DHA; 22:6 n-3). However, the conversion from parent fatty acids into LC PUFAs occurs slowly in humans, and conversion rates are not well understood. Because of the slow rate of conversion and the importance of LC PUFAs to many physiological processes, humans must augment their level of LC PUFAs by consuming foods that are rich in these important compounds. Meat is the primary food source of AA, while fish is the primary food source of EPA. 


The specific biological functions of fatty acids depend on the number and position of double bonds and the length of the acyl chain. Both EPA and AA are 20-carbon fatty acids and are precursors for the formation of prostaglandins, thromboxane, and leukotrienes — hormone-like agents that are members of a larger family of substances called eicosanoids. Eicosanoids are localized tissue hormones that seem to be one of the fundamental regulatory classes of molecules in most higher forms of life. They do not travel in the blood, but are created in the cells to regulate a large number of processes, including the movement of calcium and other substances into and out of cells, dilation and contraction of muscles, inhibition and promotion of clotting, regulation of secretions including digestive juices and hormones, and control of fertility, cell division, and growth 4.

As shown in Figure 1.1, the long-chain omega-6 fatty acid, AA, is the precursor of a group of eicosanoids including series-2 prostaglandins and series-4 leukotrienes. The omega-3 fatty acid, EPA, is the precursor to a group of eicosanoids including series-3 prostaglandins and series-5 leukotrienes. The series-2 prostaglandins and series-4 leukotrienes derived from AA are involved in intense actions (such as accelerating platelet aggregation and enhancing vasoconstriction and the synthesis of inflammatory mediators) in response to physiological stressors. The series-3 prostaglandins and series-5 leukotrienes that are derived from EPA are less physiologically potent than those derived from AA. More specifically, the series-3 prostaglandins are formed at a slower rate and work to attenuate excessive series-2 prostaglandins. Thus, adequate production of the series-3 prostaglandins, which are derived from the omega-3 fatty acid, EPA, may protect against heart attack and stroke as well as certain inflammatory diseases like arthritis, lupus, and asthma 4. In addition, animal studies, have demonstrated that omega-3 LC PUFAs, such as EPA and DHA, engage in multiple cytoprotective activities that may contribute to antiarrhythmic mechanisms5. Arrhythmias are a common cause of “sudden death” in heart disease.

In addition to affecting eicosanoid production as described above, EPA also affects lipoprotein metabolism and decreases the production of other compounds — including cytokines, interleukin 1β (IL-1β), and tumor necrosis factor α (TNF-α) — that have pro-inflammatory effects. These compounds exert pro-inflammatory cellular actions that include stimulating the production of collagenases and increasing the expression of adhesion molecules necessary for leukocyte extravasation 6. The mechanism responsible for the suppression of cytokine production by omega-3 LC PUFAs remains unknown, although suppression of eicosanoid production by omega-3 fatty acids may be involved. EPA can also be converted into the longer chain omega-3 form of docosapentaenoic acid (DPA, 22:5 n-3), and then further elongated and oxygenated into DHA. EPA and DHA are frequently referred to as very long chain omega-3 fatty acids. DHA, which is thought to be important for brain development and functioning, is present in significant amounts in a variety of food products, including fish, fish liver oils, fish eggs, and organ meats. Similarly, AA can convert into an omega-6 form of DPA. Studies have reported that omega-3 fatty acids decrease triglycerides (Tg) and very low density lipoprotein (VLDL) in hypertriglyceridemic subjects, with a concomitant increase in high density lipoprotein (HDL). However, they appear to increase or have no effect on low density lipoprotein (LDL). Omega-3 fatty acids apparently lower Tg by inhibiting VLDL and apolipoprotein B-100 synthesis and decreasing post-prandial lipemia 7. Omega-3 fatty acids, in conjunction with transcription factors (small proteins that bind to the regulatory domains of genes), target the genes governing cellular Tg production and those activating oxidation of excess fatty acids in the liver. Inhibition of fatty acid synthesis and increased fatty acid catabolism reduce the amount of substrate available for Tg production 8

As noted earlier, omega-6 fatty acids are consumed in larger quantities (>10 times) than omega-3 fatty acids. Maintaining a sufficient intake of omega-3 fatty acids is particularly important since many of the body’s physiologic properties depend upon their availability and metabolism. 
Figure 1.1. Classical omega-3 and omega-6 fatty acid synthesis pathways and the role of omega-3 fatty acid in regulating health/disease markers.
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Overview of the Electrophysiology of the Heart

In this report, we examine evidence that omega-3 fatty acids affect cell organelles — such as cardiac ion channels, pumps, or exchange mechanisms — that are involved in cardiac electrophysiology or electrogenesis. This section of the report reviews some basic aspects of electrogenesis and omega-3 fatty acids., and discusses the analytic framework that guided our systematic review of the literature. Two accompanying reports --- Effects of Omega-3 Fatty Acids on Cardiovascular Disease Risk Factors and Effects of Omega-3 Fatty Acids on Cardiovascular Disease review evidence from clinical studies focused on the relationship between omega-3 fatty acids and outcomes in humans including sudden death. 
Cardiac Electrophysiology

The heart’s beating rate is controlled by specialized, spontaneously firing pacemaker cells in the sino-atrial node (a bundle of specialized cardiac muscle cells in the right atrium of the heart) and by sympathetic and parasympathetic nerve fibers that influence the ion balance in heart muscle cells. The pacemaker cells initiate an electrical impulse that produces a change in the voltage of heart cell membranes. This change in voltage, also called an action potential, is generated by the relative concentration of different types of ions across the cell membrane, and moves from one heart muscle cell (or myocyte) to another 9. 

Calcium, potassium, and sodium ions are central to the generation of action potentials. These ions, in the form of currents, move across cell membranes through pathways called channels. The speed at which ions traverse these channels varies due to channel characteristics. Some channels open or close as a function of membrane potential, while others respond to neurotransmitters or other molecules. Sodium and calcium ions also use an energy-dependent pumping process to cross the membrane. 9. 

These electrophysiological processes interact with structural components of cardiac myocytes to cause synchronized contraction and relaxation of the heart muscle. The sarcoplasmic reticulum (SR) — a system of membranes in cardiac muscle cells — stores calcium ions during the diastolic, or relaxation, phase of the contraction cycle. Infoldings of the cell membrane (or sarcolemma) called T-tubules transmit the action potential along the membrane far into the cell. The resulting excitation-contraction coupling process increases the concentration of intracellular free calcium ions during depolarization across the cell membrane and T-tubules. The calcium ions facilitate muscle contraction by interacting with other cellular components.  The exchangers and pumps that support the contractile process rely on the presence of adenosine triphosphate (ATP) and are affected by the concentration gradients of sodium, potassium, and calcium ions. The strength of cardiac muscle contraction, or myocardial contractility, can be increased by norepinephrine, which is secreted by sympathetic nerves and mediated by ß-adrenergic receptors and calcium channels. Myocardial muscle relaxation occurs when the calcium is returned to the sarcoplasmic reticulum or is pumped out of the cell by sodium-calcium exchangers and calcium adenosine triphosphatase (ATPase) pumps 9.
Arrhythmia

Cardiac arrhythmias, or disorders of the heart’s rhythm, are a serious cause of morbidity and mortality. Serious arrhythmias can cause sudden death (abrupt loss of heart function or cardiac arrest) — a leading cause of death in industrialized societies. According to the Heart and Stroke Statistical Update for 2003 10 arrhythmias were a direct cause of 37,646 deaths in the United States and were an underlying or contributing cause of another 491,000 deaths. In addition to contributing to sudden death, serious arrhythmias can compromise the normal flow of blood through the coronary arteries, resulting in impaired oxygenation of the heart muscle (myocardial ischemia) or death of cardiac muscle tissue (myocardial infarction or heart attack). Arrhythmias can also lead to other cardiovascular conditions, such as stroke, congestive heart failure, and peripheral embolism.  

There are many potential causes of arrhythmias, including disruption of ion channels or pumps, reduction in blood flow to the heart muscle (ischemia), and alteration of the eicosanoid system and adrenoceptors (membrane proteins whose function in the heart is to transmit the neuroendocrine message sent by catecholamines like adrenaline and its derivatives). Changes in these systems result in electrical abnormalities in the heart leading to disturbances in the heart rhythm such as tachycardia, bradycardia, or uncoordinated contraction of the heart muscle cells. 

 A key purpose of this report is to examine the evidence that omega-3 fatty acids directly affect cell organelles such as cardiac ion channels, pumps, or exchange mechanisms involved in electrogenesis. The accompanying reports, entitled Effects of Omega-3 Fatty Acids on Cardiovascular Disease Risk Factors and Effects of Omega-3 Fatty Acids on Cardiovascular Disease, provide a review of the evidence from clinical studies of the effect of omega-3 fatty acids on arrhythmia and sudden death in humans. 

Potential Impact of Omega-3 Fatty Acids on Arrhythmogenesis
As described above, cell organelles such as cardiac ion channels, pumps, currents, and exchange mechanisms are essential electrophysiological processes that ensure normal heart rate and coronary blood flow. These processes depend upon the concentration gradient of sodium, potassium, and calcium, and associated enzymes.  Disruptions in these concentrations can lead to asynchronous contractility of the myocardium and result in arrhythmias.  Clinically, the main causes of arrhythmia are ischemia, electrolyte disturbances, drugs, and underlying structural problems (e.g. bypass tracts). The physiologic mechanisms underlying these effects involve such mechanisms as ion channels and pumps and membrane currents.
Omega-3 LC PUFAs may exert an anti-arrhythmic effect on cardiac cells in several ways. For example, they can affect the adrenoceptors that transmit neuroendocrine messages sent by catecholamines. The omega-3 fatty acid, DHA, for instance, causes both a decrease in the production of cyclic adenosine monophosphate (cAMP), the main ß-adrenergic messenger, and an increase in chronotropic response or heart rate11. Omega-3 LC PUFAs also appear to act like another group of cardiovascular drugs, calcium channel blockers, by increasing intracellular calcium sequestration and interfering with receptor-operated calcium channels, influx 12. 
Chapter 2. Methods

Overview


This evidence report on the effect of omega-3 fatty acids on cardiac electrogenesis and arrhythmias is based on a systematic review of the literature. To identify the specific issues central to this report, the Tufts-New England Medical Center (Tufts-NEMC) evidence-based practice center (EPC) held meetings and teleconferences with a Technical Expert Panel (TEP) formed for this project and with participants from the Agency for Healthcare Research and Quality (AHRQ) and the Office of Dietary Supplements (ODS). In addition, teleconferences with the Southern-California RAND (SC-RAND) and University of Ottawa (UO) EPCs were held to discuss common methodological issues associated with the production of the evidence report. A comprehensive search of the scientific literature was conducted to identify studies addressing the key questions. Evidence tables of study characteristics and results were compiled, and the methodological quality and applicability of the studies were appraised. Results were summarized with both qualitative reviews of the evidence and quantitative meta-analyses, as appropriate.


The TEP served in an advisory capacity for this project. It helped to refine key questions, identify important issues, and define parameters of the report. Additional domain expertise was obtained through consultation with lipid/nutrition experts. 

Analytic Framework of This Evidence Report


We developed separate analytic frameworks to describe the relationship between omega-3 fatty acid intake and outcomes of interest in intact animal studies (Figure 2.1), intact animal/ isolated organ and cell studies (Figure 2.2), and isolated organ and cell studies (Figure 2.3).  These frameworks served as a basis for the evidence review and highlight how omega-3 fatty acid intake impacts outcome measures/parameters and potential mechanisms associated with the following key questions:

·  What is the evidence from whole animal studies that omega-3 fatty acids affect arrhythmogenic outcomes (and intermediate outcomes)? 
· What is the evidence from cell culture and tissue studies (including animal and human cardiac tissue) that omega-3 fatty acids directly affect cell organelles such as cardiac ion channels, pumps, or exchange mechanisms involved in electrogenesis?

In whole animal studies (Figure 2.1), omega-3 fatty acids were fed to whole, intact animals as part of their diet or infused intravenously prior to the occurrence of the outcome of interest. The outcomes of interest in this context were induced arrhythmia, ventricular ectopic beats, ventricular and atrial fibrillation, and other measures of arrhythmia identified in the literature.  Intermediate outcomes of interest included heart rate, coronary flow, and electrocardiogram (ECG) results such as QT interval prolongation. 
In whole animal isolated organ and cell studies (Figure 2.2), omega-3 fatty acids were fed to whole, intact animals as part of their diet, and organs or cell tissues were subsequently excised from the animal for study. The outcomes of interest included induced arrhythmia, myocyte contraction and beating rate, and any other arrhythmogenic outcomes.

In “pure” isolated organ and cell studies  (Figure 2.3), omega-3 fatty acids were applied 

directly to mammalian tissues or cultured cell lines or incorporated into the membrane  of the mammalian tissues or cultured cell lines. The outcomes of interest included induced arrhythmia, myocyte contraction and beating rate, and any other arrhythmogenic outcomes. 

Potential mechanisms suggested by different investigators to explain the antiarrhythmic action of omega-3 fatty acids can be broadly classified into several categories (See list of Acronyms, Abbreviations, and Parameters). These include the effects of omega-3 fatty acids on:

· Contractile parameters (e.g. contractility)

· Basoelectromechanical parameters (e.g. action potential)

· Ion channels and pumps (e.g. calcium channels) 

· Membrane currents (e.g. depolarizing current)

· Receptors (e.g. beta adrenergic)

· Membrane characteristics (e.g. fluidity and composition)

· Enzymes (e.g. sodium, potassium ATPases, adenosine triphosphatase)

· Eicosanoid system (e.g. prostaglandins)

Our focus in this report is limited to contractile parameters, basoelectromechanical parameters, ion pumps, channels, and membrane currents. 
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Literature Search Strategy


A comprehensive literature search was conducted to address the key questions. Relevant studies were identified primarily through search strategies conducted in collaboration with the UO EPC. Preliminary searches were conducted at the Tufts-NEMC EPC using the OVID search engine on the Medline database. The final searches used five databases including:

· Medline from 1966 to week 2 of February 2003 

· PRE-MEDLINE from February 7, 2003 

· Embase from 1980 to week 6 of 2003

· Biological Abstracts 1990 - December 2002 

· Commonwealth Agricultural Bureau (CAB) Health from 1973 to December 2002

 
Subject headings and text words were selected so that the same set could be applied to each of the different databases with their varying attributes. Supplemental search strategies were conducted as needed. Additional publications were referred to us by the TEP and the other two EPCs.


A targeted search was conducted to retrieve articles that examined the effects of omega-3 fatty acids on cell organelles involved in electrophysiology. This search included in-vivo as well as in vitro animal studies. MeSH subject headings and text words were defined by reviewing key articles supplied by researchers and members of the TEP. In addition, citation analyses of key articles were conducted using the Science Citation Index database from the Institute for Scientific Information’s Web of Science. Publications that cited the key articles were scanned for appropriateness and for additional subject headings or text words. These additional headings and text words were then added to those used in the search strategy.

Numbers for the final results of the database search strategies are approximate. Because the 5 main databases used in the search employ different citation formats, a number of duplicate publications were encountered. Although the UO EPC eliminated some of the duplicates, it was impossible to identify all of them. We eliminated additional duplicate publications as they were discovered. The database searches were updated regularly. The last update was conducted on April 18, 2003.

