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n-3 (omega-3) polyunsaturated fatty acids prevent
acute atrial electrophysiological remodeling
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Background and Purpose: Recent reports suggest that n-3 (omega-3) polyunsaturated fatty acids (PUFAs) may reduce atrial
fibrillation (AF). Reduction of the atrial effective refractory period (ERP) is believed to be an important early remodeling event
that favors the development and perpetuation of AF. We hypothesized that n-3 PUFAs would attenuate early atrial
electrophysiolgical remodeling in a canine model of acute atrial tachypacing.
Experimental Approach: Adult dogs of either sex received n-3 PUFAs (n¼6), n-6 PUFAs (n¼6), or saline (n¼6) infused over
1 h. After a stable ERP was established, treatment was initiated concurrently with 6 h of rapid atrial pacing (400 b.p.m.). Serial
right atrial ERPs were measured during rapid atrial pacing, and induction of atrial tachyarrhythmias was attempted at the
conclusion of each study.
Key results: There was no change in P wave duration or in the PQ, QRS, QT or QTc intervals in any of the treatment groups.
N-3 PUFA treatment significantly reduced the shortening of atrial ERP, compared to both control groups (Po0.05). In separate
experiments, the same n-3 PUFA infusion was given to dogs remaining in normal sinus rhythm. During sinus rhythm, n-3 PUFA
infusion did not alter any electrocardiogram (ECG) parameter or the atrial ERP.
Conclusions and Implications: We conclude that acute n-3 PUFA treatment prevents acute atrial electrophysiological
remodeling during high rate activity, which may minimize the self-perpetuation of AF.
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Introduction

Atrial fibrillation (AF) is the most common sustained cardiac

arrhythmia. In a seminal clinical study, a loss of normal rate-

related adaptation of the atrial effective refractory period

(ERP) was reported in patients with increased vulnerability

to AF (Attuel et al., 1982). This clinical observation was

confirmed by experimental models of AF or rapid pacing,

which are characterized by shortening and a loss of rate-

adaptation of the atrial ERP (Morillo et al., 1995; Wijffels

et al., 1995). This early reduction in ERP is believed to be an

initiating factor in the self-perpetuation of AF, whereby ‘AF

begets AF’ (Wijffels et al., 1995). Recent evidence suggests

that oxidative stress contributes to the pathology of AF

(Carnes et al., 2001; Mihm et al., 2001).

The two essential classes of polyunsaturated fatty acids

(PUFAs), n-3 (omega-3) and n-6 (omega-6), are obtained

through dietary intake (Leaf et al., 2003). Fish are the

primary source of n-3 PUFAs, specifically eicosapentaenoic

acid (EPA) and docosahexaenoic acid (DHA), whereas n-6

PUFAs are primarily obtained from vegetable oil sources

(parent compound, linoleic acid). Clinical observations and

intervention studies have reported variable efficacy of n-3

PUFAs in reducing the frequency of life-threatening ventri-

cular tachyarrhythmias (Marchioli et al., 2002; Albert et al.,

2005; Christensen et al., 2005; Leaf et al., 2005; Hooper et al.,

2006). Acute intravenous (i.v.) administration of n-3 PUFAs can

prevent ventricular arrhythmias in a canine model of high-risk

post-myocardial infarction (Billman et al., 1994, 1999).

PUFA administration has been shown to reduce the

incidence of AF after coronary bypass grafting, where both

systemic inflammation and oxidative stress have been

implicated as contributing to post-operative AF (Calo et al.,

2005). In addition, recurrences of paroxysmal AF and

incident AF are also reduced by n-3 PUFAs (Biscione et al.,
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2004; Mozaffarian et al., 2004), although this inverse relation-

ship between n-3 PUFA intake and AF has not been consistently

observed (Frost and Vestergaard, 2005; Brouwer et al., 2006).

We hypothesized that n-3 PUFA treatment would attenu-

ate acute atrial electrophysiological remodeling. We used

a canine model of atrial tachypacing to evaluate the acute

effects of n-3 PUFA treatment on atrial electrophysiology

during high rate electrical activity.

