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ABSTRACT The role of marine fish oil (n-3) polyunsaturated fatty acids in the prevention of fatal ventricular
arrhythmia has been established in experimental animals. Prevention of arrhythmias arising at the onset of ischemia
and reperfusion is important because if untreated, they result in sudden cardiac death. Animals supplemented
with fish oils in their diet developed little or no ventricular fibrillation after ischemia was induced. Similar effects
have also been observed in cultured neonatal cardiomyocytes. Several mechanisms have been proposed and
studied to explain the antiarrhythmic effects of fish oil polyunsaturated fatty acids, but to date, no definite mecha-
nism has been validated. The sequence of action of these mechanisms and whether more than one mechanism
is involved is also not clear. Some of the mechanisms suggested to explain the antiarrhythmic action of fish oils
include the incorporation and modification of cell membrane structure by (n-3) polyunsaturated fatty acids, their
direct effect on calcium channels and cardiomyocytes and their role in eicosanoid metabolism. Other mechanisms
that are currently being investigated include the role of (n-3) polyunsaturated fatty acids in cell signalling mediated
through phosphoinositides and their effect on various enzymes and receptors. This article reviews these mecha-
nisms and the antiarrhythmic studies using (n-3) polyunsaturated fatty acids. J. Nutr. 127: 383-393, 1997.
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Cardiovascular disease (CVD)* describes all diseases of the
heart and blood vessels including heart disease, stroke and
peripheral vascular disease, and is the leading cause of death
in western nations. The increased consumption of fats, particu-
larly saturated fats, in the diets of industrialized and developing
nations has been linked to the increase in deaths due to coro-
nary heart disease. Epidemiological studies, human interven-
tion trials and animal experiments have shown that dietary
fatty acids can modify the risk for cardiovascular disease.

Though there has been a fall in mortality from coronary
heart disease in recent years, sudden cardiac deaths associated
with fatal arrhythmia remains the cause of most deaths in
industrialized societies (Charnock 1991). Mortality statistics
from the USA and UK indicate that up to 80% of sudden
deaths are due to ventricular fibrillation. Studies such as the
cardiac arrhythmia suppression trial (CAST) failed to show
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any significant decrease in mortality due to coronary artery
disease when antiarrhythmic drugs were administered.

Heart thythms are a result of waves of electrical excitation
which spread through the conducting tissues in heart muscle.
Individual heart cells known as cardiac myocytes are electri-
cally coupled to each other by membrane structures called
gap junctions, which are small pores through which electrical
currents can flow from cell to cell. When a region of the heart
becomes ischemic, the electrical properties change, leading to
arrthythmias. The most common fatal arrhythmia is known as
ventricular fibrillation (VF), in which electrical impulses from
damaged cardiac muscle cause the normal synchronicity of
heart contractions to break down. It is believed that at least
half of the deaths due to coronary artery disease in the United
States are caused by disturbances in the electrical stability of
the heart, terminating in VF (Billman and Leaf 1994). Cardiac
arrthythmia occurs during the early and potentially reversible
phase of ischemia (Sargent and Riemersma 1990) and after
reperfusion. In most cases arrhythmia occurs without previous
symptoms and progresses to sudden cardiac death.

Dietary lipids and (n-3) fatty acids. Lipids are important
dietary constituents and in the body serve as efficient sources
of energy when stored in adipose tissue. They are also required
by the body for cell structure and membrane function and as
a source of precursors for eicosanoid synthesis. Constituents of
lipids like cholesterol and phospholipids regulate membrane-
associated functions such as activities of membrane bound
enzymes, receptors, ion channels, etc. (Clandinin et al. 1991).
Lipids are composed of fatty acids of different chain lengths
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and degrees of saturation as well as different configurations.
The degree of unsaturation among lipids is of great interest to
lipid researchers because of its effect on health. The most
significant characteristic of dietary lipids is the content of
different types of fatty acids.

Fatty acids are classified into three families: saturated fatty
acids, monounsaturated fatty acids and polyunsaturated fatty
acids (PUFA). The common saturated fatty acids in our diet
are myristic, palmitic and stearic acids derived largely from
animal fats, dairy products and manufactured foods. The mo-
nounsaturated fatty acid content of our diet is accounted for
by oleic acid, the predominant component of canola oil, olive
oil and sunola. All mammals can synthesize saturated fatty
acids and monounsaturated fatty acids de novo from simple
precursors such as glucose or amino acids using fundamental
pathways. Linoleic acid [18:2(n-6); LA] and a-linolenic acid
[18:3(n-3); a-LNA], the precursors of the (n-6) and (n-3)
family of fatty acids, respectively, are essential fatty acids and
have to be supplied by the diet. The main PUFA in the western
diet is linoleic acid, found mostly in vegetable oils such as
safflower oil, sunflower oil, cottonseed oil, corn oil, soybean
oil, etc.

Significant amounts of a-LNA are found in green vegeta-
bles and in vegetable oils like linseed oil, canola oil and soy-
bean oil. Longer chain PUFA, like arachidonic acid [20:4(n-
6); AA], are synthesized in human tissues via chain elongation
and desaturation of LA. Arachidonic acid may also originate
as such from muscle meat membranes, eggs, organ meats and
human milk. Eicosapentaenoic acid [20:5(n-3); EPA] and do-
cosahexaenoic acid [22:6(n-3); DHA] are synthesized via de-
saturation and chain elongation of a-LNA and are also found
in high concentrations in fish and fish oils. The metabolism
of fatty acids of the (n-3) family (EPA and DHA) and of the
(n-6) family (AA) are of particular interest because of the
actions of their metabolites (eicosanoids) in vivo. Double bond
positions of (n-6) and (n-3) fatty acids are not interconvert-
ible. LA and @-LNA compete for desaturation and chain elon-
gation, therefore, a proper balance is essential to optimize AA
and DHA in the membranes.

Epidemiological studies linking (n-3) fatty acids and
CVD. Epidemiological studies have demonstrated a link be-
tween fish oil consumption and reduced risk of CVD (Bang
and Dyerberg 1976). Several intervention trials (Dolocek and
Grandits 1991, Keys 1980, Kromhout et al. 1985, Shekelle et
al. 1985) have been carried out to confirm this and also to
explore the mechanisms by which fish oil may prevent CVD.
The well known effects of fish oil in reducing hypertriglyceride-
mia (Phillipson et al. 1985) and thrombosis (Goodnight 1986,
Von Schacky and Weber 1985) may partly explain this preven-
tive effect. Fish oil contains highly polyunsaturated fatty acids
that are vulnerable to oxidation, and thus can be expected to
increase the risk of CVD. Therefore, a definite mechanism by
which marine oil prevents CVD is not clear at present. Recent
animal studies have demonstrated that fish oil may prevent
cardiac arrhythmias, which could provide an explanation for
the reduced CVD mortality in fish-eating populations like the
Greenland Inuits and the Japanese.

Intervention trials linking (n-3) fatty acids and cardiac
arrhythmias. In the first controlled trial in which dietary ad-
vice on fish consumption was given, the Diet and Reinfarction
Trial (DART), 2.5 g of EPA weekly (corresponding to about
300 g fatty fish per week) was found to be successful in reducing
mortality by 29% in men during the first two years after myo-
cardial infarct, measured by susceptibility to VF (Burr et al.
1989). In a recent study in Seattle, WA, the red blood cell
membrane fatty acid levels, a biomarker of dietary intake of

(n-3) fatty acids, were analyzed in 334 patients with primary
cardiac arrest. The study found that compared to no intake of
dietary EPA and DHA, a monthly intake of 5.5 g of (n-3)
fatty acids (equivalent to one fatty fish meal per week) was
associated with a 50% reduction in the risk of primary cardiac
arrest (Siscovick et al. 1995). In the Lyon Diet Heart Study,
de Lorgeril and colleagues (1994) compared the effect of a
Mediterranean a-LNA rich diet in postinfarct patients. They
found that patients assigned to the Mediterranean diet had a
significant reduction in the rate of recurrence of cardiac events
and overall mortality. The antiarrhythmic effect of (n-3)
PUFA in humans has been confirmed by another recent study
(Sellmayer et al. 1995). A placebo-controlled, double blind
study was conducted to assess the effect of dietary (n-3) PUFA
on the frequency of ventricular premature complexes in pa-
tients with good ventricular function who experienced fre-
quent but not life threatening ventricular arrhythmias. The
patients were randomly assigned to receive either fish oil (a
total of 2.4 g (n-3) PUFA/d containing 1.5 g EPA and 0.9 g
DHA) for 16 wk or sunflower seed oil as placebo. They found
that ventricular premature complexes decreased by 48% in the
fish oil group and by 25% in the placebo group.

