Antiarrhythmic Effects of Omega-3 Fatty Acids

James A. Reiffel, MD,** and Arline McDonald, PhD"

Fish oil, and omega-3 fatty acids in particular, have been found to reduce plasma
levels of triglycerides and increase levels of high-density lipoprotein in patients with
marked hypertriglyceridemia, and a pharmaceutical-grade preparation has recently
received approval from the US Food and Drug Administration to market for this
purpose. However, in both bench research studies and clinical trials, evidence for
clinically significant antiarrhythmic properties has also been detected in association
with omega-3 fatty acid intake. Arguably the most significant finding in this data set
was the reduction in the incidence of sudden death in survivors of myocardial
infarction in the Gruppo Italiano per lo Studio della Sopravvivenza nell’Infarto
Miocardico (GISSI)-Prevenzione trial and the subsequent recommendation for ad-
ministration of fish oil as part of the postinfarction regimen in Europe. This article
reviews in detail the basic and clinical research studies of fish oil as an antiarrhythmic
entity, the forms of preparation and/or administration that appear to possess these
properties and those that do not, the types of arrhythmias (ventricular ectopy and
atrial fibrillation as well as ventricular tachyarrhythmias) that have been beneficially
affected by fish oil administration, and the presumed and known mechanisms by
which the beneficial actions are exerted. © 2006 Elsevier Inc. All rights reserved.

(Am J Cardiol 2006;98[suppl]:50i—60i)

Sudden cardiac death is the most common cause of mortal-
ity among patients surviving a myocardial infarction (MI),
accounting for 50% to 60% of all deaths due to coronary
artery disease (CAD).! Postinfarction treatment of patients
with fish oil supplements is now considered 1 component of
an effective approach to preventing mortality due to sudden
cardiac death in this group at high risk. In 2003, the Euro-
pean Society of Cardiology published guidelines that rec-
ommended inclusion of fish oils as standard therapy for
postinfarction management.? This recommendation is sup-
ported by morbidity and mortality data obtained from sec-
ondary prevention studies of patients treated with fish oil
supplements after MI and from prospective observational
studies of healthy adults who regularly consumed fish.3-10
These studies found significant reductions in total and car-
diovascular mortality associated with intake of fish and fish
oils, with the largest decreases in the incidence of sudden
cardiac death. Overall, the magnitude of risk reduction
ranged from 29% to 52% for cardiovascular-related mortal-
ity and from 45% to 81% for sudden cardiac death.'!'-13
These findings are supported by those of other studies—in
patients with ischemic heart disease (IHD), in subgroups of
patients with implantable cardioverter defibrillators or su-
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praventricular arrhythmias, or with protocols designed to
assess antiarrhythmic mechanisms'4-72—that will be dis-
cussed in this article.

Are Fish Oils Antiarrhythmic?

The proportionately larger decrease in risk of sudden car-
diac death associated with fish consumption and fish oil
therapy, relative to nonfatal MI or mortality due to other
cardiovascular disease, suggests that fish oils may have
antiarrhythmic properties underlying these cardioprotective
effects.>® The relatively short duration observed between
initiating treatment and detection of effects on mortality (eg,
=90 days)*>#+10-14 and the independence of these effects
from changes in serum lipid profiles®# suggest a direct
antiarrhythmic potential of fish oils. In addition, both fish
and fish oils have been found to be beneficial when con-
sumed at low to moderate levels, indicating that effects are
achieved with physiologic levels of the active omega-3 fatty
acid components.

In the largest secondary prevention clinical trial with fish
oil conducted to date, the Gruppo Italiano per lo Studio della
Sopravvivenza nell’Infarto Miocardico (GISSI)-Prevenzi-
one found that mortality due to sudden cardiac death was
reduced by 53% and total mortality by 41% after MI in
11,323 patients treated with a relatively low dose (1.0
g/day) of pharmaceutical-grade fish oil.?> Divergence of sur-
vival curves for sudden cardiac death were observed =90
days after initiating fish oil therapy. Similar findings were
also reported by the Indian Experiment on Infarct Survival
Study, a randomized placebo-controlled study in 460 pa-
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tients with suspected acute MIL.# At 1 year, significantly
fewer cardiac deaths were found among patients random-
ized to fish oil therapy (24.5% compared with 34.7% for
controls; p <0.01). This difference in cardiac mortality
between fish oil and placebo groups was not associated with
differences in blood lipoproteins between groups, but the
total incidence of cardiac arrhythmias was significantly re-
duced in the fish oil group. In contrast were the findings
with use of eicosapentaenoic acid (EPA) in the recently
reported Japan EPA Lipid Intervention Study (JELIS).! In
JELIS, fish oil supplements (1,800 mg/day) were given to
18,645 Japanese patients with hyperlipidemia who were
taking statins and already consuming significant amounts of
fish in their diets; only 20% of these patients had known
CAD. No reduction in the incidence of sudden cardiac death
was noted, although the supplements did decrease major
coronary events in total by 19% (p = 0.011). Thus, there
may be a dose for dietary omega-3 fatty acid consumption
plus supplements beyond which additional antiarrhythmic
benefit may not be demonstrable and/or the benefit may be
most striking in patients with underlying THD.