Methods

Test systems used

All animal procedures were approved by the Institutional

Laboratory Animal Care and Use Committee of The Ohio

State University and conformed with the Guide for the Care

and Use of Laboratory Animals published by the US National

Institutes of Health. Adult mongrel dogs (n¼18, 20–27 kg) of

either sex were anaesthetized and anaesthesia maintained

with isoflurane, which was kept at the minimum alveolar

concentration (1–2.5%) to eliminate movement throughout

the study. The dogs were kept on a heating pad in order to

maintain stable body temperature throughout the study. The

femoral artery was cannulated to measure systemic arterial

blood pressure (Model SPC-350; Millar instruments, Inc.,

Houston, TX, USA) to assess the stability of the preparation.

Experimental design

Right atrial tachypacing and ERP determinations were

performed as described previously (Carnes et al., 2001). Dogs

were randomly assigned to one of three i.v. treatment groups

(n¼6 per group): (1) n-3 PUFAs (EPA 1.25–2.82 g 100 ml�1,

DHA 1.44–3.09 g 100 ml�1): 20 ml over 5 min followed by

80 mls over 60 min, (2) matched volumes of a 10% n-6 PUFA

control, or (3) matched volumes of normal saline.

In a separate set of experiments, dogs (n¼5) were

instrumented as described above, but remained in normal

sinus rhythm. The effects of n-3 PUFA treatment on atrial

electrophysiology during normal sinus rhythm were evalu-

ated by serial measurements of the atrial ERP. The electro-

cardiogram (ECG) was also measured serially during these

experiments, at the same times used in the dogs subjected

to atrial tachypacing.

Measurements

Atrial tachypacing (400 b.p.m.) was initiated after a stable

baseline ERP was obtained, and pacing was terminated

briefly (o8 min) for serial ERP measurements and electro-

cardiograms. Electrocardiographic intervals (Biopac Systems,

Inc., Goleta, CA, USA) were measured from three consecutive

beats at baseline and serially. All ECG measurements were

made by a single observer with appropriate internal controls.

After the 6 h of ERP and ECG measurements, three attempts

were made to induce atrial tachyarrhythmias (burst pacing at

10 Hz for 10 s) at 5 min intervals at the end of each study.

Data analysis and statistical procedures

The effects of n-3 PUFA treatment during normal sinus

rhythm were evaluated using repeated-measures analysis of

variance. When appropriate, post hoc testing was performed

using Tukey’s test. For the atrial tachypacing experiments,

two-way analysis of variance with repeated measures was

used to evaluate time and treatment effects, after determin-

ing the absence of statistical interaction between time and

treatment. When appropriate, post hoc testing was performed

using the Student-Newman-Keuls test (SAS for Windows,

v.8.2, SAS Institute, Cary, NC, USA). A Po0.05 was the

criterion for statistical significance. All data are presented as

mean7s.e.

Drugs, chemicals, reagents, and other materials

n-3 PUFAs (EPA 1.25–2.82 g 100 ml�1, DHA 1.44–

3.09 g 100 ml�1; Omegaven) were provided by Fresenius-Kabi

(Homberg, Germany). The 10% n-6 PUFA control (Intralipid)

and the matched volumes of normal saline were manufac-

tured by Baxter Healthcare Corp. (Round Lake, IL, USA).

Results

Effects of n-3 PUFA treatment in normal sinus rhythm

Treatment with n-3 PUFAs, in the absence of atrial tachy-

pacing, did not statistically alter the atrial ERP at any of the

cycle lengths. Data are shown (Figure 1) at cycle lengths of

300 and 200 ms, and the results did not differ at the other

cycle length (250 ms) tested (data not shown). Similarly,

there were no effects of n-3 PUFA infusion on the RR

interval, P wave duration, PQ interval, the QRS interval, or

the QT or QTc interval during 6 h of observation.