Models for arrhythmogenic studies. In recent years, the
work of McLennan and colleagues (McLennan et al. 1990,
McLennan et al. 1985, 1988, 1992, 1993, 1995, 1996, Pepe
and McLennan 1996) and Leaf and co-workers (Billman et al.
1994, Hallaq et al. 1990, Kang and Leaf 1994, 1995, 1996,
Leaf 1995) have made major inroads into the study of (n-3)
PUFA and cardiac arrhythmias. They have established a defi-
nite link between (n-3)PUFA from fish oil and prevention of
arthythmias in experimental animals. These studies are sum-
marized in Table 1 and Table 2.

The antiarrhythmic effects of fish oil in experimental ani-
mals have focussed primarily on two models of arrhythmia.
They are 1) ischemia induced (arrthythmias occuring after on-
set of ischemia) and 2) reperfusion arrhythmias.

Other areas in which the effects of (n-3) PUFA are cur-
rently being studied include heart transplants (Grimminger et
al. 1996) and restenosis after coronary angioplasty (Leaf et al.
1994). These studies have attempted to elucidate the prophy-
lactic mechanism of fish oil (n-3) PUFA by studying effects
on cardiac function, mechanical performance of the heart and
ventricular fibrillation threshold. Several mechanisms have
been suggested to explain the antiarrhythmic action of (n-
3) PUFA, but to date no definite mechanism has been fully
validated.

ANIMAL EXPERIMENTS

Induced ischemia model. Experimental animals including
rats, marmoset monkeys and dogs have been used to demon-
strate the effects of different fatty acids on cardiac arrhythmia.
In these experiments, ischemia was induced by coronary artery
occlusion.

Abeywardena et al. (1993) examined the effect of long
term dietary supplementation of different dietary fatty acids
on arrhythmia in rats and marmoset monkeys. The study dem-
onstrated that cardiac eicosanoids were significantly reduced
by fish oil feeding, and this subsequently reduced ventricular
fibrillation. The association between consumption of different
diets and the vulnerability of the myocardium to develop ar-
thythmias was also studied in adult marmoset monkeys
(McLennan et al. 1992). An increase in threshold current
required to induce VF was observed after inducing ischemia
in animals fed sunflower seed oil diet [(n-6) PUFA] or tuna
fish oil diet [(n-3) PUFA] compared to animals fed a saturated
fat diet.
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TABLE 1

Effect of (n-3) polyunsaturated fatty acid supplementation on arrhythmia in experimental animals

385

Amount of Duration of
Reference Animal model Diet treatment supplementation supplementation Electrical property examined Effect
Pepe and McLennan 1996 Rats Purified fish oil 12 g/100 g diet 16 wk VF (N
VFT "
McLennan et al. 1996 Rats DHA ethyl ester 1.1% energy 5 wk VF (N
EPA ethyl ester 1.1% energy 5 wk VF No effect
DHA ethyl ester 0.3% energy + EPA 5 wk VF W
ethyl ester 0.4%
energy
McLennan and Dallimore  Rats Canola oil 12 g/100 g diet 12 wk VF l
1995
McLennan 1993 Rats Fish oil 12 g/100 g diet 12 wk VPB L
VF (N
Yang et al. 1993a Rats Fish oil 12 g/100 g diet 5d VF N
preparation [40% (n-3) PUFA] Cardiac dynamics Improved
Yang et al. 1993b Rats Fish oil 12 g/100 g diet 4-5 wk Cardiac contraction l
preparation [40% (n-3) PUFA] Coronary perfusion pressure |
Paulson et al. 1992 Rats Menhaden oil 5 g/100 g diet 15 wk Cardiac contractile Improved
performance recovery
Charnock et al. 1991 Rats SF/FO 2.1 g/100 g diet 44 wk VPB N
VT (N
VF No effect
Sargent and Riemersma Rats Purified fish oil 7% energy 8 wk VF N
1990
McLennan et al. 1990 Rats Tuna fish oil 12 g/100 g diet 9 mo VT N
VF (3
Hock et al. 1990 Rats Menhaden oil 5% energy 4 wk VF (N
VT (A
McLennan et al. 1988 Rats Tuna fish oil 12 g/100 g diet 12 wk VEB (N
VFT ™
VF No effect
VT (N
Hock et al. 1987 Rats Menhaden oil 5% energy 4 wk VEB No effect
Charnock et al. 1992 Marmoset Fish oil 6 g/100 g diet 24 mo VFT N
monkeys
VF No effect
McLennan et al. 1992 Marmoset Tuna fish oil 18.8% energy VFT N
monkeys
VF (3
McLennan et al. 1993 Marmoset Purified fish oil 3 g/100 g diet 16 wk VFT "
monkeys
Billman et al. 1994 Mongrel dogs Fish oil fatty 70% (n-3) PUFA i.v. infusion 50— VF L
acid 60 minutes
emulsion prior
Kinoshita et al. 1994 Mongrel dogs EPA ester 100 mg/kg - body wt 8 wk VF No effect
Culp et al. 1980 Mongrel dogs Menhaden oil 25% energy 36-45d VEB & infarction (N
Hartog et al. 1987 Pigs Mackerel oil 4.5 g/100 g diet 16 wk VPB l
Hartog et al. 1986 Pigs Mackerel oil 9.1 g/100 g diet 8 wk VPB No effect

1 Abbreviations used: EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; FO, fish oil; SF, saturated fat; VF, ventricular fibrillation; VT,
ventricular tachycardia; VFT, ventricular fibrillation threshold; VEB, ventricular ectopic beats; VPB, ventricular premature beats. ||, substantial

decrease; |, moderate decrease; 11, substantial increase; 7, moderate increase; VFT 11 and VF ||l = reduced arrhythmia vulnerability.

In a recent study by Pepe and McLennan (1996), hearts
isolated from rats fed fish oil for 16 wk were set up as a working
heart model. They found that dietary fish oil prevented and
reduced the severity of arrhythmias in ischemia as well as
increased the threshold for VF.

Charnock et al. (1992b) studied the effect of (n-3) PUFA
on cardiac performance in marmoset monkeys and found the
dietary treatment to be beneficial. Both the mechanical perfor-
mance and the electric stability of animal hearts improved on
the (n-3) PUFA diet. Turner et al. (1990) confirmed that the
antiarrhythmic effect of dietary (n-3) PUFA is independent
of atherosclerosis-induced cardiac vulnerability and is due to
their effect on myocardial membrane alone. These studies sup-
port the need to further study the mechanism of action of these
fatty acids and their influence on the cardiac environment.

Ischemia-reperfusion model. Reperfusion arrhythmias arise
when total or partial blood flow is restored to a previously
ischemic region of the heart (Nettleton 1995). Feeding rats fish
oil (menhaden oil) for 4 wk was found to exert a beneficial
effect on myocardial ischemia-reperfusion injury (Hock et al.
1990). The rats had a significant reduction in ischemic damage
and incidence of fatal arrhythmias. The authors suggested this
effect may be due to related changes in the fatty acid composi-
tion of myocardium, neutrophil and platelet phospholipid. Long
term dietary modulation of rat myocardial membrane fatty acids
was studied by McLennan et al. (1988). They found that tuna
fish oil effectively reduced the vulnerability of the myocardium
to both ischemic and reperfusion arrhythmias. In a similar study
Yang et al. (1993a, b) observed that dietary fish oil supplementa-
tion was cardioprotective against ischemia and reperfusion. Re-
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TABLE 2

Effect of (n-3) polyunsaturated fatty acid supplementation on arrhythmia in vitro?

Amount of

Duration of Electrical property

Reference Animal model Diet treatment supplementation supplementation examined Effect
Kang and Leaf Cultured rat Fish oil 3 pmol/L EPA LPC induced arrhythmia No effect
cardiomyocytes
10-15 pumol/L EPA H
Xiao et al. 1995 Cultured rat Fish oil 5 pmol/L Blocking effects on Na Moderate
cardiomyocytes channel
10 pmol/L H
Kang and Leaf 1995  Cultured rat Fish oil 5-10 pmol/L 2-3 min Isoproterenol induced VF 1l
cardiomyocytes EPA/DHA
Kang et al. 1995 Cultured rat Fish oil 10 umo/L EPA 1-2 min Depolarizing current 1
cardiomyocytes
Kang and Leaf 1994  Cultured rat Fish oil 5-10 pmol/L 3 min perfusion  Myocyte contraction rate  50-80% ||
cardiomyocytes EPA/DHA
Hallag et al. 1992 Cultured rat Fish oil 5-10 pmol/L Ouabain induced H
cardiomyocytes EPA/DHA arrhythmia
(contraction rate)
Hallag et al. 1990 Cultured rat Fish oil 5 ymol/L EPA 3-5d Myocyte contraction rate 1|
cardiomyocytes incubation in
medium

1 Abbreviations used: EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; LPC, lysophosphatidylcholine; VF, ventricular fibrillation; 1,
substantial decrease; |, moderate decrease; 11, substantial increase; 1, moderate increase.

perfusion damage has also been attributed to calcium overload
(Nayler and Panagiotopoulos 1988), free radicals and calcium
(Hearse and Tosaki 1988), thromboxane (Coker et al. 1982,
Coker and Parrat 1985), disturbance of potassium and magne-
sium ion balance and effects on enzymes (Manning and Hearse
1984) and on the action of thrombin and inositol triphosphates
(Jacobsen et al. 1996). But it should be mentioned here that
the effects of dietary supplementation on most of these factors
have not been examined.