The cardioprotective effects of fish consumption and fish
oil therapy have been attributed specifically to the antiar-
rhythmic effects of the long-chain omega-3 fatty acids EPA
and docosahexaenoic acid (DHA), which make up the ma-
jority of fatty acids in fish-derived fats. Estimates of ome-
ga-3 fatty acid intake obtained indirectly from dietary recall
of seafood consumption or directly from measurement of
cell-membrane fatty acid concentrations have yielded sim-
ilar findings. Siscovick and associates® demonstrated a re-
lation between risk of primary cardiac arrest and omega-3
fatty acids using both methods of assessment in a popula-
tion-based cohort of adults aged between 25 and 74 years
who were free of prior heart disease, major comorbidity, or
history of preventive fish-oil supplement use. Among 334
patients who had experienced primary cardiac arrest and
493 age- and sex-matched control subjects, risk of primary
cardiac arrest was decreased significantly by 50% for those
who consumed an estimated 5.5 g of omega-3 fatty acids
over the prior month (based on dietary recall of fish con-
sumption) compared with those who consumed no fish at
all, after adjustment for potential confounders (p <0.05). In
a subset of 82 cases and 108 controls from this study,®!®
erythrocyte membrane omega-3 fatty acids were 4.3% =
1.1 % for cardiac arrest cases and 4.9% =+ 1.4% for controls
(p = 0.002). Risk of primary cardiac arrest was signifi-
cantly decreased by 70% for those in the third quartile of
membrane omega-3 fatty acid concentration (mean, 5.0%
of total fatty acids) compared with those in the lowest
quartile (mean, 3.3% of total fatty acids). Controlling for
membrane omega-3 fatty acid differences eliminated the
differences in risk attributed to dietary intake between
cases and controls, suggesting that the benefits associated
with consumption of fish in this study were related to the
incorporation of the omega-3 fatty acid components into
membrane phospholipids.

The prospective, cohort Cardiovascular Health Study
(CHS) examined the relation between risk of IHD mortality
due to arrhythmia and fish consumption, based on dietary
recall and verified by plasma phospholipid omega-3 fatty
acid content, in 3,910 adults aged =65 years without a
history of cardiovascular disease at baseline.® At an average
follow-up of 9.3 years, 148 arrhythmic deaths were identi-
fied among 247 incident IHD deaths. Arrhythmic IHD death
was decreased 68% among those with a baseline fish con-
sumption of =3 times weekly (p = 0.001) compared with
those who consumed fish <1 time weekly, after adjustment
for multiple dietary and cardiovascular disease risk factors.
Total ITHD mortality was decreased 53% (p = 0.002). In
contrast, among the 363 cases of incident nonfatal MI,
previous fish intake did not significantly affect mortality
risk after adjustment for heart rate.

Similarly, a nested case-control study of 5,021 patients
enrolled in the CHS found that 67% (36 of 54 patients) of
cases of fatal IHD were attributable to arrhythmias.® This
study also found significantly lower plasma levels of phos-
pholipid EPA and DHA, omega-3 fatty acids derived almost
exclusively from fish, among cases compared with controls
matched for age, sex, clinic site, and length of follow-up
(p = 0.02). An increase of 1 standard deviation in plasma
phospholipid EPA and DHA was associated with a 68%
decrease in risk of incident fatal IHD (p = 0.01). At the
same time, a comparable increase in the primary dietary
omega-6 fatty acid, linoleic acid, was associated with a
significant increase in risk of 2.5 times (p = 0.03). For
nonfatal MI, no significant difference in risk related to either
plasma phospholipid omega-3 or omega-6 fatty acids was
found between patients and control subjects.

Clinical data supporting antiarrhythmic properties of fish
oils have also been obtained from studies examining surro-
gate markers of lethal sustained ventricular arrhythmias,
such as incidence of premature ventricular complexes, and
from other arrhythmias, such as atrial tachycardia and atrial
fibrillation.

In a double-blind placebo-controlled study in 65 patients
with cardiac arrhythmias but without evidence of CAD or
heart failure, the incidences of atrial and ventricular prema-
ture complexes, couplets, and triplets were reduced over a
6-month period among those randomized to treatment with
3 g/day of fish oil providing 1 g of omega-3 fatty acids
compared with those randomized to 3 g/day of olive oil as
a placebo.!” At the end of the dietary period, the Lown
classification grades switched from higher to lower values
in the fish oil group whereas no change was observed in the
olive oil group.

In 39 patients who were free of complex ventricular
arrhythmias and severe heart failure at baseline, a significant
trend toward a reduction in ventricular premature com-
plexes was also reported after 16-week treatment with 15
mL/day of fish oil providing 0.9 g EPA and 1.54 g DHA or
with a placebo of sunflower seed oil.!® Data from 24-hour
ambulatory Holter electrocardiographic (ECG) monitoring



52i The American Journal of Cardiology (www.AJConline.org) Vol 98 (4A) August 21, 2006

showed a 48% decrease in ventricular premature complexes
in the fish oil group compared with a 25% decrease in the
placebo group. In addition, 38% (15 of 39 patients) in the
fish oil group had a clinically relevant response of a >70%
reduction compared with a 13% reduction (5 of 40 patients)
in the placebo group (p <0.01). Reductions in couplets
(>80%) and triplets (>90%) also occurred more frequently
in the fish oil group compared with the placebo group
(response in 52% vs 44%, respectively).

Similarly, in a study in 40 patients with dual-chamber
pacemakers who had paroxysmal atrial tachyarrhythmia re-
corded at periodic monitoring, treatment with 1 g/day of
omega-3 fatty acids for 4 months significantly reduced the
number of atrial tachyarrhythmia episodes by 59% (p =
0.037) and the burden by 67% (p = 0.029) without change
in device programming or pharmacologic therapy.!® During
the 4-month follow-up after discontinuation of the omega-3
fatty acid therapy, both the number of episodes and burden
of duration increased to levels comparable to pretreatment
values.

Risk of atrial fibrillation was also inversely associated
with fish intake in a prospective population-based cohort of
4,815 adults aged =65 years.?® A total of 980 cases of
incident atrial fibrillation were diagnosed from hospital dis-
charge records and annual ECGs at 12-year follow-up. A
28% lower risk of atrial fibrillation was associated with
consumption of tuna or other broiled or baked fish 1 to 4
times weekly compared with intakes of <1 time monthly.
Risk was 31% lower when fish was consumed =5 times
weekly. Adjusting for a history of or the presence of MI or
congestive heart failure did not change the results. This
study also confirmed a significant relation between plasma
phospholipid EPA and DHA concentrations and consump-
tion of tuna or other broiled or baked fish. In contrast,
consumption of fried fish or fish sandwiches did not signif-
icantly influence risk of atrial fibrillation nor did it relate to
plasma phospholipid concentration of EPA and DHA. An
additional trial in atrial fibrillation is ongoing.?!