Effects of n-3 PUFA treatment during rapid atrial stimulation

There were no differences between groups in the baseline

ERPs at any cycle length. The combined baseline refractory

periods were 16174, 15474 and 14574 ms at cycle lengths

of 300, 250 and 200 ms, respectively.
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Figure 1 Atrial ERP period is not altered by n-3 PUFA infusion
during normal sinus rhythm. Data presented are for cycle lengths of
300 (closed squares) and 200 (open triangle) ms. No statistically
significant time-dependent changes were observed.
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After initiation of rapid atrial pacing, the ERP was

significantly longer at all cycle lengths in the n-3 PUFA-

treated group, compared to controls beginning at 3 h of

pacing. This effect persisted throughout the observation

period in the n-3 PUFA-treated group. Data at a cycle length

of 300 ms is shown in Figure 2. In the control group, and the

omega-6 control group there was the expected shortening of

ERP. There was no difference between these two control

groups, consistent with the absence of efficacy of omega-6

PUFAs. At cycle lengths of 250 and 200 ms, we made

observations similar to those at 300 ms (data not shown),

where pacing-induced reductions in the ERP were attenuated

between 3 h of pacing and the conclusion of the experiments.

There were no time-dependent changes in any ECG

parameter (P wave duration, PQ, QRS, RR or QTc intervals)

in any of the treatment groups (data not shown). AF or other

tachyarrhythmias were not induced at the conclusion of any

experiment. We did observe brief episodes of AF in two dogs

in the saline control group during ERP determinations, but

not in response to burst pacing.

Discussion and conclusions

AF is a progressive arrhythmia and is associated with

pathological electrophysiological remodeling of the atria

(Attuel et al., 1982; Wijffels et al., 1995). High-rate activity of

the atria (lone AF models) results in a significant reduction in

the duration of the atrial ERP, which is associated with action

potential duration (Attuel et al., 1982). Shortening the atrial

ERP creates a positive feedback loop by which ‘AF begets AF,’

and ERP shortening is considered to be the ‘first factor’ in the

perpetuation of AF (Wijffels et al., 1995; Allessie et al., 2002).

The shortened atrial refractory periods result in a reduction

in wavelength and an increased stability of the arrhythmia

(Morillo et al., 1995; Gaspo et al., 1997; Allessie et al., 2002).

We found that n-3 PUFA administration prevented acute

atrial electrophysiological remodeling during high-rate activ-

ity in a canine model. In vitro studies have shown that acute

exposure to DHA and EPA reduces sarcolemmal sodium,

calcium and potassium (transient outward and delayed

rectifier) currents (Xiao et al., 1995, 1997, 1998, 2002).

However, we did not observe any time-dependent changes in

the ECG in either the non-paced or atrial tachypaced groups

receiving n-3 PUFA infusions. Furthermore, in the present

study, the lack of prolongation of the atrial ERP, in the

absence of atrial tachypacing, is also consistent with a lack

of a direct effect of n-3 PUFAs on atrial electrophysiology.

In a chronic feeding study in pigs, Verkerk and colleagues

found that after 9 weeks of n-3 PUFA supplementation, there

was a significant enrichment of n-3 PUFA content in the

ventricular sarcolemma accompanied by a shortened ven-

tricular action potential duration (Verkerk et al., 2006). This

was accompanied by significant reductions in both sarco-

lemmal calcium current and the sodium–calcium exchanger.

In contrast, the slow component of the delayed rectifier Kþ

current and the inward rectifier Kþ current were increased,

whereas sodium current and the rapid component of the

delayed rectifier Kþ current were unchanged. It is apparent

that the acute application of DHA and/or EPA does not

necessarily result in the same electrophysiological effects

observed after chronic feeding. One potential explanation is

that incorporation of sufficient quantities into the sarco-

lemmal membrane is necessary to exhibit a ‘chronic’

response to n-3 PUFA treatment.

Alternatively, it is possible that an alternative mechanism

(e.g. anti-inflammatory or antioxidant) (Mori et al., 2000;

Mori and Beilin, 2004; Korantzopoulos et al., 2005) con-

tributes to the variable time-dependent electrophysiological

effects observed with n-3 PUFA treatment or supplementa-

tion. Further investigation is required to delineate the

mechanism of the causes of the differential responses

between acute and chronic treatment with n-3 PUFAs.