Study Selection

Abstracts identified through the literature search were screened using eligibility criteria defined to include all English language primary experimental studies that evaluated the impact of omega-3 fatty acids on arrhythmia, intermediate mechanisms of arrhythmia, and electrogenesis. Reports published only as letters or abstracts were excluded. 

Articles associated with abstracts that passed these screens were retrieved and screened once more for eligibility.  Inclusion and exclusion criteria used in this round of review are summarized below.

Inclusion Criteria


Studies were included if they examined the effect of omega-3 fatty acids on one of the following:

· Arrhythmia

· Adenosine triphophatase (ATPase, either Calcium, Sodium, Potasssium, or Magnesium)  

· Beating rate 

· Cardiac dynamics

· Cardiac or myocyte contraction

· Cardiomyocytes

· Cell organelles in cardiac tissue (sarcoplasmic reticulum or endoplasmic reticulum; mitochondria)

· Cell signaling

· Coronary perfusion pressure

· Cultured myocytes

· Electrogenesis in cardiac myocyte

· Electrophysiology

· Heart rate or rhythm

· Ion channels, pumps, currents, voltage dependant/sensitive channels  (Calcium (Ca2+), Sodium (Na+),  Potassium (K+), K+ transient outward current, delayed rectifier current, inward rectifier current, L-type Ca2+ current or channel)

· Ischemia/ischemic reperfusion in heart

· Sudden cardiac death

· Ventricular fibrillation (VF)

· Ventricular fibrillation threshold (VFT)

· Ventricular ectopic beats (VEB)

· Ventricular premature beats (VPB); sometimes referred to as premature ventricular complex (PVC)

The TEP agreed that given the wide range and number of studies of potential relevance, prioritization of which to include was important. We therefore identified studies of the following mechanisms related to the antiarrhythmic action of omega-3 fatty acids but judged them not immediately relevant to the scope of the key questions to include in this report. Mechanisms excluded were: 


Eicosanoid production (prostaglandins, leucotrienes, thromboxanes)


Enzymes (5’nuclotidase, phospholipase, cyclo-oxygenase)


Receptors (β-adrenergic, thromboxane)

· Membrane composition, fluidity, or phospholipids

For articles identified through the review, grounds for rejection included: non-mammalian animals or cell lines, no outcome of interest reported (see below), no omega-3 fatty acid intervention, review article, non-English article, and toxicology study/safety assessment. For each study that was rejected, the reason(s) for rejection was noted.  Basic information about all studies that addressed relevant outcomes was recorded. 

Data Extraction


A standardized data extraction process was followed to ensure consistency across reviewers. Definitions for terms used in the extraction process were specified by consensus. As part of the training process, data extractors extracted data from 2 of the same studies to compare interpretations. After this process, each study was partially screened to determine whether it met eligibility criteria and addressed relevant outcomes. Studies deemed eligible were then fully extracted by a single reviewer. Issues and discrepancies encountered during the extraction process were addressed at weekly meetings. 

For both animal and in vitro studies, general items extracted included country in which the experiment occurred, funding source, and sample size. Extraction of additional data relating to the intervention, intermediate outcomes, potential mechanisms, and arrhythmogenic outcomes was guided by the analytic framework described in Chapter 1. 
For animal and animal in vitro studies, data extracted regarding the intervention included species of animal, animal characteristics, control and experimental diets (including detailed description of any omega-3 fatty acids), and dosage and duration of feeding or infusion. For animal studies, data extracted about intermediate outcomes included heart rate, coronary flow, and electrocardiogram (ECG) changes. Data extracted about arrhythmogenic outcomes included induced arrhythmia, ventricular ectopic beats, ventricular fibrillation, and atrial fibrillation.

For in vitro studies, data extracted regarding the intervention included species of animal, animal characteristics, cell line, sample sizes, number of experiments, detailed description of any omega-3 fatty acids, and whether the fatty acids were free (directly added to the cell culture medium) or bound (incubated with the fatty acid and incorporated into membrane phospholipid). Data extracted about potential mechanisms of arrhythmia included ion channels, ion pumps, and ion movement, as well as ion currents, contractility,  and basoelectromechanical parameters.

Format for Reporting Evidence


We report the evidence in three forms: (1) Evidence tables offer a detailed description of the studies we identified that address each of the key questions. These tables provide detailed information about the study design, characteristics of the animal and in vitro model used in the study, inclusion and exclusion criteria, intervention or test evaluated, and outcomes. Where appropriate, we graded the studies according to the methodological quality, applicability, size, and the effect or test performance. (2) Summary tables report on each study in an abbreviated form using summary measures of the main outcomes. These tables were developed by condensing information from the evidence tables to provide a concise overview of study quality and results, and are designed to facilitate comparisons across studies. Summary tables include important variables including study size, omega-3 fatty acids evaluated in the study, study dosages and duration, the animal model, outcomes, and methodological quality. (3) Additional tables were developed to provide an overall synthesis of information related to several key questions. 

Methods of Analysis


For the whole animal studies, wherever feasible, we performed meta-analyses combining the results from individual experiments. It is important, however, to interpret results cautiously when combining data that are highly variable.  We identified key measures and subgroups to construct random effects meta-analysis models 13.


For the isolated organ and cell studies, we frequently developed a qualitative summary of data presented in the articles. When possible, we report percentage changes in evidence tables. When a treatment group was compared to a control group, the difference in percentage change between the treatment group and control group was calculated. When one omega-3 fatty acid was compared to another fatty acid, we first report results of the comparisons to omega-6 fatty acids, followed by comparisons to monounsaturated fatty acids (MUFAs), then to saturated fatty acids (SFAs), and finally to other omega-3 fatty acids. In the summary tables, percentage changes are characterized as a statistically significant (P<.05) increase, decrease, improvement, or no change (i.e. change not statistically significant (P>.05).

Diet Classification


The criteria used to assess the methodological quality of animal studies are different from those used for human studies. Compared to human clinical trials, methods used to evaluate animal studies are not as advanced and there are no quality assessment rating schemes in widespread use. It is, however, important to stratify analyses, where possible, by the rigor of the study design and by the conduct, analysis, and reporting of the study. Since diet composition and the structure of the comparisons is a key aspect of study design in studies using intact animals fed different diets, we devised a four level categorization schema that is based on the fatty acid and/or level of fat contained in the comparison diet. The levels range from A to D, where the comparison diet in level A is most similar to eicosapentaenoic acid (EPA, 20:5 n-3) and decosahexaenoic acid (DHA, 22:6 n-3), and the comparison diet in level D is least similar. Specifically:

A.
Omega-3 (fish, soybean, canola, linseed oils) vs. omega-6 (e.g. corn, safflower, sunflower oils) fatty acids. The omega-6 comparison oils have the longest fatty acid chains normally consumed by humans, and are most similar to EPA and DHA. They provide a similar level of dietary fat and have a similar number of double bonds.

B.
Omega-3 fatty acids vs. MUFAs (e.g. olive oil). As with omega-6 comparison oils, MUFA oils have the longest fatty acid chains normally consumed by humans. They contain at least one double bond and provide a similar level of dietary fat.
C.
Omega-3 fatty acids vs. SFA (e.g. butter, lard, palm oil, coconut oil, sheep fat). These saturated fatty acids provide a level of dietary fat in the comparison diet that is similar to the level obtained with omega-3 fatty acids.

D.
Omega-3 fatty acids vs. control (e.g. standard chow). Standard chow is most different from the omega-3 enriched diet because no “counter-balancing” fatty acids are contained in this comparison diet.

In some studies, certain dietary comparisons conducted by the article authors were not relevant to this report. In such instances, only those components of the analysis that addressed the objectives of this report were extracted, using the scheme described above (order of comparison: omega-3 fatty acids to omega-6 fatty acids, MUFA, SFA, other omega-3 fatty acid). 

Data Presentation

Data from the whole animal isolated organ and cell studies and the pure isolated organ and cell studies are presented in the evidence and summary tables in a specific order. Studies and/or comparisons are presented in the rows, and results or outcomes  (e.g., contractile parameters [CP], basoelectromechanical parameters [BEP], ion pumps and ion movements, [IPIM], ion currents [ICU], and ion channels [ICH]) are presented in the table columns. For each outcome, the omega-3 fatty acid used, the dose, and the experimental condition under which the study was performed, is noted. Outcomes or results obtained under ‘ambient’ (no perturbation) conditions are presented first, followed by outcomes or results under other conditions. Presenting results in this order is similar to the order followed in the studies themselves: after observations were made in the ambient condition, specific blocking or facilitating agents (e.g., antagonists such as iosproteronol and agonists such as BAY8644 (BAY), respectively) were often introduced to investigate specific mechanisms (e.g., receptors) that are affected by the fatty acids. For example, isoproteronol was used in some studies to produce arrhythmia. This approach provides an understanding about which specific receptors are affected by omega-3 fatty acids and which omega-3 fatty acids might yield anti-arrhythmogenic effects. The parameter of interest in some studies is electrical current, which must be elicited by electrical stimulation. For the purposes of this report electrical stimulation is not considered an ‘agent’. 
Chapter 3. Results

In this chapter, we provide an overview of our literature search and discuss findings from the studies that met our search criteria. An overview of the literature search is presented first, followed by a review of whole animal studies, whole animal isolated organ and cell studies, and isolated organ and cell culture studies. 

Literature Search Overview

Through the literature search, we identified 1,807 abstracts that met our search criteria. After screening the abstracts, we retrieved 274 articles. Of these, 184 were rejected after reviewing the full text. The reasons for rejection are as follows: no omega-3 fatty acids (30), not specific to arrhythmia (31), no cardiac cells (4), fatty acid composition or products only (34), other reasons (90). Details associated with the reasons for rejection are summarized in the reasons for rejection section. At the end of this process, 89 articles were accepted and reviewed.
For each class of study — whole animal studies, whole animal isolated organ and cell culture studies, and isolated organ and cell culture studies — we tabulated the outcomes/parameters measured by each investigator. Tables 3-1 to 3-3 summarize these parameters by species model and parameter.
Whole Animal Studies

A total of 26 whole animal studies (Tables 3-4 through 3-20 and Evidence Table 1) were reviewed. In 23 of the studies, omega-3 fatty acid supplements were added to the animals’ food for a variable duration of time before experimental protocols for induced arrhythmias were implemented. In the remaining 3 studies, fatty acids were infused intravenously as a treatment to prevent induced or spontaneous arrhythmias. In the pre-fed route, dietary fatty acids must be incorporated into an animal’s cell membrane before they can influence cell function and/or rehabilitation. In contrast, when omega-3 fatty acids are directly injected into an animal’s blood stream, they exist and function in free form. The results of these two types of studies will be discussed separately, since their presumed physiological mechanisms differ. A summary of the 26 whole-animal studies is shown in Table 3-1.

Individual summary tables were created to show the effects of omega-3 fatty acids on various arrhythmic outcomes. Studies were grouped first by outcomes, then by species, and finally by experimental protocols (or mechanisms) for induced arrhythmias. Within each table, comparisons were first clustered into alpha linolenic acid (ALA, 18:3 n 3) oils or fish oils, and then sorted by the dose of omega-3 fatty acids. Frequently, studies had more than one comparison and used more than one experimental protocol. As a result, some studies appear multiple times in one table (once for each comparison group) or appear in several different tables. 

In general, the arrhythmic outcomes assessed were defined consistently across the 26 whole-animal studies with the exception of the definition for arrhythmia score, which varied somewhat across studies. The following arrhythmic outcome measures and general definitions were used in the original studies:

· Ventricular Tachycardia (VT): A run of four or more consecutive ventricular premature beats 14.

· Ventricular Fibrillation (VF): A signal for which individual QRS deflections can no longer be distinguished from one another (implying morphological instability) and for which a rate can no longer be measured 14.

· Ventricular Premature Beats (VPB): Isolated ventricular premature beats are generally defined as discrete and identifiable premature QRS complexes (premature in relation to the P wave) 14.

· Arrhythmia Score (AS): A hierarchical scale of 0 to 9 during occlusion as most described by Curtis et al., 1987 15, and during reperfusion using a slightly modified version of the scale as described by McLennan et al., 1988 16.

· Infarct Size (IS): The under-perfused ischemic regions determined by dye exclusion and expressed as a percentage of wet weight in both ventricles 16. In the studies examined for this report, infarct size reflects myocardial tissue that has sustained damage due to the ischemia procedures that were used to induce arrhythmias. 

We performed meta-analyses for each of the outcomes. In these analyses, fish oils and ALA oils were analyzed separately and in combination.

In the following sections, the 23 pre-fed studies are discussed first and are grouped according to the comparison substance. Studies comparing omega-3 polyunsaturated fatty acids (PUFAs) to omega-6 PUFAs are presented first, followed by studies comparing omega-3 PUFAs to α-linolenic acid, monounsaturated fatty acids (MUFAs), saturated fatty acids (SFAs), and no treatment. The 3 studies that infused free form omega-3 fatty acids are reviewed at the end of the Whole Animal Studies section. 

Studies Comparing Pre-Fed Omega-3 PUFAs to Omega-6 PUFAs

This section summarizes 13 studies that compared pre-fed omega-3 PUFAs to pre-fed omega-6 PUFAs (see Table 3-1 and Evidence Table 1). In each study, the same amount of experimental and control oil was added to each animal’s basic diet. Therefore, all comparisons have iso-caloric intake from fat. The dose of omega-3 fatty acids ranged from 0.4 to 3.7g/100g. Fish oils (menhaden, tuna fish oils, or MaxEPA---a commercial preparation of EPA), soybean oil, or canola oil were used as the source of omega-3 PUFAs in the experimental groups, while controls were fed sunflower seed oil, corn oil or safflower oil. The effects of omega-3 PUFAs on arrhythmia deaths, ventricular fibrillation, ventricular premature beats, arrhythmia scores, infarct size, and length of time in sinus rhythm are reviewed below.

Effect on incidence of arrhythmia deaths. Seven studies in rats (Table 3-4) and one study in monkeys (Table 3-6) reported arrhythmia deaths. In the rat studies, investigators looked for deaths in ischemia-reperfusion-induced arrhythmias in 12 comparisons.  In the monkey study, investigators looked for deaths after induced arrhythmias in 1 comparison (Table 3-6).


Meta-analyses of risk ratio of total deaths in ischemia-reperfusion-induced arrhythmias. As shown in Table 3-4, 12 comparisons in 7 studies were included in the meta-analyses. The 7 studies involved 150 rats that were fed omega-3 PUFAs and 152 rats fed omega-6 PUFAs. In all but one 17 of the studies, deaths during reperfusion after an ischemia procedure were monitored. Two studies 18,19 also looked for deaths that occurred during the ischemia procedure. They all found that deaths occurred only during the ischemia procedure; no deaths occurred during reperfusion in either the omega-3 PUFA or control groups The ischemia deaths in these two studies were combined into total deaths for ischemia-reperfusion-induced arrhythmia.
Of the 12 comparisons, 5 compared ALA oils to omega-6 PUFA oils (Figure 1). The combined risk ratio of deaths in ischemia-reperfusion-induced arrhythmias in these 5 comparisons was 1.2 (95% CI: 0.51-2.6). There was no statistically significant heterogeneity between studies.