The incidence of atrial fibrillation has also been reported
to be reduced by fish oils when used following coronary
artery bypass surgery.?? In a prospective study, 160 patients
were randomized to receive polyunsaturated fatty acids (2
g/day) or placebo control, starting 5 days before surgery and
continuing until hospital discharge.?? The incidence of atrial
fibrillation was 33.3% in the control group and 15.2% in the
fish oil group (p = 0.013), and hospital stay was 1 day
shorter in the fish oil group (p = 0.017).

Supporting Data from Nonhuman Studies

Substantial data from studies in cultured neonatal cardio-
myocytes and isolated perfused animal hearts support the
antiarrhythmic properties of omega-3 fatty acids.!423-2° Pre-
vention of ischemia-induced ventricular fibrillation by
omega-3 fatty acids has also been observed in whole animal

models, including dogs, rats, and marmosets.?* In a reliable
model of sudden cardiac death in dogs having a hydraulic
inflatable cuff surgically inserted around the left circumflex
artery, fatal ventricular fibrillation was prevented during
exercise in every instance with prior infusion of EPA plus
DHA and, following induction, was stopped with infusion
of these fatty acids.3?

In isolated neonatal rat cardiac myocytes, EPA plus
DHA inhibited development of tachyarrhythmias induced
by exposure to a broad spectrum of arrhythmogenic agents,
including elevated calcium concentrations, toxic levels of
ouabain, the [B-adrenergic agent isoproterenol, lysophos-
phatidylcholine, and acylcarnitine.?® Using an isolated
working heart model perfused with porcine erythrocytes to
demonstrate ischemia- and reperfusion-induced arrhyth-
mias, researchers showed that previous feeding of a fish oil
diet for 16 weeks to adult male rats reduced arrhythmias in
ischemia and prevented reperfusion-induced ventricular fi-
brillation.3! Neither effect was observed in hearts from
animals previously fed isoenergetic saturated-fat or low-fat
reference diets. Compared with the low-fat reference diet,
the fish oil diet increased the threshold for programmed
electrical induction of ventricular fibrillation during control
perfusion, whereas the saturated-fat diet decreased the
threshold. A small but not significant decrease in the inci-
dence of ventricular fibrillation during acute myocardial
ischemia was also observed in isolated perfused hearts from
rats that had been fed fish oil in amounts as small as 0.4%
of total energy for 4 weeks.32

Anesthetized marmosets underwent programmed electri-
cal stimulation to induce ventricular fibrillation to compare
the effects of omega-3 with omega-6 fatty acids in diets fed
for 16 weeks. Ventricular fibrillation was induced in 6 of 10
monkeys on each diet. The threshold for ventricular fibril-
lation was significantly elevated in the saturated fat/fish oil
group (33.3 £ 3.1 mA) compared with the saturated fat/
sunflower seed oil group (14.3 = 4.9 mA). The ventricular
fibrillation threshold reduced during acute myocardial isch-
emia remained significantly higher with fish oil. With feed-
ing of 3.8% of energy as fish oil, omega-3 fatty acid incor-
poration into myocardial membranes was 31% of total fatty
acids. Omega-3 fatty acids reduced the vulnerability of
normal or ischemic myocardium to arrhythmias in nonhu-
man primates.33

Are All the Available Data Consistent?

Not all studies have been able to demonstrate antiarrhyth-
mic properties associated with fish oils. In humans, risk of
atrial fibrillation or flutter did not appear to be influenced by
fish consumption in a prospective cohort study in 47,949
adults aged 50 to 64 years who were free of CAD at baseline
and were enrolled in the Danish Diet, Health, and Cancer
Study.** At a mean follow-up of 5.7 years, baseline
omega-3 fatty acid intake equivalent to a frequency of fish
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consumption of =2 times weekly was not associated with a
reduction in risk across any of the sex-specific quintiles of
omega-3 fatty acid intake in this study.

In a randomized, double-blind, placebo-controlled study
in 92 patients aged =18 years, the number of ventricular
premature complexes was not significantly reduced after 14
weeks of supplementation with 3.5 g/day of fish oil provid-
ing 700 mg of EPA and 560 mg of DHA compared with
high—oleic acid sunflower oil supplementation.?> Patients
enrolled in this study had a history of frequent ventricular
premature complexes over the previous 6 months, defined as
arate of =1 per minute or a frequency of 1,440 per 24-hour
period on Holter monitoring. A total of 3 patients in the fish
oil group had a reduction of >70%, indicating a positive
response to treatment in a clinical setting, compared with 7
positive responses in the placebo group. Nevertheless, the
incidence of these complexes was decreased by >867 in the
fish oil group compared with placebo; heart rate, an estab-
lished predictor of risk for sudden cardiac death, was de-
creased significantly by 2.1 beats per minute (p = 0.022).3¢

No effect due to treatment was observed in a study in 84
healthy adults aged 50 to 70 years that was conducted in the
Netherlands.?? In this study, subjects were randomized by
sex and diastolic blood pressure (above or below median)
and matched by fish intake within strata to receive either 3.5
g/day of fish oil—an amount equivalent to 2 servings of
fish—or high—oleic acid sunflower oil for 12 weeks. End
points consisted of ECG and blood pressure recorded for 10
minutes with standard respiration of 15 breaths per minute
and heart rate variability (HRV) calculated from the stan-
dard deviation of the duration of all normal relative risk
intervals from the recordings. Similarly, there was no de-
monstrable benefit on atrial fibrillation in a Danish study
that examined the incidence of atrial fibrillation with the
consumption of fish.3* However, information concerning
the use of fish oil supplementation was not available.

In anesthetized pigs, recovery of cardiac function and
incidence of cardiac arrhythmias were not influenced by
whether a mackerel diet or a lard diet had been fed over the
previous 8 weeks.3® These end points were measured fol-
lowing occlusion of the left anterior descending coronary
artery 6 times, for periods of 5 minutes at 15-minute inter-
vals, to mimic acute recurrent ischemia. The hyperemic
responses in the last reperfusions were smaller in magnitude
and of shorter duration in the lard-fed animals, and coronary
venous blood thromboxane B, levels were also higher dur-
ing peak hyperemia in these animals. Membrane omega-6
fatty acids had been partially replaced with omega-3 fatty
acids in animals fed the mackerel diet, and reductions of
51% in plasma cholesterol and 48% in plasma triglycerides
were also noted compared with pigs fed a lard diet. The
differences in responses between the 2 diet groups was
explained by differences in eicosanoid production because
baseline blood levels of both thromboxane B, and 6-keto-
prostaglandin Fl-a were lower in mackerel-fed animals,

reflecting the reduced content of precursor fatty acids in the
membrane phospholipids.