Atrial electrophysiological remodeling is associated with

the development of oxidative stress (Carnes et al., 2001;

Mihm et al., 2001; Dudley Jr et al., 2005). Anti-inflammatory

and antioxidant therapies have shown efficacy in reducing

atrial electrophysiological remodeling (Carnes et al., 2001;

Shiroshita-Takeshita et al., 2006). As we did not observe any

significant alterations in the refractory period with n-3 PUFA

treatment during normal sinus rhythm, we suggest that

effects through one of these alternative pathways may have

contributed to the attenuation in atrial electrophysiological

remodeling observed in our study.

An n-6 PUFA treatment containing soybean and safflower

oils as the fat source was used to control nonspecific

membrane effects. The n-6 PUFA treatment did not prevent

atrial electrophysiological remodeling, or affect the ERP

relative to the saline control group. Interestingly, in a clinical

observational study, fatty, but not fried fish, reduced the risk

of the incidence of AF (Mozaffarian et al., 2004). Frying is

known to increase the n-6 PUFA content, an expected result,

as vegetable oils are a significant source of linoleic acid

(Candela et al., 1998). It appears that fried fish consumption

does not provide the same cardiovascular outcomes as

consumption of fish with a high content of n-3 PUFA.

To date, three observational studies have examined the

relationship between dietary fish intake and AF. In one report,
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Figure 2 n-3 PUFA treatment prevents shortening of the atrial ERP
during rapid atrial stimulation. Data presented are at a basic cycle
length of 300 ms.
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dietary intake of fatty fish was found to reduce the risk of AF

and the frequency of paroxysmal AF (Mozaffarian et al., 2004).

However, an analysis from the Danish Diet, Cancer, and

Health Study did not find any association between dietary

n-3 fatty acid intake and a reduced risk of AF (Frost and

Vestergaard, 2005). A recent report from The Rotterdam Study

also describes a lack of association between dietary n-3 fatty

acid intake from fish sources and AF (Brouwer et al., 2006).

These conflicting results may be due to the use of dietary

intake questionnaires to estimate dietary n-3 fatty acid

content, the differences in ages of the study populations, or

variability in the detection of AF, an arrhythmia which is

often asymptomatic (Miyasaka et al., 2006). Mechanistic

support for the concept that n-3 PUFAs provide protection

from atrial arrhythmias comes from a recent investigation in a

rabbit model where stretch-induced atrial arrhythmias were

reduced by chronic feeding of a fish-oil supplement (Ninio

et al., 2005). Additional studies are required to address the

clinical efficacy of fish oil on AF further.

Limitations

The dose used for this study has previously shown efficacy

in reducing ischaemia-induced ventricular fibrillation when

used in a canine model of post-myocardial infarction (in

dogs of similar size to those used in the present study). We

did not evaluate the efficacy of other doses in this model.

We did not observe any inducible AF at the conclusion of

any study. This is not unexpected after this duration of rapid

atrial pacing, based on previous findings (Morillo et al., 1995;

Wijffels et al., 1995). Although we did not expect the

occurrence of AF, testing arrhythmia inducibility did allow

evaluation of any adverse proarrhythmic effect.

It has been demonstrated that chronic n-3 PUFA intake

may have a parasympathomimetic effect (Christensen et al.,

1999; Christensen and Schmidt, 2001), but we did not

observe any significant changes in heart rate in either of the

n-3 PUFA-treated groups. Increased vagal tone is associated

with an increased risk of AF, but we did not observe any

increase in inducibility of AF in the n-3 PUFA-treated group,

suggesting a lack of increased vagal tone during our

experimental conditions. However, these experiments do

not rule out changes in other markers of autonomic tone

(e.g. heart rate variability), or a long-term effect of n-3 PUFA

treatment on autonomic regulation.

Conclusions

In summary, we provide direct evidence that acute admin-

istration of n-3 PUFAs can minimize the early electro-

physiological changes that are believed to initiate the

self-perpetuation of AF. As our observation period was

relatively short, the duration of this beneficial effect is un-

determined. Further experimentation will be required to

define the efficacy of this treatment approach in patients.
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