The other 7 comparisons were combined to assess the effects of fish oils on deaths in ischemia-reperfusion-induced arrhythmias (Figure 2). The combined risk ratio of deaths in these 7 comparisons was 0.47 (95% CI: 0.23-0.93). There was no statistically significant heterogeneity between studies. However, the significantly reduced risk ratio of deaths was due to a single

study 20 as shown by a sensitivity analysis (Table 3-5). When this study was removed, the combined risk ratio of deaths became 0.64 (95% CI: 0.19-2.1).

A separate meta-analysis combined comparisons involving ALA with comparisons involving eicosapentaenoic acid (EPA, 20:5 n-3) plus decosahexaenoic acid (DHA, 22:6 n-3). The overall risk ratio of deaths in this analysis was 0.68 (95% CI: 0.40-1.2).


Deaths from ventricular fibrillation in monkeys. One study examined total VF deaths — which combined deaths in the control condition, ischemia model, and isoproterenol model — among marmoset monkeys (Table 3-6). For the purpose of our evidence review, we evaluated only the results from a comparison between 16 monkeys fed fish oil and 13 monkeys fed sunflower seed oil. The fish oil and sunflower seed oil diets both had 12%  weight-by-weight (w/w) of total fat or 29% kcal of fat.  The fish-oil diet contained 2.8g/100g EPA plus DHA. The animals were fed for 30 months in both studies. No VF deaths occurred in the monkeys that were fed fish oil, while 3 deaths (23%) occurred in those fed sunflower seed oil.
Effects on incidence of ventricular tachycardia. Eight studies, representing 21 comparisons, reported the incidence of VT among rats fed omega-3 PUFA oils vs. those fed omega-6 PUFA oils (Table 3-7 and Table 3-8). In 10 of the comparisons, the incidence of VT in ischemia-induced arrhythmias was monitored (Table 3-7). In the other 11 comparisons, the incidence of VT during reperfusion-induced arrhythmias was monitored (Table 3-8). Only ischemia-induced VT was assessed in 2 21,22 of the 8 studies. The remaining 6 studies assessed both ischemia-induced and reperfusion-induced VT.)

Meta-analyses of risk ratio of ventricular tachycardia in ischemia-induced arrhythmias. As shown in Table 3-7, 10 comparisons in 6 studies were included in the meta-analyses. Of  the 248 rats used in the studies, 126 were in the omega-3 PUFA groups and 122 were in the omega-6 PUFA control groups.

Among the 10 comparisons, 4 examined the effects of ALA vs. omega-6 PUFA oils on the incidence of VT in ischemia-induced arrhythmias (Figure 3). The dose of ALA ranged from 0.4 to 5.2g/100g. The combined risk ratio of deaths was 0.82 (95% CI: 0.65-1.0). There was no statistically significant heterogeneity between studies.

The other 6 comparisons were combined to evaluate the effects of fish oils (EPA plus DHA) on the incidence of VT in ischemia-induced arrhythmias (Figure 4). The combined risk ratio of deaths in this analysis was 0.49 (95% CI: 0.29-0.83). The studies were heterogeneous. Sensitivity analysis did not show that any single study had a dominating effect.

A separate meta-analysis combined comparisons involving ALA with comparisons involving EPA plus DHA. In this meta-analysis, the overall risk ratio of VT in ischemia-induced arrhythmias was 0.70 (95% CI: 0.53-0.92).

Meta-analyses of risk ratio of ventricular tachycardia in reperfusion-induced arrhythmias.   As shown in Table 3-8, 11 comparisons in 7 studies were included in these meta-analyses. Of the 257 rats used in the studies, 128 were in the omega-3 PUFA groups and 129 were in the omega-6 PUFA control groups.

Among the 11 comparisons, 5 examined the effects of ALA vs.omega-6 PUFA oils on the incidence of VT in reperfusion-induced arrhythmias (Figure 5). The combined risk ratio of deaths was 1.1 (95% CI: 0.73-1.6). The studies were heterogeneous.

The other 6 comparisons were combined to evaluate the effects of fish oils (EPA plus DHA) on the incidence of VT in reperfusion-induced arrhythmias (Figure 6). The combined risk ratio of deaths was 0.68 (95% CI: 0.50-0.91). There was no statistically significant heterogeneity between studies.

In the meta-analysis that combined comparisons involving ALA with comparisons involving EPA plus DHA, the overall risk ratio of VT in reperfusion-induced arrhythmias was 0.85 (95% CI: 0.65-1.1).

Effects on incidence of ventricular fibrillation.  Nine studies in rats with 22 comparisons (Table 3-9 & Table 3-10), and 3 studies in monkeys with 9 comparisons (Table 3-11), reported the incidence of VF in induced arrhythmias. All the rat studies used ischemia-reperfusion models. In the monkey studies, arrhythmias were induced by electrical stimulation in normal or ischemic conditions and/or with the injection of isoproterenol.

In the rat studies, the incidence of VF in ischemia-induced arrhythmias was monitored in 8 comparisons (Table 3-9), while in the other 14 comparisons, the incidence of VF during reperfusion after an induced-ischemia procedure was monitored (Table 3-10). (Four 20-23 of the nine rat studies monitored only the incidence of reperfusion-induced VF. The remaining 5 studies monitored the incidence of both ischemia-induced and reperfusion-induced VF.)

Meta-analyses of risk ratio of ventricular fibrillation in ischemia-induced arrhythmias. As shown in Table 3-9, a total of  8 comparisons from 6 studies were included in the meta-analyses. Of the 176 rats used in the studies, 90 were in the omega-3 PUFA groups and 86 were in the omega-6 PUFA control groups.

Among the 8 comparisons, 3 examined the effects of ALA vs. omega-6 PUFA oils on the incidence of VF in ischemia-induced arrhythmias (Figure 7). The combined risk ratio of deaths was 0.95 (95% CI: 0.56-1.6). There was no statistically significant heterogeneity between studies.

The other 5 comparisons were combined to evaluate the effect of fish oils on the incidence of VF in ischemia-induced arrhythmias (Figure 8). The combined risk ratio of deaths was 0.21 (95% CI: 0.07-0.63). There was no statistically significant heterogeneity between studies.

In the meta-analysis that combined ALA comparisons and EPA plus DHA comparisons, the overall random-effect risk ratio of VF in ischemia-induced arrhythmias was 0.69 (95% CI: 0.41-1.24).

Meta-analyses of risk ratio of ventricular fibrillation in reperfusion-induced arrhythmias. As shown in Table 3-10, a total of 14 comparisons in eight studies were included in these meta-analyses. Of the 312 rats used in the studies, 155 were in the omega-3 PUFA groups and 157 were in the omega-6 PUFA control groups.

Among the 14 comparisons, 6 examined the effects of ALA vs. omega-6 PUFA oils on the incidence of VF in reperfusion-induced arrhythmias (Figure 9). The combined risk ratio of deaths was 0.84 (95% CI: 0.52-1.3). The studies were heterogeneous.

The other 8 comparisons were combined to evaluate the effects of fish oils on the incidence of VF in reperfusion-induced arrhythmias (Figure 10). The combined risk ratio of deaths was 0.44 (95% CI: 0.25-0.79). There was no statistically significant heterogeneity between studies.

In the meta-analysis combining ALA comparisons and EPA plus DHA comparisons, the overall random-effect risk ratio of VT in reperfusion-induced arrhythmias was 0.85 (95% CI: 0.65-1.1).

Ventricular fibrillation and ventricular fibrillation threshold in induced arrhythmia among monkeys. Table 3-11 shows results from 3 studies that compared monkeys fed fish oils to controls fed sunflower seed oil (omega-6 PUFA), and that examined the incidence of VF and ventricular fibrillation threshold (VFT) in induced arrhythmia. The dose of EPA plus DHA ranged from 1.8 to 2.8g/100g. The feeding duration ranged from 16 weeks to 30 months. Three different arrhythmia-induction protocols were used. In the first protocol, arrhythmias were induced by electrical stimulation in the control condition. In the second, arrhythmias were induced 5 minutes after an ischemia procedure, and in the third, arrhythmias were induced 30 minutes after restoration of coronary blood flow and during the infusion of isoproterenol. The three arrhythmia-induction protocols were not independent of each other, that is, the same monkeys underwent the series of experimental procedures in sequence. Thus, the cumulative effects of induced arrhythmias must be considered. (Note also be noted that the same group of investigators from one laboratory authored all three studies).

For each of the arrhythmia induction protocols, the investigators compared the proportion of monkeys from the fish oil group that experienced inducible VF to the proportion in the sunflower seed oil group that experienced VF. In the first protocol (electrical stimulation in control condition), the investigators found no difference between groups. In the second protocol (electrical stimulation five minutes after an ischemia procedure), 2 of the 3 studies found no difference in the proportion of monkeys that had inducible VF 24,25. One study 26, however, reported that while no VF was inducible in the monkeys fed fish oil, VF was induced in 13% of the monkeys fed sunflower seed oil . In the third protocol (electrical stimulation during the infusion of isoproterenol), VF was induced in 30% to 50% of the monkeys fed fish oil compared to 77% to 100% of the monkeys fed sunflower seed oil.

Ventricular fibrillation thresholds (VFTs) were measured only among the VF inducible monkeys. In 2 studies24,26, VFTs remained unchanged in both groups in all conditions. However, one study 25 found that VFTs were significantly increased among monkeys that were fed fish oil relative to those fed sunflower seed oil in all conditions (note that an increased threshold indicates a desirable outcome).
Effects on ventricular premature beats. As shown in Table 3-12, 7 studies with 16 comparisons evaluated the number of VPBs in ischemia-induced and/or reperfusion-induced arrhythmias. Rats were used in all 7 studies. No consistent results were found in the studies comparing rats fed ALA oils (soybean, linseed or canola oils) to rats fed omega-6 PUFA oils. However, studies comparing rats fed fish oils to rats fed omega-6 PUFA oils suggest that rats fed fish oils might have reduced numbers of VPBs in ischemia-induced and/or reperfusion-induced arrhythmias relative to rats fed omega-6 PUFA oils.

Effects on arrhythmia scores or severity of arrhythmias. As shown in Table 3-12, 8 studies with 18 comparisons evaluated the arrhythmia scores associated with the ischemia-induced and/or reperfusion-induced arrhythmias. Rats were used in all studies. More severe arrhythmias are associated with higher scores. 

No consistent results were found in studies that compared rats fed ALA oils (soybean, linseed or canola oils) to rats fed omega-6 PUFA oils. However, when rats fed fish oils were compared to rats fed omega-6 PUFA oils, the studies found that most of the fish oil fed rats had less severe ischemia-induced and/or reperfusion-induced arrhythmias than the omega-6 PUFA fed rats.

Effects on infarct size. Infarct size, or size of the ischemic region, was evaluated in only 2 studies 16,27. The results showed no significant difference in the infarct size between  rats fed omega-3 PUFA oils and rats fed omega-6 PUFA oils (Table 3-12).

Effects on length of time in sinus rhythm. As shown in Table 3-12, 3 studies with 7 comparisons evaluated length of time in sinus rhythm (TSR) in ischemia-induced and/or reperfusion-induced arrhythmias. Rats were used in all studies. One study 27 that compared rats fed linseed oil (rich in ALA) to rats fed corn oil found no significant difference in TSR. In the same study, however, TSR was significantly increased in rats fed fish oil compared to rats fed corn oil. Two other studies compared rats fed fish oils to rats fed omega-6 PUFA oils. These studies found no significant difference in TSR in ischemia-induced and/or reperfusion-induced arrhythmias 19,28.

Studies Comparing Pre-fed Omega-3 Long-Chain PUFAS to α-Linolenic Acid

Two studies directly compared omega-3 long-chain PUFAs (EPA and DHA) to ALA (Table 3-13). Both studies found a non-significant reduction in the incidence of VT and VF in ischemia-induced or reperfusion-induced arrhythmias in rats fed fish oils compared to those fed soybean or linseed oils (rich in ALA) 23,27. Abeywardena et al. found that no deaths occurred in rats fed fish oil, while 11% of rats fed soybean oil died from ischemia-reperfusion-induced arrhythmias 23. The results also showed that rats fed fish oil had fewer numbers of VPBs and less severe arrhythmias as indicated by arrhythmia score than did rats fed soybean oil. However, none of these results were statistically significant. In addition to the incidence of VT and VF, Isensee et al. 27 also examined the infarct size and the length of time in normal sinus rhythm. The results showed no difference in infarct size between rats fed a fish oil diet and those fed a linseed oil diet after 20 minutes of ischemia. The length of time in normal sinus rhythm was almost 50% longer in rats fed fish oil compared to rats fed  linseed oil.

Indirect comparisons between omega-3 long chain PUFAs (EPA and DHA) and ALA based on meta-analysis are described in the Discussion (Chapter 4). 

Studies Comparing Pre-fed Omega-3 PUFAs to MUFAs

One study 29 compared the anti-arrhythmic effects of PUFAs to those of MUFAs (see Evidence Table 1). In this study, rats that were fed EPA, DHA, or a mixture of EPA and DHA were compared to rats that were fed olive oil. All animals used in the study were male, spontaneously hypertensive strains (n=10 per group). All synthesized diets contained 5% total fat, which represented 12% of available energy as fat. The rats underwent a common surgical procedure to induce myocardial ischemia after eating synthetic diets for 5 weeks. Results showed that DHA and EPA plus DHA significantly reduced the incidence and severity of ventricular arrhythmias as indicated by the arrhythmia score; however, EPA alone had no effect. Ventricular fibrillation occurred in 80% of the rats who were fed olive oil, 70% of those fed EPA, 20% fed DHA, and 10% fed the mix of EPA plus DHA. Compared to the controls, the incidence of VF was significantly lower in the DHA-fed rats (P<.01) and in the rats fed the mix of EPA plus DHA (P<.01). However, VF was not significantly lower in rats fed the EPA diet.

Studies Comparing Pre-fed Omega-3 PUFAS to Saturated Fatty Acids

As shown in Table 3-1, we analyzed 5 studies that compared omega-3 PUFAs to saturated fatty acids. In each study, experimental and control oils were added to the animals’ basic diets in equal amounts (see Evidence Table 1). Therefore, all comparisons reflect iso-caloric intake from fat. Fish oils and sardine or mackerel oils were used as the source of omega-3 PUFAs in the experimental groups, while controls were fed coconut, lard, sheep peri-renal fat, or butter. The dosages of EPA plus DHA were 0.6g/100g 30, 2.9g/100g 31, 5.5g/100g 32 and 5%kcal 33,34.

Effects on incidence of arrhythmia deaths. As shown in Table 3-14, deaths in ischemia-reperfusion-induced arrhythmias were monitored in 2 studies. In 1 study 33, rabbits fed fish oil corresponding to a dose of EPA plus DHA of 5.2g/100g were compared to controls fed coconut oil. The animals were fed for 12 weeks before arrhythmias were induced. In one arm of the study, animals were subjected to 10 minutes of ischemia followed by one hour of reperfusion. Three deaths (25%) were observed among the 12 rabbits fed fish oil, compared to three deaths (36%) among the 14 rabbits fed coconut oil. Two of the deaths in both groups occurred during reperfusion. In another arm of the study, rabbits were subjected to 1 hour of ischemia followed by 4 hours of reperfusion. Six deaths (43%) were observed among the 14 rabbits fed fish oil, compared to 8 deaths (53%) in the 15 rabbits fed coconut oil. About 50% of the deaths occurred during ischemia and 50% occurred during reperfusion in both groups in this arm.