Effect of fish oils on ventricular fibrillation. The antiar-
rhythmic properties of (n-3) PUFA have been studied in vivo
by measuring the ventricular fibrillation threshold (VFT) of
animals whose diets were supplemented with fish oils. VFT is
the amount of current required to induce VF during myocardial
ischemia. The antiarrhythmic actions of (n-3) PUFA have also
been studied in vitro using cultured neonatal cardiac myocytes.

The work of Hallaq et al. (1990) using rat cardiac myocytes
cultured in a medium supplemented with (n-3)PUFA showed
that fish oil prevented VF, and this was attributed to the
prevention of increase in cytosolic calcium by (n-3) PUFA.
This prophylactic effect of fish oils on VF was studied using
ouabain, a potent arrhythmogenic agent, in isolated neonatal
cardiac myocytes. Ouabain is a cardiac glycoside and is toxic
because it produces excessively high levels of calcium inside
the cells. The toxic effects of ouabain were prevented in myo-
cytes incubated with EPA.

Using mongrel dogs Billman et al. (1994) demonstrated
that long chain (n-3) PUFA concentrated from fish oil pre-
vented ischemia-induced VF. In that study fish oil fatty acids
were infused intravenously before inducing ischemia, and the
effect on VF was recorded. In seven of eight animals, the
infusion of fish oil emulsion completely prevented acute occur-
rence of VF. Since the infusion with fish oil emulsion was
carried out only 1 h prior to inducing ischemia, the authors
suggested that the effects were not mediated via membrane
incorporation of (n-3) PUFA but rather via a direct action of
(n-3) PUFA on the electrophysiological properties of myo-
cytes.

The effect of adrenergic stimulation on the development of
ischemia-induced malignant arrhythmia was studied in isolated

multicellular cardiac myocyte preparations using fish oil (n-3)
PUFA (Kang and Leaf 1995). In that study unesterified, long-
chain PUFA, particularly (n-3) PUFA, but not monounsatur-
ated or saturated fatty acids, were found to effectively prevent
and terminate S-adrenergic agonist-induced tachyarrhythmias
in myocyte preparations. McLennan et al. (1985) found that
the number of ventricular ectopic beats and duration of tachy-
cardia or fibrillation was increased in rats fed perirenal sheep
fat compared to rats fed sunflower seed oil. In the same rat
model, when rats were fed tuna fish oil, VF was prevented
during occlusion and reperfusion of the coronary artery, and

the severity of arrhythmia was significantly reduced (McLen-
nan et al. 1988).

MECHANISMS

The mechanisms suggested by different authors in their
studies on arrhythmias can be broadly classified as follows:

¢ Modification of the eicosanoid system by dietary fatty

acids.

¢ Modification of the fatty acid composition of membrane

phospholipids.

¢ Direct effect of non-esterified fatty acids (NEFA) on the

myocardium.

e Effect of (n-3) PUFA on the inositol lipid cycle and cell

signalling.

e Effect of (n-3) PUFA on Ca’" channels.

e Effect of (n-3) PUFA on enzymes and receptors.

It is generally agreed by most authors that the prevention
of arrhythmias by fish oil is a result of the interaction of two
or more of these mechanisms, but the sequence of action has
not been elucidated. The effects of fish oil are most clearly and
simply explained by their effects on eicosanoid metabolism, but
it is also obvious that other factors interact at one point or
other. It has been aptly said that (n-3) PUFA modify so many
different factors, it is impossible to attribute all their beneficial
effects to one single action (Leaf 1994).

Effect of (n-3)PUFA on eicosanoid metabolism. LA of the
(n-6) family and the precursor of AA, is by far the dominant
precursor fatty acid for eicosanoid formation provided by the
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FIGURE 1 Biosynthesis of eicosanoids from dietary fatty acids. LT, leukotriene; PG, prostaglandin; TX, thromboxane.

Western diet. In both animals and humans LA undergoes a
series of elongation and desaturation to yield AA. The role of
AA in arrhythmia is of particular interest. Most investigations
of the link between fish oils and heart disease have demon-
strated the competition between AA and (n-3) PUFA to be-
come substrates in the production of eicosanoids. The biosyn-
thesis of eicosanoids from fatty acids is presented in Figure 1.
When fish oils are included in the diet, the (n-3) PUFA, EPA
and DHA, compete with AA in several ways: 1) They inhibit
A-6 desaturase activity to inhibit AA biosynthesis (Garg et
al. 1988). 2) They compete with AA for the sn-2 position in
membrane phospholipid thereby reducing plasma and cellular
levels of AA (Siess et al. 1988). 3) EPA competes with AA
as the substrate for the cyclooxygenase enzyme inhibiting the
production of thromboxane A; (TXA,) by platelets (Fischer
and Weber 1983). 4) In endothelial cells, prostaglandin I3
(PGI;) is synthesized from EPA which adds on to prostaglandin
I, (PGI,) (Fischer and Weber 1984).

The net result of these actions is vasodilation with less
platelet aggregation—an antithrombotic effect. By altering
the availability of AA in the membrane, a change in the
production of eicosanoids and eicosanoid dependent cellular
functions may be produced. A reduced ratio of AA/EPA shifts
the spectrum of eicosanoid production toward an increase in
thromboxane Aj; (TXAj;) and PGI; at the expense of TXA,
and PGI,, respectively. This shift was found to reduce the risk
of VF and sudden cardiac death (SCD) (Coker et al. 1982).
The risk of ventricular arrhythmia induced by ischemia was
found to be directly proportional to the balance between TXA,
and PGI,. Coker and Parrat (1985) found that TXA, was
released as an early response to occlusion while PGI, was
released after the onset of ischemia. Drugs that blocked the
TXA, receptor reduced incidence of ischemia-induced ar-
rhythmia and reperfusion arrhythmia. When local PGI, activ-
ity was raised, the frequency and severity of both types of
arrthythmia was reduced. Parrat et al. (1987) postulated that

an increase in PGI,/TXA, balance may be cardioprotective.
They also suggest that PGI; may be an endogenous anti-ar-
rhythmic agent, which may explain the preventive mechanism
of (n-3) PUFA.

The effect of (n-3) PUFA on eicosanoids was also examined
in cultured rat ventricular myocytes under normoxic and hyp-
oxic conditions (Oudot et al. 1995). The work showed that
(n-3)-rich cardiomyocytes displayed better electromechanical
recovery during hypoxia and reoxygenation than (n-6)-rich
cardiomyocytes. The authors suggested that dietary (n-3)
PUFA contribute to the protection of the heart by modulating
eicosanoid synthesis at both the vascular and cardiomyocyte
levels.

Another antiarrhythmic mechanism suggested by Abeywar-
dena et al. (1991) describes the existence of different substrate
(fatty acid) pools as a result of different dietary lipid supple-
mentation and an inhibitory action of (n-3) PUFA on throm-
boxane synthetase. The same authors (Abeywardena et al.
1993) examined the effects of various fatty acids on myocardial
eicosanoids and on myocardial phospholipids. Fish oil—fed ani-
mals had the lowest proportion of LA and AA with a rise in
(n-3) fatty acids in the cardiac membrane. These studies have
highlighted the importance of the balance of eicosanoids in
determining the arrhythmic outcome in ischemia as well as
after reperfusion. A recent study by Pepe and MclLennan
(1996) of isolated perfused hearts from rats fed fish oil concurs
with the above studies. Fish oil feeding prevented severe ar-
rhythmias and increased the VF threshold. The authors specu-
lated that the most likely mechanism in this study was the
altered fatty acid composition of myocardial membranes or
intracellular nonesterified fatty acid pools.