Studies in patients with implantable cardioverter de-
fibrillators: Results of studies in patients with implantable
cardioverter defibrillators have also appeared to be conflict-
ing. Some studies reported a trend toward an increased risk
of ventricular arrhythmias, although not of mortality, with
fish oil supplementation in patients with implantable car-
dioverter defibrillators.3® A recent randomized placebo-con-
trolled trial in 200 patients with newly implanted cardio-
verter defibrillators for ECG-documented ventricular
tachycardia or fibrillation found that the number of episodes
of ventricular tachycardia and fibrillation was not signifi-
cantly different between groups supplemented with either
fish oil consisting of 1.8 g/day of 42% EPA and 30% DHA
ethyl esters or an olive oil placebo at 2-year follow-up.® An
overall trend toward an increase in ventricular tachycardia
and fibrillation was noted in those receiving fish oil supple-
ments, which was significant among those patients with
ventricular tachycardia as a qualifying entry rhythm (p =
0.007). In addition, the rate of recurrent episodes was sig-
nificantly increased in this group (p <0.001), suggestive of
potential proarrhythmic effects of fish oil in this population.
At study entry, none of these patients had a preexisting
cardioverter defibrillator implant or had received implant-
able cardioverter defibrillator therapy for an episode of
ECG-documented ventricular tachycardia or fibrillation dur-
ing the previous 3 months.

In another series, omega-3 fatty acids were infused in 10
patients with implanted cardioverter defibrillators who un-
derwent simultaneous electrophysiologic testing to ascertain
the immediate effects of these fatty acids on the induction of
sustained ventricular tachycardia.*! Although omega-3 fatty
acid infusion did not induce arrhythmia in these patients, it
did sustain ventricular tachycardia in 5 of the 7 patients in
whom this condition was observed. The rationale for an
infusion study, however, can be questioned: incorporation
into tissue membranes is needed for an effect, and clinical
benefit is not conferred immediately with increased oral
intake.

Of possible relevance, Burr and coworkers’ had previ-
ously suggested possible proarrhythmic effects of fish oil
supplementation based on data from 3,114 men with CAD
in the Diet and Reinfarction Trial (DART). In this unblinded
study, men who were randomized to increase their fish
intake were instructed to consume either 2 portions of fatty
fish weekly or 3 g of fish oil daily. A higher risk of sudden
cardiac death was found among men who were randomized
to the fish group (n = 1,572), compared with the effect
observed among those taking fish oil supplements (n =
462).

In contrast, Leaf and colleagues*?> most recently reported
a trend toward prolonged time to first implantable cardio-
verter defibrillator event or death due to any cause (risk
reduction, 28%; p = 0.057) in 402 patients randomized to
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fish oil compared with olive oil supplementation. When
therapies for probable ventricular tachycardia or fibrillation
were included in the end point, the risk reduction became
significant: 31% (p = 0.033). Similarly, in the Study on
Omega-3 Fatty Acids and Ventricular Arrhythmia
(SOFA)#344 reported at the annual scientific sessions of the
European Society of Cardiology in September 2005, a trend
toward improved survival free of ventricular tachycardia or
fibrillation was seen in patients with implanted cardioverter
defibrillators treated with fish oil supplementation (71% vs
63%), although only in the subpopulation with a prior MI.

Why Are the Data Inconsistent?

The most convincing support for antiarrhythmic properties
of fish oils has come from epidemiologic studies relating
fish consumption to risk of sudden cardiac death, fatal MI,
or mortality due to IHD; from studies specifically in patients
with prior MI; from populations with low intrinsic levels of
fish in their diets; and from experimental studies that exam-
ined the effects of specific omega-3 fatty acids in isolated
cell systems or whole animals. Attempts to reproduce these
findings in all clinical settings have not shown the same
consistency in results. Disparities among these data reflect
in part the relatively small numbers of studies conducted to
date, as well as substantial differences in the study proto-
cols, including source, amount, and method of administra-
tion of omega-3 fatty acids tested; duration of supplemen-
tation; control of background diet, particularly intake of
other fatty acids that may have proarrhythmic or antiar-
rhythmic effects; and either the end points used to assess
arrhythmias or conditions to induce them experimentally.
The available data in humans have been obtained from a
heterogeneous group of observational and interventional
studies in healthy adults or in patients in whom different
clinical criteria were used to determine eligibility for en-
rollment. Fish oils were either administered as supplements
or obtained from consumption of fish. Doses of omega-3
fatty acids were not standardized across clinical studies, and
when dietary intakes were assessed, estimates of omega-3
fatty acid intakes were based on fish consumption obtained
from recall. In those studies that verified the level of
omega-3 fatty acid intake by measuring plasma phospho-
lipid fatty acid content, the antiarrhythmic effects associated
with fish and fish oil have been confirmed.816.20.35
Another possible explanation for the absence of a uni-
formly observed protective effect of fish consumption on
mortality due to IHD is that the relation between omega-3
fatty acids and mortality risk is nonlinear, suggesting a
threshold and possibly a dose-limited nonincremental ef-
fect.!6 Several prospective cohort studies reported a maxi-
mum impact of fish consumption on mortality at intakes of
=1 serving per month.'® A nonlinear dose-response rela-
tionship was found between omega-3 fatty acid intake from
seafood and risk of primary cardiac arrest.'® Mean intakes

of EPA plus DHA calculated over the month before the
event were 4.3 = 6.0 g for cases and 5.3 = 5.6 g for controls
(p = 0.02). No additional benefit was observed at total
intakes averaging >5.5 g of omega-3 fatty acids per month
(96 g of fish per week). The JELIS data are also consistent
with a nonlinear dose response.!>

Consequently, studies in populations in whom the lowest
intakes of fish are above this theoretical maximum for
observable benefit would not be likely to demonstrate a
reduction in risk of mortality or a protective antiarrthythmic
effect from incremental increases in omega-3 fatty acid
intakes obtained from fish oil supplements. Geelen and
associates®’ reported no benefit of 12-week supplementation
with fish oils at 3.5 g/day on HRV in healthy adults aged 50
to 70 years who resided in the Netherlands. In this study, the
average monthly baseline intake of omega-3 fatty acids
estimated from habitual fish intake (obtained from 24-hour
dietary recall) was 8.4 g in the supplemented group and
8.7 g in the placebo group. These levels of intake are
equivalent to >4 servings of fish per month or 1 serving
weekly, which is the threshold level of intake suggested by
Siscovick and associates.!¢

Does the Type of Oil Matter?