In another study 30, 13 piglets were fed either 9%w/w lard fat (n=6) or 4.5%w/w mackerel oil plus 4.5%w/w lard fat (n=7) for 16 weeks. The corresponding dose of EPA plus DHA in the group fed mackerel oil plus lard fat was 0.6g/100g. Defibrillation was unsuccessful in one piglet from the mackerel plus lard oil group. This piglet died of ventricular asystole during the fifth reperfusion.

Effects on incidence of ventricular tachycardia. As shown in Table 3-15, 2 studies examined the incidence of VT in ischemia-reperfusion-induced arrhythmias. One of these studies was in rats 35, and 1 was in piglets 30. In the rat study, 7 (35%) of the 20 rats fed fish oil developed VT, compared to 14 (70%) of the 20 rats fed sheep peri-renal fat (P<.05). 

In the piglet study, the incidence of VT was 29% (n=7) and 17% (n=6) in piglets fed mackerel oil and lard fat, respectively. All VT events occurred during the ischemia procedure.

Effects on incidence of ventricular fibrillation. As shown in Table 3-16, 3 studies examined the incidence of VF in ischemia-reperfusion-induced arrhythmias. Two of these studies were in rats 34,35 and 1 was in piglets 30. Both rat studies found a significantly reduced incidence of VF in ischemia-reperfusion-induced arrhythmias among rats fed fish oil compared to rats fed saturated fats.

In the piglet study, the incidence of VF was 43% (n=7) in piglets fed mackerel oil, while no piglet fed lard fat developed VF in ischemia-reperfusion-induced arrhythmias. In the same study, programmed electrical stimulation was performed to induce VF in another 20 piglets, 10 in the mackerel-oil group and 10 in the control group. The incidence of VF was not reported, but VFTs were measured in control condition and during 15 minutes of ischemia. The threshold current for VF induction was reduced in all dietary groups during ischemia but remained significantly higher in the mackerel-oil-fed group than in the saturated-fat-fed group.

Effects on ventricular premature beats. As shown in Table 3-17, 3 studies examined the number of VPBs in schemia-reperfusion-induced arrhythmias. One of these studies was in rabbits 33, 1 was in piglets 30, and 1 was in rats 35. In the rat study, the number of VPBs during ischemia was significantly reduced among rats fed fish oil compared to rats fed sheep-perirenal fat. In the piglet study, the incidence of VPBs during ischemia did not differ between the groups. However, during reperfusion the piglets fed mackerel oil had  significantly fewer VPBs compared to  those fed lard fat. In the rabbit study, there were no significant differences in the incidence of VPBs between rabbits fed fish oil and those fed coconut oil during ischemia or reperfusion. However,  rabbits that died from arrhythmias were excluded from the analyses, and more rabbits died in the control group than in the experimental group. Thus, the true effects were underestimated.

Effects on arrhythmia scores or severity of arrhythmias. None of the studies that compared the arrhythmic effects of omega-3 PUFAs and saturated fatty acids reported arrhythmia scores as an outcome.

Effects on infarct size. None of the studies that compared the arrhythmic effects of omega-3 PUFAs and saturated fatty acids reported infarct size as an outcome.

Effects on length of time in sinus rhythm. None of the studies that compared the arrhythmic effects of omega-3 PUFAs and saturated fatty acids reported length of time in sinus rhythm as an outcome.

Studies Comparing Pre-fed Omega-3 PUFAS to No Treatment Controls

A total of 4 studies were included in this analysis (Table 3-1). As shown in Evidence Table 1, omega-3 PUFA oils were added to the diet of animals in the experimental groups, while controls were maintained on basic diets. As a result, energy intake from fat was higher in the experimental groups than  in the control groups.  Dogs were used in all studies. MaxEPA, menhaden oil, or EPA esters were used as the source of omega-3 PUFAs in the experimental groups, while controls were fed standard dog chows (Oriental Yeast Co. or Friskies® Dinner). The dose of EPA plus DHA was 3.3%kcal 36 and 1.0g/100g 37 in the two fish-oil studies. The dose of EPA was 1.0g/100g in both of the EPA-ester studies 38,39.

Effects on incidence of arrhythmia deaths.  Two studies 36,39 that evaluated the incidence of arrhythmia deaths (Table 3-18) compared dogs fed EPA and/or DHA to no treatment controls. In one study, no significant difference was found in the incidence of sudden death after induced-coronary thrombosis. 36 The other study found no deaths due to VF in the 10 dogs fed 1.0g/100g EPA ester, although five VF deaths (33%) occurred in the 15 untreated control dogs (P<.05). 39.

Effects on incidence of ventricular tachycardia and/or ventricular fibrillation. The incidence of VT and/or VF in induced arrhythmias was evaluated in a study of 30 dogs. 38.  Fifteen dogs were fed standard dog chow plus 1.0g/100g EPA ester for 8 weeks. Fifteen untreated control dogs were fed standard dog chow for 8 weeks. An ischemia-induced arrhythmia model was used in 10 experimental dogs and 10 controls. A digitalis-induced arrhythmia model was used in 5 dogs from each group. A fatal dose of digoxin (0.025 mg/kg/min) was administrated intravenously over a 60-second period immediately after coronary artery ligation.

There was no difference in the incidence of VF in ischemia between the  groups. Two dogs in each group (20% vs. 20%) developed VF within 3 hours after coronary ligation. All 10 dogs that underwent digitalis-induced arrhythmias developed VT or VF. However, the VT or VF did not occur until at least 25 minutes after the administration of digoxin in the dogs fed EPA ester, while the events occurred about 10 to 15 minutes within administration of digoxin in the untreated control dogs.

Effects on ventricular premature beats. As shown in Table 3-19, 2 studies 36,38 examined the number of VPBs in induced arrhythmias. Both studies found that dogs fed EPA and/or DHA had fewer VPBs compared with untreated controls.

Effects on arrhythmia scores or severity of arrhythmias. One study 38 evaluated the arrhythmia score in ischemia-induced arrhythmias (Table 3-19), and found that the arrhythmia score obtained within 3 hours after coronary ligation was significantly reduced by EPA-supplementation. Dogs fed EPA esters for 8 weeks had significantly less severe ischemia-induced arrhythmias than the no treatment controls (P<.01).

Effects on infarct size. Infarct size, or size of the ischemic region, was evaluated in 3 studies (Table 3-19) 36,37,39. All 3 studies showed that dogs fed EPA and/or DHA had a decrease in the infarct size in either electrical-stimulation-induced or ischemia-reperfusion-induced arrhythmias compared to untreated controls. However, areas at risk of arrhythmias were not significantly different between groups.

Effects on length of time in sinus rhythm. None of the studies that compared the arrhythmic effects of omega-3 PUFAs vs. untreated controls reported length of time in sinus rhythm as an outcome.

Anti-arrhythmic Effects of Free Omega-3 Fatty Acids 

Three studies examined the effects of intravenously infused omega-3 fatty acids on ischemia-induced or spontaneous arrhythmias (Table 3-20). The fatty acids were infused in their free form bound to albumin. Dogs were used in all studies. Controls received infusions of saline or buffer, or of soybean lipid emulsion with 7-8% ALA. Cardiac function was monitored by ventricular electrocardiography. Because cardiac response was similar among the control groups, data for control dogs were combined if 2 groups of controls were used.

Effects on incidence of ventricular tachycardia and ventricular premature beats. One study 40 evaluated the incidence of VT in spontaneous arrhythmias in 8 dogs (Table 3-20). The dogs were first injected with control buffer. Data obtained after this injection served as controls. After all hemodynamic parameters had completely recovered, the same protocol was used to infuse the dogs with various doses of ALA: 1 mg/kg, 5 mg/kg, 10 mg/kg, 20 mg/kg, 30 mg/kg, or 60 mg/kg. No VT or VPB events were observed when infusing the control buffer or when infusing up to 10 mg/kg of ALA. However, at doses of 20 mg/kg, 30 mg/kg, and 60 mg/kg of ALA, the incidence of VT was 13%, 38%, and 63%, respectively. The effects of ALA on the number of VPBs was similar. However, possible cumulative effects are of concern in this study since the experiments were not independent of one another.

Effects on incidence of ventricular fibrillation. As shown in Table 3-20, 2 studies 41,42 evaluated the incidence VF in exercise-plus-ischemia-induced arrhythmias. The results showed fish-oil emulsion, or albumin-bound EPA-, DHA-, or ALA-concentrates significantly reduced the incidence of VF. 

Whole-Animal Isolated Organ and Cell Studies

In this section, we present the results of 21 studies that examined the effects of omega-3 fatty acids in isolated organs and cells from whole animals.  In these studies, omega-3 fatty acids were fed to whole, intact animals as part of their diet, and organs or cell tissues were subsequently excised from the animal for study. The effects of omega-3 fatty acids on the following parameters are discussed: contractile parameters, basoelectromechanical parameters, ion pumps and ion movements, ion currents, and ion channels. Tables 3-20 through 3-24 and Evidence Table 2 contain the results for this section. 

Contractile Parameters 

Eight studies evaluated the effect of diets enriched with omega-3 fatty acids on contractile parameters such as heart rate, contraction rate, contraction amplitude, diastolic and systolic cell length, percent cell length, post-rest potentiation, and cardiac work. All studies used rat models. The developmental stage of the rats, however, varied considerably (2 weanling; 2 young adults; 3 adults; 1 aged).  See Table 3-21.

Heart rate. Under ambient conditions and in the absence of any agent, 3 studies showed that fish oil or EPA/DHA supplementation did not change heart rate 43-45. One study showed that in the presence of the arrhythmogenic agent lipopolysaccharide (LPS), fish oil significantly decreased heart rate compared to a safflower oil diet 43. One study examined the effect of cod liver oil supplementation on heart rate under various conditions. In the absence of nor-adrenalin under high oxygenation, there was a significant decrease in heart rate, but there was no change in the presence of nor-adrenalin. In the presence of nor-adrenalin under hypoxic conditions, there was a significant decrease in heart rate. Upon re-oxygenation, there was no change. 46.  See Table a 3-21.

Contractility. Two studies by the same author compared the effects of fish oil supplementation, safflower oil, and lard on contraction rate induced by isoproteronol (ISO) and free radical generating system (FRGS) 47,48. Both studies found a significant decrease in contraction rate among the fish oil group. Another study compared the effects of fish oil and safflower oil on force of contraction, maximum rate of rise of contraction, and maximum rate of relaxation. This study found no change in any of the parameters in the presence of saline, but found a significant increase in all parameters in the presence of lipopolysaccharide 43. One study measured force-velocity relationship characteristics following consumption of an N-3 fatty acid diet vs. an N-6 diet and showed no change 49. See Table 3-21.

Ionotropic parameters. One study examined the effect of fish oil versus lard treatment on diastolic and systolic cell length, percent cell length, and post-rest potentiation, and showed no change in these parameters 48. Another study measured amplitude of contraction under various experimental conditions. In the absence of nor-adrenalin under high oxygenation, there was a significant decrease in amplitude of contraction, but there was no change in the presence of nor-adrenalin. In the presence of nor-adrenalin under hypoxic conditions, there was a significant decrease in amplitude. Upon re-oxygenation, there was no change 46. See Table 3-21.

Cardiac work. One study compared the effects of linseed oil treatment and sunflower oil treatment on cardiac work and reported no difference between the two groups 50. See Table 3-21.

Basoelectromechanical Parameters

Three studies examined the effect of omega-3 fatty acids on basoelectromechanical parameters in whole animal isolated organs and cells. One study used a rat model and showed that supplementing a high fat diet with fish oil significantly reduced the ventricular effective refractory period 45. Another rat model study reported no change in developed or resting tension in the isolated perfused heart after cod liver oil supplementation 51. The third study used a rabbit model and showed no effect of dietary fish oil compared to safflower oil on the ventricular effective refractory period, absolute refractory period, relative refractory period, or epicardial or endocardial monophasic action potential 52.

See Table 3-22.

Ion Pumps and Ion Movement 

Fourteen studies examined the impact of omega-3 fatty acid enriched diets on ion pumps and ion movement (IPIM) in whole animal isolated organs and cells. Three studies used mouse models, 8 used rat models, 1 used rabbit models, 1 used pig models, and 1 used a canine model.  See Table 3-23.

Pump activity. Eight studies examined either calcium-magnesium ATPase or sodium-potassium ATPase activity in isolated organs and cells from whole animals.  Among the 3 studies that used mouse models, one study compared diets enriched with EPA ester or DHA to a diet containing safflower oil and found no change in sarcoplasmic reticulum calcium-magnesium ATPase activity with either the EPA ester or DHA ester diet 53Croset, 1989b]. A second mouse study compared a diet rich in fish oil to one rich in corn oil and found a significant decrease in sarcoplasmic reticulum calcium-magnesium ATPase activity with the fish oil diet54. The third mouse study showed that, compared to a standard chow diet, supplementation with graded doses of DHA ester did not affect calcium-magnesium ATPase activity in the SR, but  at low doses it significantly increased calcium-magnesium ATPase in the cardiac myocyte. At a higher dose, however, there was no change 55.  Two studies used a rat model. One compared a fish oil diet to a corn oil diet and used a graded dose of ATP and ionomycin, and measured sarcoplasmic reticulum calcium-magnesium ATPase, calcium ATPase, and magnesium ATPase. This study found significant decreases in these parameters 56.  A study using a canine model, reported significant increases in cardiac calcium-magnesium ATPase with EPA ester supplementation 38. Three studies (2 rat and 1 canine model) all reported no change in sodium-potassium ATPase activity with an omega-3 fatty acid diet, regardless of dosage or agent used 38,57,58. One study using a pig model reported significant increases in calcium pumping ATPase activity after consumption of a fish oil vs. a lard-enriched diet both under ambient and ischemia-reperfusion conditions 59. See Table 3-23.

Cytosolic calcium influx. Two studies using rat models measured cytosolic calcium influx. One reported a significant increase in cytosolic calcium influx under ischemic conditions with a cod liver oil diet 51. Another study compared fish oil to canola oil and reported no change under ambient conditions in cytosolic calcium (Ca 2+) influx 60. See Table 3-23. 

Cytosolic calcium efflux. Only one study compared cod liver oil supplementation to a standard chow diet using a rat model under ischemic reperfusion conditions. That study reported no change in cytosolic calcium efflux under ischemia reperfusion conditions 51. See Table 3-23.

Cytosolic calcium content. Three studies using rat models examined the effect of fish oil supplementation on cytosolic calcium content. In comparison to an omega-6 or saturated fatty acid diet, fish oil supplementation demonstrated no effect under ambient conditions in any of the studies 32,33,47. Two of these studies examined the effect of fish oil under ischemic/reperfusion conditions. One study found no change 33, while the other reported a significant decrease in cytosolic calcium content which was more pronounced in aged (vs. younger) rats 61. See Table 3-23.

Sarcoplasmic reticulum calcium content. Three studies (one mouse and two rat models) examined the effect of fish oil supplementation on sarcoplasmic reticulum calcium content. Two of the studies showed a significant decrease in sarcoplasmic reticulum calcium content. One of the 2 studies compared ALA or EPA or DHA ester to a safflower oil control, while the other compared fish oil supplementation to a corn oil diet 53,56. The third study compared fish oil supplementation to a diet enriched with saturated fats and reported no difference in caffeine or 2,4-Di-tert-butylhydroquinone (DBHQ)-induced alterations in sarcoplasmic reticulum calcium content with fish oil supplementation  compared to one enriched with saturated fats 47. See Table 3-23.