A study of the fatty acid composition of phospholipids of
heart sarcolemma after rats were fed one of four different types
of oil found that dietary fish oil, unlike the other oils, resulted
in a complete change of the sarcolemmal fatty acid pattern

(Al Makdessi et al. 1994). The balance of AA that was main-
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tained by the other three oils, namely coconut oil, corn oil
and linseed oil, was changed by the presence of the fish oils
such that AA was displaced by EPA and DHA. Charnock
et al. (1992a) demonstrated in marmoset monkeys that the
proportions of AA, EPA and DHA in myocardial phospholip-
ids can be altered by dietary fatty acids, which in turn leads
to a shift in the balance between levels of PGI, and TXA,.
Fish oil (n-3) PUFA promotes a balance that is beneficial to
the prevention of cardiac arrhythmia. These beneficial changes
in the marmoset heart were also accompanied by changes in
the fatty acid composition of cardiac membrane phospholipids,
which links this mechanism with the second mechanism in
this review, namely the effect of (n-3) PUFA on membrane
phospholipids.

Another mechanism that has not been explored and which
may be investigated in future studies is the role of hydroxylated
AA metabolites. AA differs from other fatty acids in that it
is a substrate for cyclooxygenase, lipoxygenase and cytochrome
P450 pathway enzymes that synthesize bioactive eicosanoids.
These metabolites are important modulators of the cell signal-
ling processes that play a major role in heart disease and ar-
thythmias. Epoxyeicosatetraenoic acid (EET) and hydroxyei-
cosatetraenoic acid are AA metabolites that are formed by
the lipoxygenase and cytochrome P450 pathways. They have
proinflammatory action and have been found to be a type of
autocrine mediator that acts by altering membrane structure
and function (Spector et al. 1994). EET have been found to
produce rapid calcium flux in porcine smooth muscle cells into
which they are taken up and incorporated into phospholipids.
The EET are then inactivated by their conversion into dihy-
droxyeicosatrienoic acid, which terminates the effect of cal-
cium influx and causes vascular relaxation (Spector et al.
1996). The effect of fish oil supplementation on the different
AA pathways and metabolites and their possible role in the
antiarrhythmic mechanism of (n-3) PUFA is a new area that
needs to be explored.

Effect of (n-3) PUFA on membrane phospholipids. It is
believed that changes in the lipid composition of biological
membranes lead to changes in their function. This is true for
the cardiac membrane (sarcolemma) also (Charnock 1994).
Cardiac sarcolemma plays a major role in regulating the move-
ment of ions entering and leaving the cell. Receptors involved
in cellular signalling, transporters and enzymes are embedded
in the membrane lipid bilayer, and any changes to the fatty
acid composition of this membrane could affect their func-
tions. The influence on cardiac membrane function by dietary
lipids has been demonstrated in both man and experimental
animals (Spector and Yorek, 1985).

It has been suggested that diet-induced changes in the fatty
acid composition of cardiac muscle cell membranes are associ-
ated with development of arrhythmia (Charnock et al. 1985).
Hallaq et al. (1992) observed that alterations in the fatty acid
composition of the culture medium in which cardiac myocytes
were grown also altered myocyte function. Changes in cardiac
phospholipids and the NEFA composition brought about by
manipulation of dietary fatty acids with (n-3) PUFA has been
repeatedly demonstrated as antiarrhythmic (Charnock et al.
1992b, McLennan et al. 1990, McLennan 1993).

The mechanism postulated here is that changes in the lipid
composition of cardiac cell membranes induced by dietary
modification can influence the availability of Ca’* for excita-
tion-contraction coupling, which in turn could lead to the
development of the arrhythmic state. A diet supplemented
with fish oil changes the phospholipid composition of the
cardiac membrane by reducing the level of (n-6) PUFA and
increasing the (n-3) PUFA levels. Membrane phospholipids

control the transfer of ions across the membrane, and fatty
acid composition of membrane phospholipids may influence
the properties of specific ion channels like the calcium and
sodium channels (Hallaq et al. 1990).

The activation of phospholipase enzyme is another mecha-
nism that has been proposed to explain degradation of cardiac
membranes after long periods of ischemia. Grynberg et al.
(1992) found that the activity of phospholipase in the cardiac
cell could be influenced by phopholipid fatty acid composition.
In their study using cardiomyocytes cultured separately in
EPA- or DHA-supplemented media, they found that phospho-
lipase activity was lower in the EPA medium under hypoxic
conditions, suggesting that this could explain the decreased
membrane degradation during ischemia.

The cardiac sarcoplasmic reticulum (CSR) is an important
store of calcium for the activation of myocardial contraction.
Relaxation occurs primarily by the energy dependent reuptake
of calcium by the CSR. Fish oil supplementation caused a
decrease in CSR function, and (n-3) PUFA were found to
readily accumulate in CSR phospholipids (Taffet et al. 1993).
Dietary (n-3) PUFA also modulate physico-chemical proper-
ties of sarcolemma by altering the fatty acid composition of
the sarcolemma. The fish oil (n-3) PUFA, EPA and DHA, are
taken up by the myocardium and incorporated into membrane
phospholipids like phosphatidyl choline and phosphatidyl eth-
anolamine. This uptake is largely at the expense of arachidonic
acid (Swanson and Kinsella 1986).

Direct effects of fish oils on NEFA composition and the
myocardium. One early hypothesis suggested that after an
acute myocardial infarction, arrhythmias were metabolically
induced by acute lipid mobilization from adipose tissue which
resulted in high free fatty acid (FFA) levels in the plasma and
myocardial cells (Kurien and Oliver 1970). This excess FFA
was believed to be arrhythmogenic and could increase the
severity of ischemic damage. Under normal conditions tissue
level of non-esterified fatty acid (NEFA or FFA) is very low.
The majority of fatty acids are oxidized in the mitochondria
to provide energy, and a small part is esterified and stored in
the triacylglycerol and phospholipid pool (Van der Vusse et al.
1992). After meals glucose is the preferred fuel for myocardial
oxidative metabolism, but during fasting NEFA becomes the
preferred fuel. During ischemia when a part of the myocardium
becomes anaerobic, fatty acid oxidation is disturbed, and unox-
idized NEFA accumulate. This accumulation of NEFA is be-
lieved to be toxic to the heart and thought to stimulate ar-
thythmias (Oliver and Opie 1994). Riemersma et al. (1988)
noted that there was an elevation in plasma NEFA in patients
immediately after acute myocardial infarction and postulated
that this could be a predisposing factor to the development of
arrhythmias. Elevated levels of myocardial NEFA have also
been observed in experimental animals subjected to ischemia.

Several mechanisms have been suggested as to how the
increased NEFA levels may trigger arrhythmias. One hypothe-
sis suggests that during ischemia, §-oxidation of lipids in mito-
chondria is inhibited and causes accumulation of intracellular
acylcarnitine and acyl-CoA. This acylcarnitine in turn inhibits
the Ca*" pump of the sarcoplasmic reticulum and calcium
channels, causing an increase in Ca** levels in the myocardial
cells and thus causing arrhythmias (Corr et al. 1984, Huang
et al. 1992). Another study lending support to this hypothesis
reported the effects of increased NEFA levels on ventricular
arrthythmias using ventricular fibrillation threshold (VFT) as
an index of arrhythmogenicity (Makiguchi et al. 1991). They
observed that the arrhythmogenicity of NEFA was due to a
direct effect on the myocardial cells and due to the effect of
NEFA esters such as long-chain acylcarnitine and acyl-CoA.
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They speculated that the effect of NEFA was related to calcium
overload in the myocardial cells.

It was also observed that during acute myocardial infarction,
patients with excess saturated fatty acids (sum of 14:0, 16:0 and
18:0) in adipose tissues were most susceptible to ventricular
arthythmias (Abraham et al. 1989). The FFA hypothesis is
considered controversial because in one study, despite the ele-
vated plasma FFA levels after ischemia was induced in dogs,
no increase in the incidence of arrhythmias was observed nor
was VFT altered (Opie et al. 1971)

Another proposed mechanism suggests that altered propor-
tions of AA, EPA or DHA in myocardial NEFA as a result of
altered dietary fatty acids could lead to alterations in the NEFA
pool that serves as immediate substrates for eicosanoid produc-
tion. This could then lead to alterations in the production of
myocardial TXA, and the vulnerability of the heart to develop
arrhythmia during partial ischemia (Charnock et al. 1992b).
That study demonstrated that after feeding a mixed diet rela-
tively high in saturated fat and containing (n-3) PUFA, the
NEFA had a direct effect on the heart by reducing the amount
of eicosanoids and was one of the major factors that deter-
mined the vulnerability of the heart to develop VF, despite
the very low NEFA concentration in the myocardial cell.