Lack of control of background dietary intakes, particularly
of other fatty acids with effects that may modulate the
antiarrthythmic effects of omega-3 fatty acids, also likely
contributes significantly to the inconsistencies in some of
the studies. Use of placebo oils such as safflower oil, which
has a high content of omega-6 fatty acids that have antiar-
rhythmic effects, although weaker than those of omega-3
fatty acids, may have diminished the ability to detect a
significant difference between the effects of fish oils and
placebo. In addition, failure to account for methods of
preparation of fish that use highly saturated fat may also be
involved. Data from the prospective, population-based CHS
did not support a relation between risk of either atrial
fibrillation or incident nonfatal MI and fried fish in >3,500
adults aged =65 years at an average follow-up of >9 years;
however, risk of both were significantly reduced with con-
sumption of tuna and other broiled or baked fish.8-20

Both omega-3 and omega-6 classes of polyunsaturated
fatty acids appear to have antiarrhythmic effects, with the
possible exception of arachidonic acid (C,y.4 ), Which
may exhibit proarrhythmic activity through its cyclooxy-
genase metabolites*> (Figure 1).4¢ For this reason, Leaf and
colleagues?* recommended that only omega-3 polyunsatu-
rated fatty acids be tested as antiarrhythmic agents in clin-
ical trials. Dietary fatty acid composition influences devel-
opment of cardiac arrhythmias experimentally induced by
coronary occlusion and reperfusion. In an anesthetized
whole animal model of arrhythmia and sudden cardiac
death, incidence and severity of arrhythmias were decreased
by supplementation with tuna fish oil, whereas sunflower
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Figure 1. The effect of different dietary fatty acids on cardiac arrhythmia.
AA = arachidonic acid; DMA = docosahexaenoic acid; EPA = eicosa-
pentaenoic acid; LA = linoleic acid; LNA = a-linoleic acid. (Adapted
with permission from J Nutr.*®)
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seed oil (comprising 77% linoleic acid and <1% linolenic
acid) decreased arrhythmias induced during occlusion but
not during reperfusion.

A review of experimental data demonstrated that diets
with a high ratio of linoleic acid to saturated fat protect
against ventricular fibrillation and are thus antiarrhythmic.4’
Under experimental conditions, significant reductions in
arrhythmias have been observed when fish oil was com-
pared with saturated fat but not with omega-6 fatty acids.
Although fatal ventricular fibrillation induced by coronary
artery ligation was reduced 70% with sunflower oil com-
pared with saturated-fat and monounsaturated-fat diets, re-
duction with fish oil was almost 100%.4% Intravenous infu-
sion of omega-3 fatty acids, but not soybean oil, also
reversed the ventricular fibrillation induced in conscious
exercising dogs by inflated cuff occlusion of the left cir-
cumflex artery.3¢

How May End Points Matter?

Choice of end points may also contribute to the inconsis-
tency in data supporting the antiarrhythmic effects of fish
oils. Animal studies have relied exclusively on assessment
of ventricular fibrillation, with mixed results at omega-3
fatty acid intakes ranging from 0.4% to 30% of total energy,
despite marked incorporation into cell membranes over this
range.>? In contrast to animal studies, studies in humans
have used a broad spectrum of end points to assess antiar-
rhythmic potential in both healthy adults and patient popu-
lations. These include mortality due to IHD, sudden cardiac
death, and fatal MI3-%1431 as well as various intermediate
markers such as ventricular fibrillation and tachycar-
dia,!7-4041.49 atrial fibrillation,!?-29-3¢+ HRV and baroreceptor
sensitivity,’® ECG findings such as corrected QT interval,3’
and premature ventricular complexes.!8-3>

Although the mechanism of action of antiarrhythmic
drugs involves a direct effect on the electrophysiology of

cardiac muscle, comparable effects of omega-3 fatty acids
on electrophysiologic predictors of arrhythmia such as
HRYV, premature ventricular complexes, or ECG findings
have not been consistently found, although most of the
studies using end points have been small and conducted in
healthy populations.'® Favorable effects on HRV have been
found in patients after MI, suggesting that autonomic con-
trol may be affected by omega-3 fatty acids in a population
in whom ischemic damage may already be present. In ad-
dition, the individual effects of EPA and DHA were not
examined, despite the vast majority of experimental evi-
dence supporting antiarrhythmic properties specific to these
fatty acids that may not generalize to other omega-3 fatty
acids found in fish oils.

Although surrogate markers are more closely linked with
arrhythmic properties than are the mortality end points they
represent, individual markers do not represent every aspect
of the pathology underlying development of fatal arrhyth-
mias that may be influenced by omega-3 fatty acids. For
example, HRV and baroreceptor sensitivity reflect cardiac
autonomic regulation such that reduced values predict ar-
rhythmic events and mortality, but most sudden cardiac
deaths are caused by acute ventricular tachyarrhythmias.>°
Although the effects of omega-3 fatty acids on ventricular
tachycardia and fibrillation address influences on ventricular
arrhythmias, these end points nevertheless have not been
considered an ideal surrogate for sudden cardiac death.
According to Raitt and associates,*® who did not demon-
strate a benefit of fish oils in patients with implanted car-
dioverter defibrillators, ischemic ventricular fibrillation may
be the primary cause of sudden cardiac death in patients
with recent MI and preserved left ventricular function but
not among patients similar to those enrolled in their study—
patients who had not had a recent MI, had significantly
reduced left ventricular function, and had a history of sus-
tained ventricular arrhythmias. In these patients, sustained
ventricular tachycardia or fibrillation, especially ventricular
tachycardia, in the absence of MI would not likely be
ischemic (like myocardial scar-based reentry), and thus an-
tiarrthythmic effects based on electrical stabilization of car-
diomyocytes as proposed by Leaf and colleagues??® would
not apply.