Sarcoplasmic reticulum calcium uptake. Two studies (one mouse and one rat model) compared the effects of fish oil supplementation  vs. corn oil on sarcoplasmic reticulum calcium uptake. Both studies showed a significant decrease in sarcoplasmic reticulum calcium uptake among rats receiving fish oil supplementation 54,56. Another study used a rat model to compare fish oil supplementation to a saturated fat diet. This study reported a significant increase in sarcoplasmic reticulum calcium exchanger or sarcoplasmic reticulum efflux induced by DBHQ or isoproteronol 47 among the rats receiving fish oil. One study comparing the effect of fish oil supplementation to a standard chow diet demonstrated no change in sarcoplasmic reticulum calcium transport activitiy using a rat model62. See Table 3-23.

Ion Currents
Two studies examined the effect of omega-3 fatty acid diet supplementation on ion currents in isolated organs and cells from whole animals. Both studies used rat ventricular myocytes, and both studies compared a fish oil diet to a high fat diet 48,63.  See Table 3-24.

Sodium currents. One study measured sodium currents (INA) and reported no change in either activation or inactivation parameters 48. See Table 3-24.

Transient outward currents.

One study measured transient potassium outward currents (Ito) and reported no change in either activation or inactivation parameters 48. See Table 3-24.

Voltage dependent L-type calcium current. One study measured voltage dependent L-type calcium current (ICa.L) and observed no change in activation parameters, inactivation parameters, or amplitude of voltage dependent L-type calcium current.63. See Table 3-24.

Ion Channels
Two studies evaluated the effect of omega-3 fatty acid diet supplementation on ion channels in whole animal isolated organs and cells. Rat models were used in both studies.  One of the studies measured in ventricular crude sarcolemma preparations the binding site affinity and affinity (Kd) of [3H] nitrendipine for the calcium channels. There was no change reported in either Bmax  or Kd attributable to cod liver oil in adult rats. A similar result was observed in aged rats. When aged rats were compared to adult rats, there was a significanty lower Kd  in the aged rats 64. A second study comparing fish oil to a high fat diet assessed the binding characteristics of the phenylalkylamine (PAA) receptor with verapamil and those of the benzonthiazepine (BT) receptor with diltiazem and reported no change on the parameters of the calcium current-voltage (ICa–V) curves 63.  See Table 3-25.

Isolated Organ and Cell Culture Studies

In this section, we present the results of 39 studies that examined the effects of omega-3 fatty acids on isolated organs and cells extracted from whole animals. Twenty-nine of these studies used rat models, 1 used a mouse model, 2 used guinea pig models, 2 used dog models,  1 used a ferret model, 1 used a pig model, and 1 used a cat model. Two studies used both rat and guinea pig models. Tissues and organelles extracted for analysis included the whole heart, ventricular or atrial cardiomyocytes, sarcolemmal or microsomal vesicles, and myocardial or ventricular mitochondria.  The omega-3 fatty acids tested in these studies included ALA, EPA, DHA, or their combination. The omega-3 fatty acids were applied either directly to the cell culture medium (free) or incubated with the cells to allow incorporation into membrane phospholipids (bound). Each row of the summary tables represents a comparison using the following factors: study, diet, free or bound fatty acid, dosage, experimental condition (ambient, hypoxia, reoxygenation) or agent used. Tables 3-26 through 3-31 and Evidence Table 3 contain the results for this section.

Contractile and Arrhythmogenic Parameters 

This section summarizes 22 studies that examined the effect of omega-3 fatty acids on arrhythmogenic and contractile parameters in isolated organs or cells. In 11 of these 22 studies, the omega-3 fatty acids were free, and in 9 studies the cells were bound with the fatty acids. Two studies employed both approaches. Nineteen studies used rat models, 2 used guinea pig models, and 1 used both a rat and guinea pig model.  See Table 3-26.

Arrhythmias. Seven studies examined the effect of omega-3 fatty acids on arrhythmias. Arrhythmias were defined as spontaneous or asynchronous contractions induced by various agents. Four of the studies using rats were from the same group of collaborators and demonstrated that free EPA or DHA significantly prevented or terminated the proportion of arrhythmias induced by ouabain, calcium, lysophosphatidylcholine (LPC), palmitoylcarnitine (PTC), or eicosanoids 65-67,67,68.  Another study by the same collaborative group examined the effect of free and bound EPA or DHA in a rat model, and demonstrated that free but not bound omega-3 fatty acids were effective in terminating induction of arrhythmias 69. Another study using a rat model showed that bound DHA significantly decreased the proportion of arrhythmias induced by nor-adrenaline and timolol (TIM) 70.  A study using a guinea pig model showed that free EPA (sodium salt) at a low dosage did not have an effect on antigen-induced arrhythmia but produced a significant decrease in the proportion of induced arrhythmias at a high dosage 71.  See Table 3-26.

Contractility. Eighteen studies examined the effect of omega-3 fatty acids on contractility parameters such as contraction rate (spontaneous or induced), contraction frequency, electrical automaticity/excitability (EA) , diastolic length (DL), twitch amplitude (TA), velocity of shortening /diastolic length (VS/DL), and twitch size (TS) both in the presence and absence of several arrhythmogenic agents. Fourteen studies used rat models, 2 studies used guinea pig models, and 2 studies used both rat and guinea pig models. See Table 3-26.

In 13 of these studies the effects of the omega-3 fatty acids were studied compared to a control group; in 1 study the comparison group was a saturated fatty acid, in 2 studies the comparison group was either control or an omega-6 fatty acid, and in 2 studies (by the same author) the comparison group was another omega-3 fatty acid. The results are discussed based on the comparison group and agent used. See Table 3-26.

In the contractility studies that tested the effect of free ALA, EPA, DHA, or a combination compared to control in the absence of any agent, 3 showed no effect 65,72,73, while 3 showed a decrease 66,74,75. The following arrhythmogenic agents were examined: ouabain, nitrendipine, Bay8644 (BAY), isoproteronol, LPC, dibutyryl cyclic adenosine monophosphate (dBcAMP), eicosanoids, high extracellular calcium, and cholera toxin. All studies reviewed, regardless of species used, demonstrated a decrease in contractility or a protective effect of the omega-3 fatty acids in blocking the negative response induced by the agents 65-68,72,73,76,77,78. One study also showed that DHA blocked the inhibitory effect of nitrendipine on myocyte contraction but not the inhibitory effect of verapamil and diltiazem on myocyte contraction 65. See Table 3-26.

One study examined the effect of free DHA versus the saturated fatty acids docosanoic acid and stearic acid in the presence of LPC or isoproteronol in a rat model and observed a significant decrease in both spontaneous and asynchronous contractility 79. Two studies examined the effect of a combination of either free ALA+EPA 73 or bound EPA+DHA 80 compared to an omega-6 fatty acid and found no difference in contractility in the absence of an arrhythmogenic agent.  In the presence of arrhythmogenic agents (isoproteronol and phenylephrine [PHE]), one study showed no effect of free ALA+EPA 73, while the other study observed a significant increase with bound EPA+DHA 80. See Table 3-26.

In 2 studies 11,81 of bound EPA compared to bound DHA (omega-3 vs omega-3), there was no effect on frequency of spontaneous contractions in the absence of an agent or with PHE.  However, in the presence of an agent such as ISO or dBcAMP, bound EPA was significantly more effective than bound DHA in reducing the frequency of spontaneous contractions. See Table 3-26.

Three studies also examined the effect of methylated (m.e.) or ethylated (e.e.) free EPA or DHA on contractility.  Two of these studies were performed using rat models and showed that free EPA e.e. in the absence of an agent, or free DHA m.e. in the presence of ISO, had no effect on contractility 66,76. The third study, which used a guinea pig model, showed that free DHA methyl ester (m.e.) significantly increased calcium-induced calcium release (CICR) contractions but not voltage-sensitive release mechanism (VSRM) contractions 82.  See Table 3-26.

One study examined the effect of free DHA on DL, TA, and VS/DL in a rat model and showed no effect in the absence of an agent or ISO, but produced a blockade with the addition of nitrendipine or BAY 61. See Table 3-26.

Two studies examined the effect of omega-3 fatty acids on twitch size, and both used rat and guinea pig models 77,83. A decrease in twitch size with free EPA and/or free DHA was observed in both guinea pig studies. In the studies using rats, 1 study observed an increase in twitch size with EPA or DHA at concentrations between 1-7.5μm, and decreases in twitch size with concentrations >10μm 83. In the other rat study, 5 μm of EPA significantly decreased twitch size 77.  See Table 3-26.

Inotropic parameters. Three studies examined the effect of omega-3 fatty acids on inotropic parameters. One study using a rat model reported that neither free EPA nor DHA had an effect on amplitude of contraction 66.  Free EPA significantly increased resting cell length in another study using a rat model 74. A third study using bound EPA with a rat model showed no change in amplitude but a significant increase in amplitude with ouabain 72. See Table 3-26.

Other contractility parameters. Seven studies using rat models (3 by the same investigator11,81,84 examined the effect of bound omega-3 fatty acids on the following contraction parameters: contraction coupling delay (tC20), contraction duration at 20% relaxation (CD20), contraction duration at 80% relaxation (CD80), relaxation time (-Cmax), and cell shortening velocity (+Cmax). See Table 3-26.
Two of these studies examined  the effect of bound omega-3 compared to bound omega-6 fatty acids under  3 conditions — ambient, hypoxia, and reoxygenation —  and showed no effect on the contractility parameters that were investigated 85.  Four studies (2 from the same laboratory) compared bound EPA to DHA and found no difference in their effects on CD20, CD80, –Cmax, and  +Cmax, regardless of the agents used to induce arrhythmia 80,81,84,86. One study compared bound ALA+EPA to omega-6 fatty acids and reported no difference in CD80 and –Cmax but found a significant increase in +Cmax 73 with ALA+EPA. The presence of ISO did not alter the effect of ALA+EPA on these parameters.  See Table 3-26.

Basoelectromechanical Parameters

This section summarizes 9 studies (4 from the same group of collaborators) 11,84-86 that examined the effects of omega-3 fatty acids on basoelectromechanical parameters in isolated organs and cells. Seven of these studies used rat models. One study used both a rat and guinea pig model, and 1 used a cat model.  Free omega-3 fatty acids were used in 3 rat studies, in the study using both rat and guinea pig models, and in the study using the cat model. Bound omega-3 fatty acids were used in 4 of the studies using rat models. See Table 3-27.

The single study that used a feline model examined the effect of free ALA on four basal electric parameters not measured by any of the other researchers — intra-atrial conduction time, atrioventricular conductance time, atrial functional refractory period, and functional refractory period of the atrioventricular conducting system 87. No changes were observed in any of these parameters. See Table 3-27.

Action potential. Six studies using rat models examined the effect of omega-3 fatty acids on the action potential. One reported an increase 88 with free EPA compared to a control, while another study, also using free EPA, reported a significant decrease in both the action potential and the frequency of the action potential 89. See  Table 3-27.

In the presence of 3 different agents (sodium and timolol [TIM], isoproteronol, and ouabain), bound DHA was shown to significantly decrease the action potential compared to control. No change was observed in the absence of an agent 70. Two studies compared bound synthesized medium for omega-3 group (SM3) to bound synthesized medium for omega-6 group (SM6) and reported no change in the action potential under ambient, hypoxic, and reoxygenated conditions 84,85. See Table  [3-27].

A study that compared bound EPA to bound DHA also found no difference in effect 86.  See Table 3-27.

Action potential amplitude. Seven studies examined the effect of omega-3 fatty acids on the amplitude of the action potential. All studies used rat models. Two studies showed that 5-10μM of free EPA and/or DHA did not affect the action potential amplitude (APA) compared to control 88,89, but concentrations >10-50 μM showed a significant decrease 88. One study compared the effect of bound DHA relative to control and reported a significant increase in action potential amplitude using EPA 70. See Table 3-27.

Two studies examined the effects of omega-3 fatty acid combinations (SM3) versus omega-6 fatty acids (SM6), under varying conditions. Both showed no change in APA under ambient conditions and a significant decrease in APA under hypoxic conditions. Under the reoxygenation condition, however, the results differed; one study reported no change 85 and the other reported a significant increase in action potential amplitude 11.  See Table 3-27.

Two studies compared the effect of bound EPA to bound DHA and found that EPA significantly increased APA compared to DHA 11,86.  See Table 3-27.

Action potential duration at 40% depolarization. Four studies using rat models examined the effect of omega-3 fatty acids on the action potential duration at 40% polarization. One study reported an increase in this parameter in the presence of both free EPA and free DHA compared to control 88.  See Table 3-27.

Two studies compared bound SM3 to bound SM6 under varying experimental conditions, 1 reported no change under all 3 conditions 84, while the other reported a significant decrease in action potential duration at 40% polarization under hypoxic conditions with SM3, but no change under ambient or reoxygenation conditions for 85.  See Table 3-27.

One study comparing bound EPA to bound DHA did not find a differential effect on this basal electromechanical parameter 86. See Table 3-27.

Action potential duration at 80% depolarization. Five studies using rat models and 1 study using both a rat and guinea pig model examined the effect of omega-3 fatty acids on the action potential duration at 80% polarization (APD80). One study using free EPA (10μM) compared to control, reported a significant decrease in the action potential duration 89. Similarly, another study reported a dose dependent decrease in action potential duration at 80% polarization with EPA concentrations >10μM but an increase with EPA concentrations between 1-7.5μM 83. The same authors also used a guinea pig model and reported that EPA was effective in decreasing action potential duration at 80% polarization at concentrations between 1-20μM. See Table 3-27.

Two studies compared bound SM3 to bound SM6 under varying experimental conditions, 1 reported no change under all 3 conditions 84, while the other reported a significant decrease in action potential duration at 80% polarization under hypoxic conditions, but no change under ambient or reoxygenation conditions 85. See Table 3-27. Two studies compared bound EPA to bound DHA and observed no effect on the action potential 11,86. See Table 3-27.

Maximum rate of depolarization. Six studies using rat models examined the effect of omega-3 fatty acids on the maximum rate of depolarization (VMAX) of the action potential. One study showed a decrease in Vmax  with either free EPA or free DHA compared to control 88. See Table 3-27.

Two studies compared bound SM3 to bound SM6 under varying experimental conditions. One reported no change under any of the 3 conditions 84, while the other reported a significant increase in Vmax under ambient conditions, but observed no change under either hypoxic or reoxygenated conditions 85.  See Table 3-27.
Two studies compared bound EPA to bound DHA and found no difference in VMAX 11,86.  See Table 3-27.

Maximum diastolic potential.Four studies using rat models examined the effect of omega-3 fatty acids on the maximum diastolic potential (MDP). See Table 3-27.

Two studies compared bound SM3 to bound SM6 under varying experimental conditions, and observed that SM6 did not affect MDP under ambient and hypoxic conditions 84,85. However, under reoxygenation conditions, one study showed an improvement 85 while the other showed no change 84.  Two studies compared bound EPA to bound DHA and both reported no change in MDP 11,86.  See Table 3-27.