A study that looked at the effect of an intravenous infusion
of (n-3) PUFA on ischemia-induced VF in exercising dogs
(Billman et al. 1994) has once again renewed interest in this
mechanism. Intravenous infusion of a fish oil emulsion con-
taining EPA and DHA prior to inducing ischemia successfully
prevented ischemia-induced VF. Since infusion was carried
out 60 min before inducing ischemia, the possibility that the
effect of fish oil was mediated via incorporation of (n-3) PUFA
in sarcolemmal membranes was ruled out. The authors attrib-
uted the antiarrhythmic effects of fish oil to NEFA and postu-
lated that unesterified PUFA, not saturated or monounsatur-
ated fatty acids, prevented arrhythmias. In a recent study
(Kang and Leaf 1996) of isolated myocytes, the authors have
demonstrated that PUFA including AA, EPA and DHA can
bind to the highly reactive sodium pump and prevent arrhyth-
mias. They also found that since AA is rapidly converted to
TXA, which is proarthythmic, only the (n-3) PUFA qualified
for possessing antiarrhythmic properties. Saturated and mo-
nounsaturated fatty acids did not significantly bind to the Na*
channel and were not believed to be antiarrhythmic, although
LA was found to be mildly antiarrhythmic. They concluded
that (n-3) PUFA did not have to be incorporated into mem-
brane phospholipids because only free acids exhibited antiar-
thythmic potential. In another recent study Weylandt et al.
(1996) have shown that in cardiac myocytes cultured in
NEFA -stripped medium supplemented with EPA and DHA,
no antiarrhythmic effects were observed despite the membrane
enrichment with EPA and DHA. This further substantiates
the claim that (n-3) PUFA exert antiarrhythmic actions as
free acids and not in phospholipids. But this in vitro system
does not induce the release of NEFA as in an in vivo system
where catecholamines and calcium activate phospholipase en-
zymes, which in turn trigger the release of NEFA following
ischemia. The effects of different fatty acids on cardiac arrhyth-
mia are summarized in Figure 2.

In our laboratory, the working hypothesis is that immedi-
ately following myocardial infarct NEFA are released from the
hydrolysis of membrane phospholipids, and the type of NEFA
released determines the arrhythmic response of the myocar-
dium. Our working hypothesis thus compliments that postu-
lated by Leaf and coworkers. However we believe that the
incorporation of (n-3) PUFA into myocyte membrane is essen-
tial for antiarrhythmic action, so that these fatty acids are

readily available for release as free acids to prevent arrhythmias
following myocardial ischaemia.

Effect of (n-3) PUFA on the inositol lipid cycle and cell
signalling. An important aspect of membrane lipid metabo-
lism in cells is the inositol lipid cycle. The inositol lipid cycle
generates two important second messengers that are involved
in cell signalling, namely phosphoinositides and diacylglycerol.
An extracellular agonist interacts with a specific cell receptor
to form the receptor/agonist complex (RAC) and initiates the
inositol lipid cycle. The RAC activates a specific phospholi-
pase C which then cleaves phosphatidyl inositols into two
important second messengers, phosphoinositol triphosphate
(IP3) and diacylglycerol. IP; activates the release of intracellu-
lar stores of calcium ions from the endoplasmic reticulum (sar-
coplasmic reticulum) into the cytoplasm, facilitates entry of
Ca’* ions into the cells and may alter electrophysiological
properties of myocytes. The balance of Ca’* ions available
for contraction is an important determinant of arrhythmias.
Intracellular calcium concentration and disturbances of cal-
cium homeostasis have been associated with arrhythmias
(Manning and Hearse 1984). Alterations in cellular calcium
can contribute to development of impulse generation and im-
pulse conduction during myocardial ischemia (Billman and
Leaf 1994). The major mode of entry of calcium into vascular
smooth muscle is through two types of calcium channels, the
voltage operated and the receptor operated channels (Opie
1991). In the voltage operated channel, intracellular calcium
is released in response to the wave of electrical activity that
spreads rapidly over the heart to initiate each contraction. In
the receptor operated channel, TXA,, leukotriene B, (LTB,)
and cytochrome P450 products of AA amplify an initial Ca**
related signal for cell activation by stimulating specific mem-
brane receptors coupled to phospholipase C, thereby further
increasing intracellular Ca?* concentrations (Weber 1990).
(n-3)PUFA have been found to interfere at several sites in
this signalling process.

Studies by Anderson et al. (1995) have shown that there
is an increase in the release of IP; during reperfusion after
acute ischemia. In a recent study by Jacobsen et al. (1996),
the thrombin stimulated release of IP; during myocardial reper-
fusion was found to be greater than that observed in normoxic
tissues. Their study suggests that thrombin is directly proar-
rhythmic, and the stimulation of IP; release initiated reperfu-
sion arrhythmias.

Effect of PUFA on calcium channels. The effect of fish
oil (n-3) PUFA on calcium has been found to be a secondary
but powerful effect of one or more of the above mechanisms.
Initial evidence for the role of dietary (n-3) PUFA in regula-
tion of Ca’" release from the endoplasmic reticulum was pro-
vided by the studies of Kinsella et al. (1990) who demonstrated
that there was an increase in Ca’" uptake by endoplasmic
reticulum that was associated with the prevention of arrhyth-
mias in rats raised on fish oil enriched diet.

Pioneering work by Hallag et al. (1990, 1992) attempted
to explain the effect of (n-3)PUFA on calcium channels. They
demonstrated that DHA prevents toxic arrhythmias more ef-
fectively than EPA by modulating L-type calcium channels in
the sarcolemma of cardiac myocytes, which prevents cytosolic
free calcium levels from increasing to toxic levels. They also
believe that the (n-3) PUFA are not merely acting as calcium
channel blockers but as modulators, or valves, that control the
influx and efflux of calcium to maintain normal contractility
of the myocytes (Leaf 1988).

Hallaq et al. (1990) showed that the protective effect of
(n-3) PUFA may not be due to the change in membrane
phospholipids, but instead may be due to specific actions of (n-
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FIGURE 2 The effect of different dietary fatty acids on cardiac arrhythmia. LA, linoleic acid; AA, arachidonic acid; LNA, linolenic acid; EPA,

eicosapentaenoic acid; DHA, docosahexaenoic acid.

3) PUFA and their metabolites. Quabain inhibits the Na™,K*-
ATPase pump and changes the electrophysiology of the myo-
cardial cell causing sodium ions to accumulate. The increasing
concentration of sodium ions in turn causes accumulation of
calcium ions resulting in increased contraction and spontane-
ous beating rate in the myocytes. In myocytes incubated with
AA there was no change after exposure to ouabain, while in
myocytes incubated with EPA, ouabain toxicity was prevented.
The authors suggest that EPA incorporated in membrane phos-
pholipids, unlike AA, blocked ouabain binding which pre-
vented the Ca’* levels from increasing and thus preserved
normal physiological levels of calcium. To further understand
the role of calcium channels in the protective effect of (n-
3)PUFA, the same group (Hallaq et al. 1992) studied isolated
rat cardiac myocytes using nitrendipine, an inhibitor of the L-
type calcium channel. This time they found that EPA pro-
tected the cardiac myocytes from ouabain toxicity by pre-
venting the increase in free calcium to toxic levels via direct
action on the calcium channels, not due to the incorporation
of the (n-3)PUFA in membrane phospholipids. This study
demonstrated that fish oil fatty acids appeared to exert a dual
effect; they prevented excessive calcium influx but at the same
time increased calcium influx when it was insufficient. Figure
3 presents the link between the inositol lipid cycle and calcium
levels and the possible effects in initiating arrhythmia within
myocardial cells.

Effect on enzymes. Dietary (n-3)PUFA may influence the
fluidity and the activity of enzymes required for energy produc-
tion and of many lipid-protein dependent receptor functions
(Charnock 1994). The activities of Ca?*/Mg**-ATPase from
sarcoplasmic reticulum, adenyl cyclase and 5’-nucleotidase are
all markedly influenced by the levels of (n-6) and (n-3) PUFA
in membrane lipids. In diets enhanced with fish oils rich in
EPA and DHA, the activity of Ca**/Mg**-ATPase is de-
creased, adenyl cyclase is increased and 5’-nucleotidase is in-
creased (Kinsella 1990). Na*,K*-ATPase and Ca*"-ATPase
play a significant role in the contraction and relaxation cycles
of the cardiac muscle by maintaining ion levels within the
myocytes (Vajreshwari and Narayanareddy 1992). Kinoshita

et al. (1994) found that EPA supplementation increased the
activity of Ca’*-ATPase within the myocardial cells, and this
reduced the severity of the arrhythmias by inhibiting the Ca?*
accumulation following ischemia. Fish oil ingestion also affects
cyclooxygenase enzyme activity, thus altering the pathways of
eicosanoid metabolism (Knapp 1993).