HRYV and baroreceptor sensitivity have been suggested
as surrogate markers predictive of arrhythmic events and
mortality because both of these indices represent cardiac
autonomic regulation.*® In a double-blind placebo-con-
trolled study in 55 patients with a previous MI, the effect of
fish oil on cardiac autonomic control was assessed by mea-
surement of HRV (as an indicator of cardiac autonomic
control) by means of 24-hour Holter monitoring.!> The
group randomized to receive 5.2 g/day of omega-3 fatty
acids showed a significant increase in HRV from baseline
that was also significantly different from that in the placebo
group. Although the number of ventricular extrasystoles
over the 24-hour monitoring was decreased in both groups,
the difference between groups was not significant. Addi-
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tionally, correlations between membrane fatty acids in
platelets or granulocytes and HRV were examined in a
randomized placebo-controlled trial in 60 healthy men and
women.’! Membrane DHA was positively and significantly
correlated with HRV indices at baseline (correlation coef-
ficient, 0.50; p <<0.01). After supplementation with either
6.6 g/day or 2.0 g/day of omega-3 fatty acids or an olive oil
placebo for 12 weeks, a dose-dependent relation was ob-
served in men but not in women. In contrast, neither HRV
nor baroreceptor sensitivity was influenced over 12 weeks
by a fish oil supplement of 3.5 g/day, equivalent to 2
servings of fish, compared with high—oleic acid sunflower
oil in a group of healthy adults aged 50 to 70 years. This
finding can be taken as evidence against fish oils having an
effect on cardiac autonomic function but, alternatively, it
may indicate that sunflower oil has similar actions. Regard-
ing fish oils having an effect on autonomic function, the
recent meta-analysis by Mozaffarian and coworkers>? found
that fish oil supplementation reduced heart rate, particularly
in trials of =12 weeks and particularly in patients with
higher baseline heart rates.

The absence of an effect of fish oil supplementation on
ECG findings (including corrected QT interval and QRS
duration) in a healthy population may suggest that the pro-
tective effects of fish oils do not involve electrophysiologic
effects on cardiac repolarization.3” However, a nonsignifi-
cant decrease of 0.2% or 0.8 msec in the corrected QT
interval with fish oil supplementation compared with pla-
cebo in this healthy population cannot rule out the possibil-
ity that fish oil supplements may have a greater impact on
these end points in a population at high risk. In addition,
baseline omega-3 fatty acid intake estimated for both the
fish oil and placebo groups in both of these studies37->2 was
also at or above the proposed threshold effect level. Other
studies that did not find an effect of fish oil supplementation
on surrogate markers of arrhythmias also did not enroll
patients at high risk. Geelen and associates> did not include
patients with left ventricular dysfunction, and only 25% of
patients had a history of MI. Frost and Vestergaard3* mea-
sured effects of fish intake on atrial fibrillation but only in
those patients who were symptomatic.

What Are the Likely Mechanisms for the
Antiarrhythmic Effects of Fish Oils?

A number of plausible mechanisms have been proposed to
explain the antiarrhythmic effects attributed to fish oils:
structural, metabolic, autonomic, and electrophysiologic.
Omega-3 fatty acids satisfy the structural requirements of
antiarrhythmic agents identified by in vitro studies to consist
of a long acyl hydrocarbon tail, =2 unsaturated carbon-
carbon double bonds, and a free carboxyl group at 1 end.
Fatty acids are essential fuels for mechanical, electrical, and
synthetic activities of the heart.>3 EPA and DHA are pref-
erentially bound at the sn-1 position in storage triglycerides,

where lipases are most active and thus are mobilized more
rapidly from adipose tissue stores in response to physiologic
demand than are saturated fat and monounsaturated fat.
Omega-3 fatty acids are not active in triglyceride storage
form and require phospholipases to be activated.3? Free fatty
acids alter excitability and activity of sodium and L-type
calcium channels.3¢

The antiarrhythmic properties of omega-3 fatty acids
likely involve modulation of the biochemical processes un-
derlying fatal ventricular arrhythmias.>* The specific mech-
anisms that have been proposed include direct effects on
cardiac microsomal calcium/magnesium adenosine triphos-
phatase and voltage-gated sodium channels, as demon-
strated in cultured neonatal cardiac myocytes. Also included
may be effects on the inositol lipid cycle and cell signaling;
on the cell membrane, via modification of membrane phos-
pholipids; or anti-inflammatory effects mediated by eico-
sanoids. Support for a particular mechanism of action ap-
pears to depend on the type of study.>> Whereas dietary
studies support mechanisms mediated by changes in
omega-3 fatty acids or their metabolites in plasma and
vascular tissues, studies in isolated animal hearts and cul-
tured neonatal cardiac myocytes support mechanisms re-
lated to direct effects on the electrophysiology of the heart.

Although human data have not yielded consistent find-
ings on whether omega-3 fatty acids influence cardiac ar-
rhythmias through autonomic control, they have not ruled
out the possibility of additional direct effects on ion chan-
nels in cardiomyocytes. Autonomic regulation involves
control of inward sodium and calcium currents, which pro-
mote depolarization, and the outward potassium current,
which opposes depolarization.>> Omega-3 fatty acids have
prevented or attenuated (3-adrenergic agonist—induced ar-
rhythmias in cultured myocytes in the absence of confound-
ers such as hormones and neurotransmitters.