Overshoot potential. Four studies (all by the same collaborative group) using rat models examined the effect of omega-3 fatty acids on the overshoot potential (OS). A study comparing bound SM3 to bound SM6 reported no effect on OS 85. Another study also compared bound SM3 to SM6 but under varying experimental conditions, and found that SM3 did not affect OS differently from SM6 under ambient conditions, but significantly decreased OS under hypoxic conditions and significantly increased OS during reoxygenation 84. See Table 3-27. Two studies comparing bound EPA to bound DHA reported that EPA significantly increased OS compared to DHA 11,86. See Table 3-27.


Other basoelectromechanical parameters. In a cat model infusion of ALA in the presence of indomethacin there was no change in the following basoelectrical parameters such as AC, AVC, ARP, and AVRP.

Ion Pumps and Ion Movements

This section summarizes 13 studies that examined the effects of omega-3 fatty acids on ion pumps and ion movements in isolated organs and cells. In 10 of these studies, the omega-3 fatty acids were applied directly in free form, and in 2 studies the cells were incubated with the fatty acids to allow incorporation into membrane phospholipids (bound). In 1 study both approaches were used. Nine studies used rat models, 2 used canine models, 1 used a pig mode1 used both a rat and guinea pig model. See Table 3-28.

Pump activity. One study, which used a rat model, examined the impact of bound EPA on pump activity (sodium-potassium ATPase). This study reported no effect in the presence of ouabain or bumetanide (BUME), or with a combination of these two agents 72. See Table 3-28.

Cytosolic calcium influx. Three studies examined the effect of omega-3 fatty acids on cytosolic calcium influx.  The first used a rat model and reported that free EPA decreased cytosolic calcium influx 90.  In the second study, free DHA blocked the effect of nitrendipine and BAY on cytosolic calcium influx 61.  Another study using a rat model examined the effect of bound EPA or bound DHA in the presence of several agents and found that DHA blocked the ouabain-induced increase in cytosolic calcium influx. Both EPA and DHA blocked the nitrendipine (NIT)-induced decrease, ouabain+nitrendipine-induced decrease, BAY+nitrendipine-induced decrease, and the BAY-induced increase in cytosolic calcium influx 65.  See Table 3-28.

Cytosolic calcium efflux. One study using a rat model examined the effect of free EPA on cytosolic calcium efflux in the presence of either calcium or caffeine and demonstrated no effect 90.  See Table 3-28.
Cytosolic calcium content. Seven studies examined the effect of omega-3 fatty acids on cytosolic calcium content.  One study directly compared the effect of acute and chronic exposure to free DHA on cytosolic calcium content91. This study showed that both acute and chronic exposure to DHA were effective in decreasing the magnitude of increase in cytosolic calcium content induced by an agent (potassium chloride [KCl]) or under an anoxic condition. See Table 3-28.

While 2 of the studies 74,90 showed that free EPA decreased cytosolic calcium content, the other 4 studies showed that neither free nor bound EPA or DHA had an effect on cytosolic calcium content 61,72{Vitelli, 2002 100059 /id}78. In the presence of various agents (NIT, BAY, ISO, KCl, Endothelin-1, Ca2+ free Krebs Ringer bicarbonate buffer [KRB], Doxorubicin [DXR] and caffeine), free or bound EPA and DHA blocked the alterations in cytosolic calcium induced by these agents. See Table 3-28.

Sarcoplasmic reticulum calcium content. Only 1 study using a rat model examined the effect of free EPA on sarcoplasmic reticulum calcium content and reported an increase in the presence of caffeine 74. See Table 3-28.

Sarcoplasmic reticulum calcium uptake. No studies were identified that specifically studied the effect of omega-3 fatty acids on sarcoplasmic reticulum uptake of calcium. See Table 3-28.

Sarcoplasmic reticulum calcium release. Two studies examined the effect of omega-3 fatty acids on sarcoplasmic reticulum calcium release. One of these studies used both rat and guinea pig models and found that free EPA significantly decreased the sarcoplasmic reticulum calcium release 77.  Another study using a rat model found that free DHA increased sarcoplasmic reticulum calcium release in the presence of DXR and caffeine 92. See Table 3-28.

Sodium-calcium and sodium-hydrogen exchangers. There were 3 studies that examined the effect of omega-3 fatty acids on sodium-calcium and sodium-hydrogen exchange. Two of these studies used a canine model and were by the same investigator. Both reported that free ALA increased sodium-calcium exchange. The other study used a pig model and showed that free ALA did not affect sodium-hydrogen exchange 93,94. However, there was a dose-dependent decrease attributable to EPA at 50 and 100μM, but not at 10 and 25μM. DHA also decreased the sodium-hydrogen exchange. See Table 3-28.

Other ion pump and ion movement outcomes. One study using a rat model showed that free EPA decreased calcium transients 95. Two studies by the same investigator using canine models showed a significant increase in passive sarcoplasmic reticulum calcium efflux attributable to free ALA 93,94. One study using a pig model showed that free EPA or free DHA had no impact on passive sodium influx 96. See Table 3-28.

Ion Currents
This section describes 12 studies that examined the effect of free omega-3 fatty acids on ion currents in isolated organs or cells; 1 study used a mouse model, 7 of the studies used rat models; 1 used a guinea pig model, 1 used a ferret model, and 2 used both rat and guinea pig models. See Table 3-29.

Sodium current. Three studies examined the effect of free omega-3 fatty acids on sodium current parameters (INa) including amplitude, the current-voltage relation, and activation and inactivation parameters. The first study, using a rat model, demonstrated a significant shift to more positive potentials in the voltage dependence of activation, and a significant shift to more negative potentials in the inactivation of the sodium current, using ALA, EPA, or DHA 97. A study using both rat and guinea pig models found a dose-dependent decrease in peak amplitude of the sodium current with both EPA and DHA 83.  In another study using a rat model, a significant time, dose, and voltage-dependent decrease of the sodium current was observed using ALA, EPA, or DHA. There was, however, no change in the current-voltage relationship and activation or inactivation parameters of the sodium current 98. See Table 3-29.

Transient potassium outward current. Four studies examined the effect of free omega-3 fatty acids on transient potassium outward current (Ito) parameters, including amplitude, frequency, and the time constant of transient potassium outward current. The first of these studies used a rat model and showed that both EPA and DHA decreased Ito amplitude and the time constant of Ito inactivation, and increased the Ito delay 88.  The presence of indomethacin did not modify this effect, suggesting that the effects of the omega-3 fatty acids are not related to their cyclo-oxygenase products. In the second of these studies using a rat model, there was a dose dependent decrease in Ito83 . In the third study, which also used a rat model, EPA significantly decreased the frequency and significantly increased the amplitude of Ito 90.  In the last study, which used ferrets, ALA, EPA, or DHA significantly decreased Ito amplitude (ALA<EPA<DHA) 99. See Table 3-29.

Voltage dependent L-type calcium current. Six studies examined the effects of free omega-3 fatty acids on the voltage dependent L-type calcium ICa.L currents. Using a rat and guinea pig model, one study found there was a  dose-dependent decrease in voltage dependent L-type calcium current with both EPA and DHA 83. Similarly, in a rat and guinea pig model study comparing EPA to standard chow, there was a significant decrease in voltage dependent L-type calcium current 77.  In a rat model study, both EPA and DHA decreased the amplitude of voltage dependent L-type calcium current 74. In a study examining the effect of various agents on voltage dependent L-type calcium current, DHA increased the amplitude of the current in the presence of nitrendipine.  DHA also blocked the BAY K8644-induced increase in voltage dependent L-type calcium current  amplitude, but did not change the amplitude in the presence of isoproteronol or in the absence of an agent 61. In another study using a rat model, significant time, dose, and voltage-dependent decreases in voltage dependent L-type calcium current  were observed in the presence of ALA, EPA, or DHA, along with a negative shift in the voltage dependent L-type calcium current  inactivation curve 95.  In a study of guinea pigs using methylated DHA, a significant increase in voltage dependent L-type calcium current  was observed 82. See Table 3-29.

Delayed rectifier potassium current. Two studies examined the effect of free omega-3 fatty acids on delayed rectifier potassium current (IK). One study observed a decrease in IK using EPA in both rat and guinea pig models 83, and the other study, using a ferret model, also showed a significant decrease with either ALA, EPA, or DHA 99. See Table 3-29.

Inward rectifier potassium current. Four studies examined the effect of free omega-3 fatty acids on inward rectifier potassium current (IKI). One study using a mouse model showed no effect of DHA 100. Another, using a rat model, showed no effect of either EPA or DHA 88. A third study using EPA with rat and guinea pig models showed a decrease in rectifier potassium current 83 . The ferret model study showed no change using ALA, EPA, or DHA 99. See Table 3-29.

Ultra rapid potassium current. Two studies examined the effect of free omega-3 fatty acids on ultra rapid potassium current (IKUR ). One using a mouse model showed a significant decrease in IKUR with 30μM of DHA100. The other study, using a rat model, showed a significant decrease in IKUR at dosages above 20μM of EPA or DHA but no effect with an EPA dose of 5-10μM 88. See Table 3-29.

Ion Channels
Three studies examined the effect of omega-3 fatty acids on ion channels in isolated organs or cells; 1 study used a mouse model 100 and 2 used rat 65,101. In the mouse model study, the investigators examined the effect of free DHA on activity of the cloned Kv1.5 potassium channel, and observed that while DHA significantly blocked this activity, free ALA had no effect. See Table 3-30.

One of the rat model studies examined nitrendipine binding to putative dihydropyridine- sensitive calcium channels and reported that both bound EPA and bound DHA significantly decreased both the high and low affinity binding sites (Bmax) as well as the Kd values of those binding sites. With DHA, the high affinities were so diminished that they were undetectable 65.  The other study using a rat model examined the effect of bound EPA on the number of sodium channels per cell and showed no change; however, the combination of EPA with mexiletine significantly reduced the number of sodium channels and blocked the mexiletine-induced increase in sodium channel expression 101.  See Table 3-30.

Chapter 4. Discussion

Through this evidence review, we have examined whole animal studies, whole animal isolated organ and cell studies, and isolated organ and cell culture studies to determine the effects of omega-3 fatty acids on arrhythmogenic outcomes and on myocardial cell organelles involved in cardiac electrogenesis. In this chapter, we discuss main findings from the studies and highlight study limitations and opportunities for future research. Findings from whole animal studies are discussed first, followed by whole animal isolated organ and cell studies and isolated organ and cell culture studies.

Whole Animal Studies

Based on the meta-analyses of the incidence of total deaths, ventricular tachycardia, and ventricular fibrillation in ischemia- and/or reperfusion-induced arrhythmias, we conclude that fish oil supplementation has anti-arrhythmic effects in the rat model when compared to omega-6-fatty acid supplementation. Our findings are summarized in the following table:

Table 4.1  Comparisons of fish-oil to Omega-6 supplementation

	Experiment

Conditions
	Outcomes
	Animal models
	Omega-3 Arms
	Doses of EPA+DHA

(g/100 g)
	# Compar-

isons

[# Studies]
	# Animals
	Combined RR a (95% CI)

	Ischemia reperfusion- induced arrhythmias
	Incidence of total deaths
	Rats
	ALA oils
	0.4 ‑ 1.2
	5 [2]
	133
	1.2

(0.51-2.6)

	
	
	
	Fish oils
	1.1 ‑ 3.7
	7 [6]
	169
	0.47 b
(0.23-0.93)

	Ischemia-induced arrhythmias
	Incidence of ventricular tachy-

cardia
	Rats
	ALA oils
	0.4 ‑ 5.2
	4 [3]
	112
	0.82

(0.65-1.0)

	
	
	
	Fish oils
	2.1 ‑ 3.7
	6 [6]
	136
	0.49

(0.29-0.83)

	Ischemia-induced arrhythmias
	Incidence of ventricular fibrillation
	Rats
	ALA oils
	1.1 ‑ 5.2
	3 [2]
	76
	0.95

(0.56-1.6)

	
	
	
	Fish oils
	2.1 ‑ 3.7
	5 [5]
	100
	0.21

(0.07-0.63)

	Reperfusion-

induced arrhythmias
	Incidence of ventricular tachy-

cardia
	Rats
	ALA oils
	0.4 ‑ 1.2
	5 [2]
	125
	1.1

(0.73-1.6)

	
	
	
	Fish oils
	2.6 ‑ 3.7
	6 [5]
	132
	0.68

(0.50-0.91)

	Reperfusion-

induced arrhythmias
	Incidence of ventricular fibrillation
	Rats
	ALA oils
	0.4 ‑ 5.2
	6 [3]
	144
	0.84

(0.52-1.3)

	
	
	
	Fish oils
	1.2 ‑ 3.7
	8 [7]
	168
	0.44

(0.25-0.79)


a Random-effect model

b The significantly reduced risk ration of deaths was due to a single study. After removing the study, the combined risk ratio of deaths became 0.64 (0.19-2.1)

g= grams
Fish oil supplementation in rats showed significant protective effects for ischemia- and reperfusion-induced arrhythmias by reducing the incidence of ventricular tachycardia and fibrillation. The anti-arrhythmic effects seemed stronger in ischemia-induced arrhythmias than in reperfusion-induced arrhythmias.  No beneficial effects related to ischemia- and/or reperfusion-induced arrhythmias were found for alpha linolenic acid (ALA 18:3 n-3)  supplementation in the rat model when compared to omega-6-fatty acid supplementation (Table 4-1). Results were consistent in the 2 studies directly comparing the anti-arrhythmic effects of ALA oils to fish oils. The incidence of total deaths, ventricular tachycardia, and ventricular fibrillation were lower in  rats fed fish oil than in rats fed soybean or linseed oils (Table 3-11).

In monkey models, fish oil supplementation was found to prevent deaths in ischemia- and isoproterenol-induced arrhythmias in one study (Table 3-4). In addition, 3 studies examined ventricular fibrillation threshold and the incidence of ventricular fibrillation in induced arrhythmias. No anti-arrhythmic effects were seen in normal and ischemic conditions. There was a non-significant reduction in the incidence of ventricular fibrillation, and an increase in ventricular fibrillation threshold, in isoproterenol-induced arrhythmias among monkeys fed fish oils compared to monkeys fed sunflower seed oil (Table 3-9).

One study compared hypertensive rats fed EPA, DHA, or a mixture of EPA plus DHA, to rats fed monounsaturated fatty acid. This study showed a significantly reduced incidence of ventricular fibrillation in rats fed DHA or EPA plus DHA, but no significant reduction in rats fed EPA alone 29.

In contrast to studies of rats fed saturated fatty acids, 5 studies showed consistent protective effects on ischemia- and/or reperfusion- induced arrhythmias in rats, rabbits or pigs fed fish oils, although again the results were not statistically significant for most comparisons (Table 3-12 to Table 3-15). Similar results were found in 4 studies that compared dogs fed fish oil or EPA esters to no treatment controls (Table 3-16 to Table 3-17).