Fish oil has been found to affect phospholipase enzyme
activity. Activation of phospholipase A, causes elevation of
intracellular calcium. Phospholipase D activity is associated
with the sarcolemma and is believed to be involved in second
messenger signalling systems. Dai et al. (1995) reported that
sarcolemmal phospholipase D is activated by unsaturated fatty
acids like arachidonic and oleic acids.

Effect on receptors. Receptors in the sarcolemma are
chiefly involved in the regulation of heart rate and contraction
of the myofibers. 3-Adrenergic receptors on the sarcolemma
are involved in competitive inhibition by S-blockers or antag-
onists, the result of which can increase or decrease heart rate
and contraction (Opie 1991). Studies by Grynberg et al.
(1995) have looked at the effect of the two major fish oil fatty
acids, EPA and DHA, on adrenoreceptor responsiveness. They
found that a high DHA content in cardiomyocyte phospholip-
ids appeared to decrease the (-adrenergic receptor affinity.

TXA,; and prostacyclin, both derived from arachidonic acid,
have potent but opposite actions on both vascular smooth
muscles and platelets. TXA, is a potent vasoconstrictor of
arteries and promotes platelet aggregation, whereas prosta-
cyclin is a vasodilator and inhibits platelet aggregation. Inhibi-
tors and receptors have also been used to study the effect of
thromboxane on arrthythmias. Studies in which UK38485, a
specific inhibitor of thromboxane, was administered to grey-
hound dogs prior to occlusion of the left anterior descending
artery (LAD) demonstrated that thromboxane is a major factor
in the genesis of arrhythmias induced by acute myocardial
infarction and reperfusion (Coker 1982). In another study by
the same authors (Coker and Parrat 1985), intravenous injec-
tion of a thromboxane antagonist, AH23848, before and dur-
ing acute myocardial ischemia was found to effectively block
thromboxane receptors and to produce an antiarrhythmic ef-
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fect. Blocking TXA,-endoperoxide receptors has also been
shown to reduce ischemic injury to the myocardium (Hock et
al. 19806).

Thrombin is the final enzyme in the procoagulant pathway
and is an important regulator of various cellular events. One
important role of thrombin is the activation of phospholipase
C, which is involved in the generation of second messengers
and the mobilization of calcium stores. A study of the effects
of thrombin on the heart suggested that it might prolong repo-
larization and cause electrical abnormalities which could lead
to ischemia (Steinberg et al. 1991). The effect of diet or fish
oil supplementation on thrombin has not been studied, but
this could be a possible mechanism and warrants further inves-
tigation.

CONCLUSION

All the studies reviewed, both in animals and in the human
intervention trials, leave little doubt that dietary supplementa-
tion of fish oils confers beneficial effects on the heart particu-
larly in the prevention of cardiac arrhythmias. But no definite
mechanism has yet been implicated. All the mechanisms sug-
gested appear to be interrelated, and it is not known whether
their effects are independent or are compounded and in what
sequence they take place. It is also not clear whether the
mechanisms by which (n-3) PUFA prevents cardiac arrhyth-
mia are mediated via changes in plasma and/or vascular tissues
or if they directly affect the electrophysiology of the cardiomy-
ocytes. The former hypothesis is supported by antiarrhythmic
studies of diet supplemented animals while studies using iso-
lated animal heart and cultured neonatal cardiomyocytes tend
to support the latter hypothesis. The (n-3) PUFA from fish
oils have also been found to modify several other factors like
enzymes and receptors, and their involvement in antiarrhyth-
mic mechanisms is also being investigated. Our lab is currently
involved in a series of experiments using pigs as a model to
study the antiarrhythmic mechanism of fish oils. Previous stud-
ies have examined the effects of diets high in (n-3) fatty acids
in smaller animals which do not allow detailed electrophysio-
logical study. Pigs have a similar cardiac physiology and coro-
nary anatomy to humans. And more importantly, the pigs have

a fatty acid metabolism (Chapman 1980) similar to humans
which makes it a suitable model to study these mechanisms
in detail.

LITERATURE CITED

Abeywardena, M. Y., McLennan, P. L. & Charnock, J. S. (1991) Differential ef-
fects of dietary fish oil on myocardial prostaglandin I, and thromboxane A,
production. Am. J. Physiol. 260: H379-H385.

Abeywardena, M. Y., McLennan, P. L. & Charnock, J. S. (1993) Role of eicosa-
noids in dietary fat modification of cardiac arrhythmia and ventricular fibrilla-
tion. In: Essential Fatty Acids and Eicosanoids (Sinclair, A. and Gibson, R.
eds.). pp.257-261, AOCS Publications, Champaign, IL.

Abraham, R., Riemersma, R. A. & Wood, D. A. (1989) Adipose fatty acid com-
position and the risk of serious ventricular arrhythmias in patients with acute
myocardial infarction. Am. J. Cardiol. 63: 269-272.

Al Makdessi, S., Sweidan, H. & Jacob, R. (1994) n-3 versus n-6 fatty acid
incorporation into the phospholipids of rat heart sarcolemma. A comparative
study of four different oils. J. Mol. Cell. Cardiol. 26: 23-29.

Anderson, K. E., Dart, A. M. & Woodcock, E. A. (1995) Inositol phosphate re-
lease and metabolism during myocardial ischemia and reperfusion in rat heart.
Circulation Res. 76: 261-268.

Bang, H. O., Dyerberg, J. & Hjorne, N. (1976) The composition of food con-
sumed by Greenland Eskimos. Acta. Med. Scand. 200: 69-73.

Billman, G. E., Hallag, H. & Leaf, A. (1994) Prevention of ischemia induced
ventricular fibrillation by w3 fatty acids. Proc. Natl. Acad. Sci. U.S.A. 91: 4427 -
4430.

Billman, G. E. & Leaf, A. (1994) The effects of omega-3 fatty acids on ventricu-
lar fibrillation induced by myocardial ischemia. In: Omega-3 Fatty Acids in
Nutrition, Vascular Biology and Medicine (Pownall, H. J. and Spector, A. A.
eds.), pp.159-165, American Heart Association, Houston, TX.

Burr, M. L., Fehily, A. M. & Gilbert, J. F. (1989) Effects of changes in fat, fish,
and fibre intakes on death and myocardial reinfarction: Diet and reinfarction
trial (DART). Lancet 334: 757-761.

Chapman, M. J. (1980) Animal lipoproteins: chemistry, structure and compara-
tive aspects. J. Lipid. Res. 231: 789-853.

Charnock, J. S.  (1991) Antiarrhythmic effects of fish oils. In: Health Effects of
w-3 Polyunsaturated Fatty Acids in Seafoods (Simopoulos, A. P., Kifer, R. R.,
Martin, R. E. and Barlow, S. M., eds.), vol.66, pp. 278-291, Karger, Basel.

Charnock, J. S. (1994) Lipids and cardiac arrhythmias. Prog. Lipid. Res. 33:
355-385.

Charnock, J. S., Abeywardena, M. Y. & McLennan, P.L. (1985) Diet and car-
diac arrhythmia: Effects of lipids on age related changes in myocardial func-
tion in the rat. Ann. Nutr. Metab. 29: 306

Charnock, J. S., Abeywardena, M. Y. & McLennan, P. L. (1992a) The effect of
different dietary lipid supplements on the non-esterified fatty acid composition
of normoxic rat hearts: a link between nutrition and cardiac arrhythmia. Nutr.
Res. 12: 1491-1502.

Charnock, J. S., Crozier, G. L. & Woodhouse, J. (1994) Gamma linolenic acid,
blackcurrant seed and evening primrose oil in the prevention of cardiac ar-
rhythmia in aged rats. Nutr. Res. 14: 1089-1099.

Charnock, J. S., McLennan, P. L. & Abeywardena, M. Y. (1992b) Dietary mod-



392 NAIR ET AL.

ulation of lipid metabolism and mechanical performance of the heart. Mol.
Cell. Biochem. 116: 19-25.

Charnock, J. S., McLennan, P. L., Sundram, K. & Abeywardena, M. Y. (1991)
Omega-3 PUFA’s reduce the vulnerability of the rat heart to ischaemic arrhyth-
mia in the presence of a high intake of saturated animal fat. Nutr. Res. 11:
1025-1034.