Effects on Sodium and Calcium Currents

The majority of experimental studies indicate that omega-3
fatty acids may prevent fatal ventricular arrhythmias at least
in part by correcting electrolyte disturbances that electri-
cally destabilize the myocardium.20-25.26:55 Fatal arrhythmias
underlying sudden cardiac death most often arise from isch-
emia-induced electrical instability in the heart. Ischemia
depolarizes the cardiac membrane by decreasing the activity
of sodium/potassium adenosine triphosphatase, which in-
creases interstitial potassium concentration, making the
resting membrane potential more positive.’® The result is
that the voltage threshold for gating of inward sodium
current (which initiates action potential) is approached,
making the myocytes more vulnerable to any small further
depolarization stimulus or injury currents. Under these con-
ditions, a smaller than normal depolarizing current can elicit
a premature action potential and initiate an arrhythmia.
Omega-3 fatty acids are thought to act on the final



Reiffel and McDonald/Antiarrhythmic Effects of Omega-3 Fatty Acids 57

common pathway affecting excitability of the myocyte.
This involves inhibition of voltage-gated sodium channels
and maintenance of L-type calcium channels to prevent
calcium overload during stress.?0-22:26.53.57-60 By ghifting the
membrane to a more negative or hyperpolarized state,
omega-3 fatty acids cells ensure that these cells cannot
become sufficiently negative to return from the prolonged
inactivated state to an activatable one, so that any further
action potential can be generated only in nonischemic tis-
sue. Researchers found that the effectiveness of an antiar-
rhythmic agent depends on its ability to inhibit voltage-
gated sodium current by a voltage-dependent mechanism,
producing a large leftward shift of steady-state inactiva-
tion.>”-¢! Because partially depolarized myocytes at the pe-
riphery of an ischemic zone require only a small depolar-
ization stimulus (eg, the current of injury) to elicit an action
potential, shifting steady-state inactivation to physiologi-
cally unattainable negative potentials would prevent fatal
arrhythmias. These partially depolarized myocytes would
be removed from the functional pool because the require-
ment for a more negative resting potential to revert the
channel to an activatable resting state would render it un-
responsive and eliminate it as an arrhythmic risk.?23¢ In
studies to date, a large shift in the hyperpolarization of the
membrane potential necessary to close the voltage-gated
sodium channel is the only effect on sodium current that has
been observed with omega-3 fatty acids.® The activated
opening of the sodium channel in a-subunits of human
myocardial sodium channels expressed in stable human
embryonic kidney cells was not affected.

In contrast, with inhibition of L-type calcium channels,
omega-3 fatty acids have been found to prevent the increase
in calcium concentration that trigger arrhythmic afterpoten-
tial discharges caused by excessive cytosolic calcium fluc-
tuations.?¢->7-62 Contracture and fibrillation in isolated neo-
natal myocytes exposed to toxic levels of ouabain (0.1
mmol/L) were inhibited by EPA and DHA, which were
associated with prevention of excessively high calcium con-
centrations in these cells.®! Calcium currents through L-type
calcium channels were modulated within a few minutes of
adding these fatty acids to the medium. Under experimental
conditions, the presence of omega-3 fatty acids in the me-
dium increases the voltage requirement for gating (opening)
of sodium channels so that the strength of the stimulus
needed to elicit an action potential is increased by 50%. At
the same time, omega-3 fatty acids decrease L-type calcium
current so that the refractory period is prolonged by 150%.63
The net effect of these actions would be an increased elec-
trical stability of the myocardium.

Other effects of omega-3 fatty acids on ion conductance
have also been noted. DHA produces a direct open channel
block of the major voltage-dependent potassium channel
cloned in cardiac cells through binding to an external site on
the channel structure.®* By accelerating the apparent acti-
vation and decreasing the peak current in cardiac cells,

omega-3 fatty acids act similarly to the class III antiarrhyth-
mic drug tedisamil.

Effects on Repolarization

The delayed-rectifier potassium channel current, which is
responsible for the repolarization phase of ventricular more
so than atrial cardiac action potential, may also be inhibited
by these fatty acids in some circumstances, as demonstrated
in rat and mouse cultured myocytes. Additionally, a reper-
fusion-induced increase in D-myo-inositol 1,4,5-triphos-
phate in perfused hearts was prevented in rats after 8 weeks
of supplementation with omega-3 fatty acids compared with
control.®> Ventricular tachycardia was repressed 38% and
ventricular fibrillation was repressed 13% in this study (p
<0.01). Omega-3 fatty acids may also influence the so-
dium-calcium exchanger that is responsible for accumula-
tion of calcium in the cytoplasm, a stimulus for myocardial
contractile proteins.®® In a canine sodium/calcium ex-
changer system expressed in human embryonic kidney
cells, EPA suppressed both inward and outward modes of
operation in a concentration-dependent manner.®’ Accumu-
lation of hydrogen during ischemia stimulates activity of the
sodium/hydrogen exchanger to remove hydrogen in ex-
change for sodium. Increased activity of the exchanger
causes an accumulation of intracellular sodium, which stim-
ulates sodium/calcium exchange for removal of sodium at
the expense of increasing calcium entry. Overloading the
cells with calcium through this mechanism can also gener-
ate arrhythmia.

Different fatty acids appear to target different ion chan-
nels.®® Sensitivity may be determined by 1 of the 2 protein
subunits (eg, hminK) that produce slowly activating de-
layed-rectifier potassium current. Among the omega-3 fatty
acids, DHA augmented the delayed-rectifier potassium
channel current. EPA did not affect the magnitude of the
current but reduced the rate of activation. The effects of
lauric acid were similar to those of DHA; oleic acid had a
lesser effect. Cardiac sarcolemmal sodium/hydrogen ex-
change in isolated cell membranes was inhibited 30% to
50% by exposure to EPA and DHA at physiologic concen-
trations, whereas no effect was observed with exposure to
linoleic acid or linolenic acid. Passive sodium efflux, how-
ever, was not increased after treatment.¢”