Summarizing the results from studies that compared pre-fed fish oil to pre-fed omega-6 fatty acids, monounsaturated fatty acids, saturated fatty acids, or no treatment controls across various species (rats, monkeys, dogs, rabbits, and pigs), we conclude that fish oil supplementation might have anti-arrhythmic effects when compared to omega-6 or monounsaturated fatty-acid supplementation. The anti-arrhythmic effects were apparent when animals fed fish oil were compared with those fed saturated fatty acids or with no treatment controls. In most of the studies that showed a non-significant reduction in the incidence of death, ventricular tachycardia, and ventricular fibrillation, the lack of significance was likely due to lack of statistical power. Only one study 35 reached the minimum group size to detect a 50% reduction in arrhythmic effects, as shown in Table 4.2:

Table 4.2  Minimum group size to detect a 50% reduction in ventricular fibrillation

	Control group incidence in ventricular fibrillation
	Group size* (N)

	90
	14

	80
	20

	70
	28

	60
	40

	50
	73

	40
	100


*  Assuming two equal groups, a power of 80% to show the arbitrarily selected “physiologically” significant effect at P=.05 Adapted from Riemersma et al. 102.

A total of 3 infusion studies were found. Two studies, both by the same author, reported “acute” anti-arrhythmic effects for albumin-bound ALA, EPA plus DHA, and fish oil emulsion in the dog model 41,42. However, the study author was concerned about potential toxic effects of intravenously infused fish oil emulsion and discussed an example in which 10 g of albumin would expand the intravascular volume acutely by some 20% in a 20-kg dog, which might induce acute congestive heart failure. The other study found ALA emulsions increased ventricular premature beats and ventricular tachycardia in dogs (Table 3-18). The mechanisms of the observed anti-arrhythmic effects of albumin-bound ALA, EPA plus DHA, or fish oil emulsion are still unknown. Therefore, we conclude that the arrhythmic effects for albumin-bound ALA, EPA, DHA, and, fish oil emulsion is unknown. Also, there is some concern about potential toxic effects of the emulsions.

Study Quality

In human clinical trials, randomization, allocation concealment, blinding of investigators and subjects, and adequate sample size are recognized as key factors that might affect the quality of the study and reliability of the study results. Most of these factors could be implemented in whole animal studies, but might not be relevant to cell culture studies. A series of guidelines for the study of arrhythmias in ischemia, infarction, and reperfusion provide some insights on the quality of whole animal studies included in this review 14. Following is a summary of their conclusions for how to conduct research on the mechanisms of arrhythmias in animal studies:

· Randomization of treatment and blinded analysis are essential.

· No species or model is ideal. All species and models have their limitations. Thus, multiple species and models should be sought.

· Comprehensive background information on animals must be reported. This should include the animal source, strain, sex, age, body weight, housing condition (diet, light/dark cycle, number of animals per cage), and experimental environment (ambient temperature, time of day, and season).

· Controls should be contemporary and preferably be equal in group size to the intervention groups.

· Exclusion criteria must be determined before the start of an experiment, stated explicitly, and applied in a blind manner. Animals excluded from a study, and the reasons for their exclusion, must be reported.

· Treatments (e.g., the compositions of experimental and control diets) and outcome measures should be clearly defined and reported. Experimental models should be independent of each other.

Of the 26 whole animal studies, only 3 studies explicitly reported the randomization to treatment, and no study reported blinded analyses. Animal characteristics and housing conditions were described in most studies; however, cross-referencing to the prior papers is common. Contemporary controls were used in all but monkey and infusion studies. Exclusion criteria were rarely used.

Limitations and Future Research

Because meta-analysis is based on published studies, it is limited by its observational design. In order to increase statistical power, our meta-analyses combined the same species of animal but different strains (eg. Wistar rats and Sprague-Dawley rats) across different age groups of animals. This could introduce “noise” for the observed effects. Although the random-effects model takes the variability between studies into account, the relative risks of the arrhythmic outcomes are based on summary statistics without access to primary data of individual studies. The observed effects from meta-analyses were therefore not adjusted for other factors that could affect the outcomes, such as the amount of saturated, monounsaturated, or omega-6 fatty acids in animals’ diets. We tried to minimize the confounding factors by choosing the optimal comparison from each study (Methods section), so that all comparisons in the meta-analyses were iso-caloric and had minimum differences in the fatty-acid compositions in the diets. However, the fatty-acid compositions in the diets were not totally controlled due to different sources of added fats between groups. These factors could be adjusted using a statistical method developed by Fay et al. 103, but the subjects included in the analyses should be homogeneous except for differences in the controlled factors. This method has been used in a meta-analysis on the effect of different types and amounts of fat on the development of mammary tumors in rodents 104,105.

Even though 26 whole animal studies were identified, about 70% of studies included in the meta-analyses are from the same group of collaborating researchers, such as M. Abeywardena, J. Charnock, and P. McLennan. This is one of the reasons for the standardization of arrhythmic outcome measures. The results reported from a single laboratory should be independently verified by another. More research from various laboratories on potential mechanisms for the effects of omega-3 fatty acids on arrhythmia is needed.

Whole-Animal/Isolated Organ and Cell Studies

Contractile Parameters 

Eight studies evaluated the effect of diets enriched with omega-3 fatty acids on various contractility parameters.  Four studies examined the impact of omega-3 fatty acids on heart rate.  No definitive conclusion can be drawn from these studies due to the limited number of studies and because they each compared different diets and used different experimental conditions. Only 4 studies (2 by the same author) examined the effect of omega-3 diets on contractility parameters, and these studies produced conflicting results. Therefore, definitive conclusions cannot be drawn.  There were only 2 studies of inotropic effects, and their use of different inotropic parameters precludes comparison. No inference regarding cardiac work is possible, since only one study examined the impact of linseed oil on this inotropic parameter. 
Basoelectromechanical Parameters

Only 3 studies evaluated the effect of diets enriched with omega-3 fatty acids on basoelectromechanical parameters. No strong inference is possible because of the small number of studies and the inconsistent results across the species studied (rats and rabbits).

Ion Pumps and Ion Movement

Fourteen studies examined the impact of omega-3 fatty acid diets on IPIM. Of the 8 studies that examined pump activity, 5 addressed calcium-magnesium ATPase activity. 3 of these were  from the same laboratory. The results of the 3 related studies varied with the type of omega-3 fatty acid used and the comparison group. The other 2 studies showed an increase in calcium-magnesium ATPase activity. In contrast, there was consistency among results from 3 independent groups that studied sodium-potassium ATPase activity, with each of these groups finding no change attributable to omega-3 fatty acids. Inferences about cytosolic calcium influx are limited by the small number of studies and the use of different comparison groups.  Similarly, there was only a single study of cytosolic calcium efflux. There were only 3 independent studies of cytosolic calcium content (with one examining the effect of animal age), but they were consistent in observing no change in this parameter. However, under ischemic-reperfusion conditions, results were contradictory.

Two of 3 studies examining the effect of fish oil diet supplementation on sarcoplasmic reticulum calcium content showed a decrease, with the other reporting no change in this parameter. Inferences are limited, however, due to the small number of studies.  There was only one study of sarcoplasmic reticulum calcium release, 1 of sarcoplasmic reticulum calcium transport activity, 1 of the sarcoplasmic reticulum calcium exchanger or efflux,and 2 of sarcoplasmic reticulum calcium uptake. Although the latter 2 showed consistent decreases in uptake, the small number of studies limits inference.

Ion Currents

Only 2 studies examined the effect of omega-3 fatty acid dietary supplementation on ion currents. One of the studies examined sodium current (INa ) and transient outward potassium current (Ito), and the other measured voltage dependent L-type calcium current . No change was observed in these parameters, but no inferences can be made due to the small numbers of studies.
Ion Channels

There were only 2 studies of ion channels. Although both examined the effect of an omega-3 fatty acid enriched diet on the calcium channel, they examined different parameters and are therefore not comparable. 

Summary of Areas for Future Research


Table 4.3 summarizes areas for future research in whole animal and isolated organ and cell culture studies by showing the fatty acids tested, the number of studies of each parameter,  and a rough assessment of the degree of consistency of study results. In general, it shows that there were small numbers of studies for most parameters and inconsistent results, as well as areas where no studies at all were identified.

Isolated Organ and Cell Culture Studies

Contractile Parameters and Arrhythmias

All 7 studies of arrhythmia in isolated organs and cell cultures showed that omega-3 fatty acids (predominantly EPA and DHA, but in one instance ALA) appear to have a protective effect against spontaneous or induced arrhythmias in both rat and guinea pig models. However, it must be noted that 4 of the 7 studies were from the same collaborative group. Additionally, one study 69 seemed to indicate that the omega-3 fatty acids must be in the free and not the bound form (we termed the former ‘free’ fatty acids and the latter as ‘bound’ fatty acids) to exert its protective effect, but this finding was contradicted by another study which observed a significant decrease in the proportion of induced arrhythmias with bound DHA. In the guinea pig model, there appears to be a dosage

TABLE 4.3 Areas for future research: Whole animal and isolated organ and cell culture studies

	Outcome Variable
	# of Studies Identified
	Fatty Acid Tested
	Resultsa

	
	
	FO
	EPA
	DHA
	ALA
	NC
	I
	D

	Contractile and Arrhythmogenic Parameters

Heart Rate

Contraction Rate

Ionotropic Parameters

Cardiac Work
	4

4

2

1
	x

x

x

-
	x

-

-

-
	x

-

-

-
	-

-

-

x
	x

x

x

x
	-

x

-

-
	x

x

x

-

	Basoelectromechanical Parameters

Developed or Resting Tension           

Other parameters b
	1

2
	x

x
	-

-
	-

-
	-

-
	x

x
	-

-
	-

x

	Ion Pumps and Ion Movement

Pump Activity

Cytosolic Calcium Influx

Cytosolic Calcium Efflux

Cytosolic Calcium Content

Sarcoplasmic Reticulum Calcium Content

Sarcoplasmic Reticulum Calcium Uptake

Sarcoplasmic Reticulum Calcium Release

Sarcoplasmic Reticulum Calcium Exchanger
	8

2

1

3

3

2

0

1
	x

x

x

x

x

x

-

x
	x

-

-

-

x

-

-

-
	x

-

-

-

x

-

-

-
	-

-

-

-

x

-

-

-
	x

x

x

x

x

-

-

-
	x

x

-

-

-

-

-

x
	x

-

-

x

x

x

-

-

	Ion Currents

Sodium Current

Transient Outward Potassium Current

Voltage Dependent L-Type Calcium Current

Delayed Rectifier Potassium Current

Inward Rectifier Potassium Current

Ultra Rapid Potassium Current
	1

1

1

0

0

0
	x

x

x

-

-

-
	-

-

-

-

-

-
	-

-

-

-

-

-
	-

-

-

-

-

-
	x

x

x

-

-

-
	-

-

-

-

-

-
	-

-

-

-

-

-

	Ion Channels

Binding to the Calcium Channel
	2
	x
	-
	-
	-
	x
	-
	x


a NC=no change; D=decrease; I=increase

 b VERP (Left ventricular effective refractory period), ARP (Functional refractory period of the atrium), RRP (Relative refractory period), QRS (Ventricular conductance time), QT, MAP (monophasic action potential duration)

‘-’ indicates no studies; ‘x’ indicates at least one study

Note: This table does not include results from studies that compared young versus aged animals or different  doses of omega-3 fatty acids.

threshold at which EPA can exert its protective effect. Whether this also applies to ALA and DHA needs to be verified.

The sub-category of contractility changes had the largest number of studies, and the results were consistent. In the presence of various arrhythmogenic agents and across the different types of species studied, omega-3 fatty acids compared to controls were reported to consistently decrease contraction rate, thereby exerting a protective effect with respect to arrhythmia.  In studies without an arrhythmogenic agent, the results were, however, inconsistent, with 3 showing a decrease in contractility and 3 showing no effect. 

Only one study examined the effect of DHA vs. a saturated fatty acid and showed a decrease in contractility with DHA. Further research is needed to determine whether other omega-3 fatty acids would have the same effect. Similarly, only 2 studies compared the effect of an omega-3 fatty acid vs. an omega-6 fatty acid and the results were inconsistent, again suggesting the need for further research. Only 2 studies by the same author compared the relative efficacy of one omega-3 fatty acid to another omega-3 fatty acid, and the results suggested that EPA is more effective than DHA in reducing the frequency of spontaneous contractions. We found no other studies that validated these findings.  

Two studies showed that methylated or ethylated omega-3 fatty acids had no effect on contractility, suggesting that a free carboxyl group is necessary for omega-3 fatty acids to exert their anti-arrhythmogenic effect. This finding was, however, contradicted by another study, again suggesting the need for more research. Two studies examined the effect of omega-3 fatty acids on twitch size, but the results were inconsistent. One study reported a dose dependent effect, but again the small number of studies suggests the need for further research. The identification of only 3 studies of inotropic parameters with conflicting results limited inference about these parameters. 

Of the 7 studies examining other contractility parameters (tC20, CD20, CD80, -Cmax, and +Cmax), 2 examined the effect of omega-3 fatty acids relative to omega-6 fatty acids under ambient, hypoxic, and reoxygenation conditions and showed no difference in effect across agents. Four of 5 compared EPA to DHA and found no difference in effect. Despite the consistency of these findings, the omega-3 fatty acids were all in the bound form. We found no studies that addressed whether the results would be similar if the omega-3 fatty acids were in the free form. 

Basoelectromechanical Parameters


The 6 studies that measured action potential had widely varying study designs. They used different agents and experimental conditions as well as different comparison groups. The results were inconsistent.  Therefore, despite the relatively large number of studies, no inferences can be made and further research is needed. There were 7 studies of the effect of omega-3 fatty acids on action potential amplitude. Again, these studies used different comparison groups and different experimental conditions. These results were also inconsistent, limiting the conclusions that can be drawn. 

Only 4 studies (3 of them from the same group of collaborators) examined action potential duration at 40% polarization. The studies were carried out under a variety of experimental conditions, and the results varied considerably, with some investigators reporting increases and others reporting decreases in the duration of the action potential. Among the studies of action potential duration at 80% polarization, a decrease or no change was more frequently reported than an increase, but the small number of studies (4 from the same collaborators) and varied experimental conditions limit inference.

There were 6 studies (4 of them from the same group of collaborators) that examined the effect of omega-3 fatty acids on maximum rate of depolarization (VMAX). The results varied depending on the experimental condition, thus limiting inference.

There were 4 studies (all from the same collaborative group) that examined the effect of omega-3 fatty acids on maximum diastolic potential. The predominant finding was that there was no impact on this parameter, but the results varied depending on the comparison group and experimental condition under which the studies were performed, thereby precluding inference. 

There were 4 studies (all from the same collaborative group) that measured the overshoot potential following omega-3 fatty acid treatment. Since the results varied depending on the comparison group and experimental condition under which the studies were performed, no inference can be drawn. 

Ion Pumps and Ion Movements

Only 1 study examined the impact of bound EPA on pump activity (sodium-potassium ATPase). This study reported no effect in the presence of ouabain (OUA) or bumetanide (BUME), or with a combination of these 2 agents 72. 

There were only 3 studies (2 from the same group of collaborators) that examined the impact of omega-3 fatty acids on cytosolic calcium influx. These studies consistently reported that omega-3 fatty acids were effective in preventing increases or decreases in cytosolic calcium influx induced by various agents. There was only 1 study of cytosolic calcium efflux, so no inference can be drawn.  Two studies from the same collaborators found that cytosolic calcium content decreased in the presence of free EPA. Similarly, 2 studies from another pair of collaborators showed a protective effect of free or bound DHA or EPA in the presence of various agents that altered cytosolic calcium content. One of these researchers also found that acute exposure to free DHA had a smaller effect than chronic exposure.