Charnock, J. S., Sundram, K. & Abeywardena, M. Y. (1993) Cardiac phospho-
lipids, nonesterified fatty acids and arrhythmias in lipid supplemented rats.
In: Essential Fatty Acids and Eicosanoids (Sinclair, A. and Gibson, R. eds.),
pp.239-244, AOCS Publications, Champaign, IL.

Clandinin, M. T., Cheema, S. & Field, J. S. (1991) Dietary Fat: The exogenous
determination of membrane structure and cell function. FASEB J. 5: 2761-
2769.

Coker, S. J., Parratt, J. R. & Ledingham, I. M. (1982) Evidence that thrombox-
ane contributes to ventricular fibrillation induced by reperfusion of the ischae-
mic myocardium. J. Mol. Cell. Cardiol. 14: 483-485.

Coker, S. J. & Parratt, J. R.  (1985) AH23848, a thromboxane antagonist, sup-
presses ischaemia and reperfusion induced arrhythmias in anaesthetized
greyhounds. Br. J. Pharmacol. 86: 259-264.

Corr, P.B., Gross, R. W. & Sobel, B.E. (1984) Amphipathic metabolites and
membrane dysfunction in ischemic myocardium. Circulation Res. 55: 135-
154.

Culp, B.R., Lands, W. E., Lucchesi, B. R., Pitt, B. & Romson, J. (1980) The
effect of dietary supplementation of fish oil on experimental myocardial in-
farction. Prostaglandins 20: 1021-1031.

Dai, J., Williams, S. A. & Ziegelhoffer, A. (1995) Structure-activity relationship
of the effect of cis-unsaturated fatty acids and heart sarcolemmal phospholi-
pase D activity. Prostaglandins. Leukotrienes. Essent. Fatty Acids 52: 167 -
171.

de Lorgeril, M., Renaud, S. & Mamelle, N. (1994) Mediterranean alpha-linolenic
acid rich diet in secondary prevention of coronary heart disease. Lancet 343:
1454-1459.

Dolocek, T. A. & Grandits, G. (1991) Dietary polyunsaturated fatty acids and
mortality in multiple rik factor intervention trial (MRFIT). World. Rev. Nutr. Diet.
66: 205-216.

Fischer, S. & Weber, P. C. (1983) Thromboxane A; (TXAy) is formed in human
platelets after dietary eicosapentaenoic acid (C20:5w3). Biochem. Biophys.
Res. Comm. 116: 1091-1099.

Fischer, S. & Weber, P.C. (1984) Prostaglandin I; is formed in vivo in man
after dietary eicosapentaenoic acid. Nature 307: 165-168.

Garg, M. L., Sebokova, E. & Thompson, A.B.R. (1988) A6-desaturase activity
in liver microsomes of rats fed diets enriched with cholesterol and/or n-3 fatty
acids. Biochem. J. 249: 351-356.

Goodnight, S. H.  (1986) The antithrombotic effects of fish oil. In: Health Effects
of Polyunsaturated Fatty Acids in Seafoods (Simopoulos, A. P., Kifer, R. R.
and Martin, R. E., eds.), vol.66, Academic Press.

Grimminger, F., Grimm, H. & Fuhrer, D. (1996) w-3 Lipid infusion in a heart
allotransplant model. Circulation 93: 365-371.

Grynberg, A.,Nalbone, G., Leonardi, J., Lafont, H. &Athias,P. (1992) Eicosapen-
taenoic and docosahexaenoic acids in cultured rat ventricular myocytes and
hypoxia induced alterations of phospholipase-A activity. Mol. Cell. Biochem.
116: 75-78.

Grynberg, A., Fournier, A., Sergiel, J. P. & Athias, P. (1995) Effect of docosa-
hexaenoic acid and eicosapentaenoic acid in the phospholipids of rat heart
muscle cells on adrenoreceptor responsiveness and mechanism. J. Mol. Cell.
Cardiol. 27: 2507-2520.

Hallag, H., Sellmayer, A., Smith, T. W & Leaf, A. (1990) Protective effects of
eicosapentaenoic acid on ouabain toxicity in neonatal rat cardiac myocytes.
Proc. Natl. Acad. Sci. U.S.A. 87: 7834-7838.

Hallag, H., Smith, T. W. & Leaf, A. (1992) Modulation of dihydropyridine-sensi-
tive calcium channels in heart cells by fish oil fatty acids. Proc. Natl. Acad.
Sci. U.S.A. 89: 1760-1764.

Hearse, D. J. & Tosaki, A. (1988) Free radicals and calcium: Simultaneous in-
teracting triggers as determinants of vulnerability to reperfusion-induced ar-
rhythmias in the rat heart. J. Mol. Cell. Cardiol. 20: 213-223.

Hock, C. E., Beck, L. D. & Bodine, R. C. (1990) Influence of dietary n-3 fatty
acids on myocardial ischemia and reperfusion. Am. J. Physiol. 259: H1518-
H1526.

Hock, C. E., Brezinski, M. E. & Lefer, A. M. (1986) Anti-ischemic actions of a
new thromboxane receptor antagonist SQ29-548 in acute myocardial isch-
emia. Eur. J. Pharmacol. 122: 213-219.

Hock, C. E., Holahan, M. A. & Reibel, D.K. (1987) Effect of dietary fish oil on
myocardial phospholipids and myocardial ischemic damage. Am. J. Physiol.
252: H554-H560.

Huang, J. M., Xian, H. & Bacaner, M. (1992) Long chain fatty acids activate
calcium channels in ventricular myocytes. Proc. Natl. Acad. Sc. U.S.A. 89:
6452-6456.

Jacobsen, A. N., Du, X. J., Lambert, K. A, Dart, A. M. & Woodcock, E. A. (1996)
Arrhythmogenic action of thrombin during myocardial reperfusion via release
of inositol 1,4,5-triphosphate. Circulation 93: 23-26.

Kang, J. X. & Leaf, A. (1994) Effects of long-chain polyunsaturated fatty acids
on the contraction of neonatal rat cardiac myocytes. Proc. Natl. Acad. Sc.
U.S.A. 91: 9886-9890.

Kang, J. X. & Leaf, A. (1995) Prevention and termination of -adrenergic ago-
nist-induced arrhythmias by free polyunsaturated fatty acids in neonatal rat
cardiac myocytes. Biochem. Biophys.Res. Commun. 208: 629-636.

Kang, J. X. & Leaf, A. (1996) The cardiac antiarrhythmic effects of dietary poly-
unsaturated fatty acid. Lipids 31: S41-S44.

Keys, A. (1980) Seven countries. A multivariate analysis of diet and coronary
heart disease, Harvard University Press,Cambridge, MA.

Kinoshita, I., Itoh, K. & Nishida-Nakai, M. (1994) Antiarrhythmic effects of eico-
sapentaenoic acid during myocardial infarction- enhanced cardiac micro-
somal (Ca®*-Mg?*)-ATPase activity. Jap. J. Circ. 58: 903-912.

Kinsella, J. E., Lokesh, B. and Stone, R. A.  (1990) Dietary n-3 polyunsaturated
fatty acids and amelioration of cardiovascular disease: possible mechanisms.
Am. J. Clin. Nutr. 52: 1-28.

Knapp, H. R. (1993) Physiological and biochemical effects of n-3 fatty acids
in man. In: Essential Fatty Acids and Eicosanoids (Sinclair, A. & Gibson, R.
eds.), pp.330-333, AOCS Publications, Champaign, IL.

Kromhout, D., Bosschieter, E. B. & Coulander, C. (1985) The inverse relation
between fish consumption and 20-year mortality from coronary heart disease.
N. Engl. J. Med. 312: 1205-1209.

Kurien, V. A. & Oliver, M. F.  (1970) A metabolic cause for arrhythmias during
acute myocardial hypoxia. Lancet i: 813-815.

Leaf, A. (1994) Some effects of w-3 fatty acids on coronary heart disease. In:
Effects of Fatty Acids and Lipids in Health and Disease (Galli, C., Simopoulos,
A. P. and Tremoli, E. eds.), vol. 76, pp.1-8, Karger, Basel.

Leaf, A. (1995) Omega-3 fatty acids and prevention of ventricular fibrillation.
Prostaglandins. Leukotrienes. Essent. Fatty Acids. 52: 197-198.

Leaf, A., Jorgensen, M. B. & Jacobs, A. K.  (1994) Do fish oils prevent resteno-
sis after coronary angioplasty? Circulation 90: 2248-2257.

Leaf, A. & Weber, P. C. (1988) Cardiovascular effects of n-3 fatty acids. N.
Engl. J. Med. 318: 549-557.

Makiguchi, M., Kawaguchi, H. & Tamura, M. (1991) Effects of palmitic acid and
fatty acid binding protein on ventricular fibrillation threshold in the perfused rat
heart. Cardiovascular Drugs and Therapy 5: 753-762.