Site of Action

The primary site of action of omega-3 fatty acids has not
been determined. Data have been presented to support both
direct effects on ion-channel proteins and indirect effects on
ion conductance mediated through modification of the lipid
bilayer contiguous with the ion channels in the microdo-
mains in the cardiac sarcolemma. By allosterically altering
the conformation of the membrane phospholipid bilayer in
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juxtaposition with the ion channels, omega-3 fatty acids can
influence sodium and calcium currents.!>? Membrane fluidity
is influenced by the packaging of lipids in phospholipids in
the membrane bilayer. When omega-3 fatty acids are pack-
aged within the cell membrane phospholipids, the mismatch
between the length of the hydrophobic transmembrane por-
tion of the protein and lipid bilayer creates a molecular
strain that interferes with the lipid microdomains contiguous
with the channel protein.®®

Membrane ion-channel conductance has been modified
experimentally by partitioning of omega-3 fatty acids within
the cell membrane with specific effects on the fast, voltage-
gated sodium current and L-type calcium current.2® Using
whole-cell voltage clamp measurements, omega-3 fatty ac-
ids inhibited voltage-dependent sodium and potassium cur-
rents (transient outward current and delayed rectifier cur-
rent, respectively), as well as the L-type calcium current.®®
Because omega-3 fatty acids noncompetitively displaced
3H-nitrendipine (a specific L-type calcium channel antago-
nist) from its binding site at the external pore of the calcium
channel protein, it cannot be said for certain what the pri-
mary effect is: that omega-3 does not bind to specific ion-
channel proteins directly or that omega-3 changes the con-
formation of the transmembrane protein channels.

The protective effects of omega-3 fatty acids cannot be
solely attributed to replacement of omega-6 fatty acids in
membrane phospholipids because both types of fatty acids
have demonstrated antiarrhythmic effects.’® In a study of
isolated hearts from male rats fed diets providing different
types of fats (10% wt/wt) and a low-fat control group for 10
weeks, the incidence of ventricular fibrillation under exper-
imentally induced conditions of both ischemia and reperfu-
sion was 10% in the fish oil-fed group compared with 44%
in the corn oil group, 67% in the coconut oil group, and 75%
in controls.

Yang and coworkers’! demonstrated that the antiarrhyth-
mic effects of omega-3 fatty acids in rats were not mediated
by plasma and blood cells. Animals fed diets enriched in
fish oil for 5 days had significantly increased myocardial
content of omega-3 fatty acids compared with controls fed
butter-enriched diets. In isolated hearts from fish oil-fed
rats, myocardial dysfunction was significantly attenuated
following 15 minutes of global ischemia and 10 minutes of
reperfusion compared with butter-fed rats, as evidenced by
a smaller change in the force of contraction (p <0.05) and
coronary perfusion pressure (p <0.001), as well as lower
concentrations of creatine kinase and thromboxane B, in the
coronary effluent (p <0.01), accompanied by a lower inci-
dence of ventricular arrhythmias.

The antiarrhythmic effects of omega-3 fatty acids may
differ from those of antiarrhythmic drugs in that they do not
involve changes in the number of sodium channels. Al-
though EPA did not upregulate cardiac sodium channels, it
reduced the increase in cardiac sodium channel expression
observed with mexiletine by 40% to 50%. The toxicity of
class I antiarrhythmic drugs is associated with upregulation

of sodium channel expression, which can cause arrhythmias
secondary to therapy.’> Despite successful suppression of
premature ventricular complexes by inhibiting cardiac so-
dium channels, short-term use of commonly used class I
antiarrthythmic drugs (ie, encainide or flecainide) was asso-
ciated with a poorer outcome and higher mortality in the
Cardiac Arrhythmia Suppression Trial.”3

Conclusion

The consumption of fish and fish oils appears in some
large-scale clinical trials to have beneficial effects on sur-
vival, particularly or at least in ischemic substrates and
particularly or at least in populations without high ambient
consumption of fish intake. Evidence for a reduction in
incidence of sudden death, in ischemic ventricular fibrilla-
tion, and in reperfusion ventricular fibrillation has been
noted. Other antiarrhythmic effects may also exist, such as
in some circumstances of atrial fibrillation, including a
well-performed perioperative study of patients undergoing
coronary artery bypass grafting. There is likely a dose-
ranging or dose-threshold effect; there may be similar ef-
fects of other unsaturated vegetable oils; and there may be
a sex difference, favoring effects in men. The manner in
which the fish is prepared when eaten as part of the diet also
likely alters the benefit seen, as does the background diet
used by the patient. When fish oil supplements are taken, the
variability in formulation, purity, and specific contaminants
of the current over-the-counter preparations are likely a
concern with respect to the effects sought in and by the
patient. Responses to fish oil therapy do not appear to be
immediate; rather, they require incorporation of the fatty
acids into cell membranes. Accordingly, the effects may not
be demonstrable in trials with too short a duration, too low
a dose, and/or suboptimal dosing compliance.

Possible mechanisms for the antiarrhythmic benefit of
fish oil therapy appear to be multiple and may, or likely,
include effects on cardiac ion currents, effects on cardiac
autonomic properties, and a resultant increase in fibrillation
threshold. From the data reviewed, it also seems likely the
antiarrhythmic effects are most pronounced in functionally
mediated arrhythmias, in which an acute process alters the
electrical properties of the cell and/or its autonomic modu-
lation, rather than in anatomic-based (eg, scar-related) ar-
rhythmias, a conclusion supported by the more impressive
findings with ischemic substrates and sudden cardiac death
than with ventricular tachycardia. Alterations in cell mem-
brane properties by inclusion of fish oil derivatives may be
a prominent part of the mechanism behind arrhythmia re-
duction. Future studies should include a focus on these
issues rather than just observational counts of changes in
arrhythmias with fish oil therapy.

In the United States, a pharmaceutical-grade fish oil
preparation similar to that used in the GISSI study has been
approved by the US Food and Drug Administration and was
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released in the last quarter of 2005 (Reliant Pharmaceuti-
cals, Liberty Corner, NJ). However, the indication sought,
and received, was only for the reduction of significant ele-
vations of triglycerides. Use for cardiac antiarrhythmic
and/or survival benefit would be off-label until such time
that approval for this purpose is attained; moreover, ap-
proval for such purposes will likely require more definitive
studies than the ones performed to date. Prospective trials of
dose, preparation (both as food and as supplement), patients
in whom benefit may be seen, and information about active
comparators will all have to be obtained.
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