The identification of only 1 study of sarcoplasmic reticulum calcium content precludes inference. We identified no studies that examined the effect of omega-3 fatty acids on sarcoplasmic reticulum uptake of calcium. Two studies evaluated sarcoplasmic reticulum calcium release, and the findings were inconsistent.

Two studies in dogs by the same investigator showed that ALA increased sodium-calcium exchange. The effect of EPA or DHA on this parameter is unknown. Another study using a guinea pig model measured sodium-hydrogen exchange and showed no effect with ALA but a dose dependent decrease with EPA and DHA. Further research is needed in this area.

Ion Currents

Three studies examined the effect of omega-3 fatty acids on sodium current (INa), and 2 showed a decrease. With regard to the activation and inactivation parameters of the sodium current, the results are contradictory; thus, no conclusions can be inferred from these studies. With the exception of 1 study which showed an increase in amplitude of the Ito, 3 studies (2 rat models and 1 ferret) showed a decrease in amplitude. More research is required to verify this finding. With the exception of 1 study using a guinea pig model, and another using various agents, the remaining  4 studies reported a decrease in voltage dependent L-type calcium current (ICa.L), and this observation was consistent for all omega-3 fatty acids tested as well as across species.  

Two studies both showed a decrease in delayed rectifier potassium current (IK), but more studies are needed to support this conclusion. Out of the 4 studies of inward rectifier potassium current (IKI ), 1 showed a decrease, while the other 3 showed no effect for any omega-3 fatty acid tested using either a mouse, rat, or ferret model. No strong inferences can be made regarding ultra rapid potassium current (IKUR) because only 2 studies were found. Both of these, however, showed a decrease in IKUR when fatty acid concentrations were above 20μM. 

Ion Channels 

Only 3 studies (2 from the same group of collaborators) examined the effect of omega-3 fatty acids on ion channels. Because each study examined different parameters, no conclusions can be inferred from these studies. 

Summary of Areas for Future Research

The following table summarizes areas for future research in isolated organ and cell culture studies by showing the fatty acids tested, the number of studies of each parameter,  and a rough picture of the degree of consistency of study results. In general, it shows that there were small numbers of studies for most parameters and inconsistent results, as well as areas where no studies at all were identified.

Study Design and Analysis Issues: 

Isolated Organ and Cell Culture Studies

A number of issues presented challenges to the synthesis of data on the effects of omega-3 fatty acids on arrhythmogenic mechanisms in isolated organ and cell culture studies. Examples of each are discussed below.

General Design Issues

Sample sizes were sometimes not reported or often difficult to ascertain. Often, studies presented results only graphically, precluding quantitative analyses of the results. In these instances, supplementary tabular presentations would add to the usefulness of the research.

Sub-Grouping Based on Multiple Interventions and End Points

Within each of the sub-areas studied — ion channels, ion currents, ion pumps and ion movement, and contractility — there were numerous sub-parameters. For example, arrhythmogenic and contractile parameters included more than 8 sub-parameters. There are many potential variables by which it would be instructive to subgroup when analyzing these types of data, including species (at least 4 types), fatty acid (at least 4 types), form of fatty acids (free/bound), age of the animal (young vs. old), dosage (at least 2 levels), agents (antagonists, agonists, etc.), and conditions (ambient, etc.). Sub-grouping in systematic reviews is often challenging given that there are many potential confounding variables. Our response to this reporting challenge was to focus on the three most important sub-grouping variables: species, fatty acid type, and form of the fatty acid.

Additionally, the large number of sub-measures posed a challenge. It would therefore benefit the field to identify core sets of standardized measures that produce the highest information yield and to encourage investigators to include at least these measures in future studies. The practice by various investigators of frequently choosing different measures greatly reduces the options for synthesizing results across different studies. If there were large numbers of studies for each  

Table 4.4 Areas for future research: Isolated organ and cell culture studies
	Outcome Variable
	# of Studies Identified
	Fatty Acid Tested
	Resultsa

	
	
	FO/ Combo
	EPA
	DHA
	ALA
	NC
	I
	D

	Contractile and Arrhythmogenic   Parameters

Spontaneous or Induced Arrhythmia

Contractility

Ionotropic Parameters

Other Contractility Parameters*
	8

18

3

7
	-

x

-

x
	x

x

x

x
	x

x

x

x
	-

x

-

-
	-

x

x

x
	-

-

x

-
	x

x

-

-

	Basoelectromechanical Parameters

Action Potential

          Action Potential Amplitude

Action Potential Duration at 40% Depolarization

Action Potential Duration at 80% Depolarization

Maximum Rate of Depolarization

Maximum Diastolic Potential

Overshoot Potential

Other #
	6

7

4

6

5

3

4

1
	x

-

x

x

x

x

x

-
	x

x

x

x

x

x

x

-
	x

x

-

x

-

-

-

-
	-

-

-

-

-

-

-

x
	x

x

x

x

x

x

x

x
	x

x

x

x

x

-

x

-
	x

x

x

x

x

-

x

-

	Ion Pumps and Ion Movement

Pump Activity

Cytosolic Calcium Influx

Cytosolic Calcium Efflux

Cytosolic Calcium Content

Sarcoplasmic Reticulum Calcium Content

Sarcoplasmic Reticulum Calcium Uptake

Sarcoplasmic Reticulum Calcium Release

Sodium-Calcium Exchangers  

Sodium-Hydrogen Exchangers

Calcium transients 

Passive SR calcium efflux

Passive sodium influx
	1

3

1

7

1

0

2

1

1

1

2

1
	-

-

-

-

-

-

-

-

-

-

-

-
	x

x

x

x

x

-

x

-

x

x

-

x
	-

x

x

x

x

-

x

-

x

-

-

x
	-

-

-

-

-

-

-

x

x

-

x

-
	x

x

x

x

-

-

-

-

x

-

-

x
	-

-

-

x

x

-

x

x

-

-

-

-
	-

x

-

x

-

-

x

-

x

x

x

-

	Ion Currents

Sodium Current

Transient Outward Potassium Current

Voltage Dependent L-Type Calcium Current

Delayed Rectifier Potassium Current

Inward Rectifier Potassium Current

         Ultra Rapid Potassium Current
	3

3

6

2

4

2
	-

-

-

-

-

-
	x

x

x

x

x

x
	x

x

x

x

x

x
	x

-

x

x

x

-
	x

-

x

-

x

x
	-

x

x

-

-

-
	x

x

x

x

x

x

	Ion Channels

Sodium Channel

Cloned Kv1.5 Potassium Channel

Calcium Channel
	1

1

1
	-

-

-
	x

-

x
	-

x

-
	-

x

-
	x

x

x
	-

-

-
	-

x

-


a 
NC=no change; D=decrease; I=increase

*
tC20, CD20, CD80,-Cmax, +Cmax
#
AC (Intra-atrial conduction time), AVC (Atrioventricular conductance time), ARP (Functional refractory period of the atrium) , AVRP (Functional refractory period of atrio-ventricular conducting system)
‘-’ 
indicates no studies; ‘x’ indicates at least one study

Note: This table does not include results from studies that compared young versus aged animals or different  doses of omega-3 fatty acids.

parameter of interest, the challenge would not be so daunting. The number of articles for each sub-parameter, however, is often quite limited, so robust inference is frequently precluded. We grouped outcomes reported in the various studies into 5 major categories — contractile parameters (CP), basoelectromechanical parameters (BEP), ion pumps and channels (IPIM), ion currents (ICU), and ion channels (ICH) — to aid in the summary of results. However, we found a wide variation in reports of the same outcome due to different experimental methods. Thus, there is a need for researchers to limit the number of outcomes reported and to reach a consensus on which outcomes are the most relevant and standardizable. For example, contractility parameters such as contraction coupling delay (tC20), contraction duration at 20% relaxation (CD20), contraction duration at 80% relaxation (CD80), relaxation time (-Cmax), and cell shortening velocity (+Cmax) were almost always reported in studies of arrhythmia.

In Vitro Models

Tissues or cells from various species of animals, including mice, rats, guinea pigs, ferrets, dogs, pigs, and cats, were used to examine the effect of omega-3 fatty acids on arrhythmogenic mechanisms. However, upon reviewing the data, it appears that the results reported are not always applicable across species, all cardiac cell types used (atrial, ventricular, etc.) and all development stages (neonatal, adult). Thus, it might be prudent to reach a consensus on the animal model or models whose basic cardiac physiology, biochemistry, and fatty acid metabolism are as similar as possible to human cardiac tissue, and then for the various research groups to use these models to conduct their experiments. For example, to study arrhythmogenic outcomes, cultured neonatal rat cardiomyocytes appear to have certain advantages over other models: they beat spontaneously at rates that can be monitored, they are robust and capable of surviving for several days thereby allowing for incorporation of the omega-3 fatty acids into membrane phospholipids, and they provide a system free of neuronal or hormonal influences. However, to determine the effect of omega-3 fatty acids on ion pumps or channels (e.g. sarcoplasmic reticulum calcium ATPase, cellular calcium flux), the rabbit, ferret, cat, dog, and guinea pig models more closely mimic humans compared to the rat or mouse models. Recently, some investigators appear to be using transgenic cardiac tissue with cloned human ion channels, human embryonic kidney cells, etc. to determine the arrhythmogenic mechanisms of omega-3 fatty acid effects which might be more relevant to the human situation. This needs further investigation.

Exposure Duration

In our review of the data, we found that some investigators chose to examine the effects of the omega-3 fatty acids by directly adding them to the culture medium, or incubated the cells with the omega-3 fatty acid to allow for incorporation into membrane phospholipid. We termed the former as "free" fatty acids and the latter as "bound" fatty acids. It appears that some investigators feel that the omega-3 fatty acids exert their effect only in the free form, and this is supported by 2 studies 69,78. However, both of these studies were from the same research group. To further substantiate their claim, the researchers added delipidated bovine serum albumin (BSA) to remove the omega-3 fatty acids from the culture medium and showed a reversal of the protective effect. Thus, they concluded that the fatty acids do not form strong covalent or ionic bonds with any constituent of the cell membrane, but rather act directly by partitioning into the hydrophobic interior of the plasma membrane phospholipids. Other investigators feel that the incorporation of the omega-3 fatty acids into the cardiomyocyte membrane is essential for its antiarrhythmogenic effect and, indeed, this is supported by the clinical and whole animal feeding studies. Nair 5 notes, “that following a myocardial infarct, non-esterified free fatty acids (NEFA) are released by hydrolysis from the membrane phospholipid, and the type of fatty acid released determines the arrhythmogenic response of the myocardium.” He notes that this would support the free fatty acid hypothesis, but adds, “the omega-3 fatty acids would first have to be incorporated into the membrane phospholipid to be available for release as free acids to prevent arrhythmias following myocardial ischemia.” 

Amount of Omega-3 Fatty Acid Used

We found that the concentration of omega-3 fatty acids used in the various studies were markedly different, ranging from 1μM to 214μM.  The results obtained at concentrations greater than 20μM are questionable due to non-specific effects such as detergent effects on ion channels, etc. While some studies have attempted to quantify IC50 (that concentration that produces a 50% reduction in the effect) values (Table 3-31), the results are inconsistent which might reflect the purity of the omega-3 fatty acid, solvent used (ethanol etc.), the transport agent, or the form (sodium salt, methylated or ethylated omega-3 fatty acid). In fact, 3 independent studies have shown that compared to EPA or DHA, methylated DHA ester or ethylated EPA ester do not exert the same protective effect. One study contradicts this finding. Thus, there is a need to develop standard preparations of omega-3 fatty acids (e.g. both as free fatty acid and triacylglycerol) that would be available from the National Institutes of Health (NIH) or other suppliers to all researchers with a valid protocol. Additionally, a consensus needs to be reached on the omega-3 dosage. Addressing these issues is critical for interpreting the relevance of data from isolated organ and cell culture studies to humans. This is particularly true for data regarding the dietary and supplemental intake and the metabolic processing of omega-3 fatty acids. 

Comparison Group

While a majority of the studies reported results compared to a control, it might be more relevant to use an omega-6 or monounsaturated fatty acid as the comparison group (see section on Diet Classification section in Chapter 2). Additionally, only 3 studies evaluated the effect of one omega-3 fatty acid to another omega-3 fatty acid. This area needs further research.

Experimental Condition or Agent

 The most challenging task was to classify studies based on experimental condition and agent used. We identified 3 conditions (ambient, hypoxia, reoxygenation). Unfortunately, the results obtained under these conditions seemed to be very inconsistent. Additionally, the number of agents within and across studies varied considerably. While the effect of omega-3 fatty acids in the presence of agents such as indomethacin and nitrendipine help answer the question as to whether the action of the omega-3 fatty acids is exerted via their metabolites and sites of action, the use of numerous other arrhythmogenic agents (e.g. BAY8644) seems excessive and clinically irrelevant. It might be appropriate to convene an expert panel to evaluate and standardize available methods (ischemic models vs. arrhythmogenic models) that is more relevant to the human situation so that the results are comparable across studies and are more applicable or generalizable. 

IC50 and EC50 Values

Four studies (2 by the same author) reported omega-3 fatty acid IC50 or EC50 (that concentration needed to produce a 50% effect) values for INa, Ito, ICa.L, IK, and twitch size (TS). For INa, 1 study showed in a rat model that DHA was more effective than EPA, which was more effective than ALA, in decreasing INa 97. This was not supported by the results of another study which showed that EPA was more effective than DHA in both rat and guinea pig models 83.  For Ito and ICa.L, one study showed that EPA was more effective than DHA in both rat and guinea pig models 83. That study also suggested that EPA was more effective in the rat model in decreasing ICa.L. See Table  [3-31].

Conclusion

In studies using whole animal and whole animal isolated organs and cells, the question regarding plausible biochemical or physiological mechanisms to explain the potential antiarrhythmogenic effects of omega-3 fatty acids cannot be answered definitively at this time due to the limited number of studies for each outcome and the conflicting results obtained. Some trends were observed among the contractility and IPIM parameters, but these trends need further validation. 
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Figure 2.2  Analytic framework for intact animal isolated organ and cell studies 

Question: What is the evidence from intact {intact, whole animal} cell culture and tissue studies (including animal and human cardiac tissue). that omega-3 fatty acids directly affect cell organelles such as cardiac ion channels, pumps, or exchange mechanisms involved in electrogenesis?

*omega-3 fatty acids (ALA, EPA, DPA, DHA) are fed to the animals as part of their diet, and organs, tissues or cells are subsequently excised from the animal for study.
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Figure 2.1  Analytic framework for animal studies

Question: What is the evidence from whole animal studies that omega-3 fatty acids affect arrhythmogenic outcomes (and intermediate outcomes)? 

* ALA, EPA, DPA, DHA 
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Figure 2.3.  Analytic framework for cell culture studies

Question: What is the evidence from cell culture and tissue studies (including animal and human cardiac tissue). that omega-3 fatty acids directly affect cell organelles such as cardiac ion channels, pumps, or exchange mechanisms involved in electrogenesis?

*omega-3 fatty acids (ALA, EPA, DPA, DHA) applied directly to (free) mammalian tissues or cultured cell lines or incorporated into the membrane (bound) of the mammalian tissues or cultured cell lines. 
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