Manning, A. S. & Hearse, D. J.  (1984) Reperfusion induced arrhythmias: mech-
anisms and prevention. J. Mol. Cell. Cardiol. 16: 497-518.

McLennan, P. L. (1993) Relative effects of dietary saturated, monounsaturated
and polyunsaturated fatty acids on cardiac arrhythmias in rats. Am. J. Clin.
Nutr. 57: 207-212.

McLennan, P. L., Abeywardena, M. Y. & Charnock, J. S. (1985) Influence of
dietary lipids on arrhythmias and infarction after coronary artery ligation. Can.
J. Physiol. Pharmacol. 63: 1411-1417.

McLennan, P. L., Abeywardena, M. Y. & Charnock, J. S. (1988) Dietary fish
oil prevents ventricular fibrillation following coronary artery occlusion and
reperfusion. Am. Heart. J. 116: 709-717.

McLennan, P. L., Abeywardena, M. Y. & Charnock, J.S. (1990) Reversal of
arrhythmogenic effects of long term saturated fatty acid intake by dietary n-
3 and n-6 polyunsaturated fatty acids. Am. J. Clin. Nutr. 51: 53-58.

McLennan, P. L., Bridle, T. M. & Abeywardena, M. Y. (1992) Dietary lipid mod-
ulation of ventricular fibrillation threshold in the marmoset monkey. Am. Heart.
J. 123: 1555-1561.

McLennan, P. L., Bridle, T. M., Abeywardena, M. Y. & Charnock, J. S. (1993)
Comparative efficiency of n-3 and n-6 polyunsaturated fatty acids in modulat-
ing ventricular fibrillation threshold in marmoset monkeys. Am. J. Clin. Nutr.
58: 666—-669.

McLennan, P. L. & Dallimore, J. A. (1995) Dietary canola oil modifies myocar-
dial fatty acids and inhibits cardiac arrhythmias in rats. J. Nutr. 125: 1003—-
1009.

McLennan, P., Howe, P., Abeywardena, M. Y., Muggli, R., Raederstoff, D., Mano,
M., Rayner, T. & Head, R. (1996) The cardiovascular protective role of
docosahexaenoic acid. Eur. J. Pharmacol. 300: 83-89.

Nayler, W. G. & Panagiotopoulos. (1988) Calcium mediated damage during
post-ischaemic reperfusion. J. Mol. Cell. Cardiol. 20 (Supplement II): 41-54.

Nettleton, J. (1995) Omega-3 Fatty Acids and Health. Chapman and Hall, New
York.

Oliver, M. F. & Opie, L. H. (1994) Effects of glucose and fatty acids on myocar-
dial ischaemia and arrhythmias. Lancet 343: 155-158.

Opie, L. H.  (1991) The Heart. Physiology and Metabolism. Raven Press, New
York.

Opie, L. H., Thomas, M., Owen, P., Norris, R. M., Holland, A. J. & Van Noorden,
S. (1971) Lancet. 818-822.

Oudot, F., Grynberg, A. & Sergiel, J. P. (1995) Eicosanoid synthesis in cardio-
myocytes: influence of hypoxia, reoxygenation, and polyunsaturated fatty
acids. Am. J. Physiol. 268: H308-H315.

Paulson, D. J., Smith, J. M., Zhao, J. & Bowman, J. (1992) Effects of dietary
fish oil on myocardial ischemic/reperfusion injury of Wistar Kyoto and stroke-
prone spontaneously hypertensive heart. Metabolism 41: 533-539.

Pepe, S. & McLennan, P. L. (1996) Dietary fish oil confers direct antiarrhythmic
properties on the myocardium of rats. J. Nutr. 126: 34-42.

Phillipson, B. E., Rothrock, D. W & Connor, W. E. (1985) Reduction of plasma
lipids, lipoproteins, and appoproteins by dietary fish oils in patients with hy-
pertriglyceridemia. N. Engl. J. Med. 312: 1210-1216.

Riemersma, R. A., Sargent, C. A., Saman, S., Rebergen, S. A. & Abraham, R.
(1988) Dietary fatty acids and ischaemic arrhythmias. Lancet ii: 285-286.

Sargent, C. A. & Riemersma, R. A. (1990) Polyunsaturated fatty acids and car-
diac arrhythmia. Biochem. Soc. Trans. 18: 1077-1078.

Sellmayer, A., Witzgall, H., Lorenz, R. L. & Weber, P. C. (1995) Effects of di-
etary fish oil on ventricular premature complexes. Am. J. Cardiol. 76: 974—
977.



(n-3) FATTY ACIDS AND CARDIAC ARRHYTHMIA 393

Shekelle, R. B., Missel, L. & Paul, O. (1985) Fish consumption and mortality
from coronary heart disease. Lancet 313: 820.

Siess, W., Roth, P. & Scherer, B. (1988) Platelet membrane fatty acids, platelet
aggregation and thromboxane formation during a mackerel diet. Lancet i:
441-444.

Siscovick, D. S., Raghunathan, T. E. & King, I. (1995) Dietary intake and cell
membrane levels of long chain n-3 polyunsaturated fatty acids and the risk
of primary cardiac arrest. J. Am. Med. Assoc. 274: 1363-1367.

Spector, A. A., Fang, X. & Weintraub, N. L. (1996) Cytochrome P450 metabo-
lites of essential fatty acids: functional considerations, (abs). In: Lipids, Mem-
branes and Thrombosis: Fundamental basis of cardiovascular disease and
its dietary prevention, University of Limburg, Maastricht, Netherlands.

Spector, A. A, Gordon, J. A. & Moore, S. A.  (1994) S-oxidation of hydroxyeico-
satetraenoic acids: a peroxisomal process. In: Fatty Acids and Lipids: Biologi-
cal Aspects (Galli, C., Simopoulos, A. P. and Tremoli, E. eds.), vol. 75, pp. 8-
15, Karger, Basel.

Spector, A. A. & Yorek, M. A. (1985) Membrane lipid composition and cellular
function. J. Lipid. Res. 26: 1015-1035.

Steinberg, S. F., Robinson, R. B. & Lieberman, H. B. (1991) Thrombin modu-
lates phosphoinositide metabolism, cytosolic calcium and impulse initiation
in heart. Circulation Res. 68: 1216-1229.

Swanson, J. E. & Kinsella, J. E.  (1986) Dietary n-3 polyunsaturated fatty acids:
modification of rat cardiac lipids and fatty acid composition. J. Nutr. 116:
514-523.

Taffet, G. E., Pham, T. T. & Bick, D.L.M. (1993) The calcium uptake of the rat

heart sarcoplasmic reticulum is altered by dietary lipid. J. Mem. Biol. 131:
35-42.

Turner, J., McLennan, P. L. & Abeywardena, M. Y. (1990) Absence of coronary
aortic atherosclerosis in rats having dietary lipid modified vulnerability to car-
diac arrhythmias. Atherosclerosis 82: 105-112.

Vajreshwari, A. & Narayanareddy, K. (1992) Effect of dietary fats on some
membrane-bound enzyme activities, membrane lipid composition and fatty
acid profiles of rat heart sarcolemma. Lipids 27: 339-343.

Van der Vusse, G. J., Glatz, J.F.C. & Stam, H.C.G. (1992) Fatty acid homeosta-
sis in the normoxic and ischemic heart. Physiol. Rev. 72: 881-940.

Von Schacky, C. V. & Weber, P. C. (1985) Metabolism and effects on platelet
function of the purified eicosapentaenoic and docosahexaenoic acids in hu-
mans. J. Clin. Investigation 76: 2446-2450.

Weber, P. C. (1990) Fish oil fatty acids and cardiovascular function: Epidemiol-
ogy and biochemical mechanisms. Biochem. Soc. Trans. 18: 1045-1049.
Weylandt, K. H., Kang, J. X. & Leaf, A. (1996) Polyunsaturated fatty acids exert
anti-arrhythmic actions as free acids rather than in phospholipids. Lipids 31:

977-982.

Yang, B. C., Saldeen, T.G.P., Bryant, J. L., Nichols, W. W. & Mehta, J. L. (1993a)
Long term dietary fish oil supplementation protects against ischemia-reperfu-
sion-induced myocardial dysfunction in isolated rat heart. Am. Heart. J. 126:
1287-1292.

Yang, B., Saldeen, T.G.P. & Nichols, W. W. (1993b) Dietary fish oil supplemen-
tation attenuates myocardial dysfunction and injury caused by global ischemia
and reperfusion in isolated rat hearts. J. Nutr. 123: 2067-2074.



