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Dietary polyunsaturated fatty acids (PUFAs) affect a wide variety of
physiological processes. Much attention has been given to the n-3
PUFAs and their role in the prevention and treatment of cardiovascu-
lar disease, stemming from evidence obtained through a number of epi-
demiological studies and clinical trials. Investigators are now focused
on elucidating the pathways and mechanisms for the biological action

of n-3 PUFAs. Dietary intervention is recognized as a key measure in
patient therapy and in the maintenance of human health in general.
This review provides a summary of several important clinical trials, and
while the exact modes of action of n-3 PUFA are not known, current
viewpoints regarding the mechanisms of these fatty acids on atheroscle-
rosis, circulating lipid profile, cell membranes, cell proliferation,
platelet aggregation and cardiac arrhythmias are discussed.
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INTRODUCTION TO POLYUNSATURATED
FATTY ACIDS

Fats are essential for living organisms. Fatty acid (FA) mole-

cules have a variable length carbon chain with a methyl ter-
minus and a carboxylic acid head group (1). They can be
categorized based on the degree of saturation of their carbon
chains. Saturated FAs possess the maximal number of hydro-
gen atoms, while monounsaturated FAs and polyunsaturated
FAs (PUFAs) have one, or two or more, double bonds, respec-
tively. PUFAs can be further subdivided on the basis of the
location of the first double bond relative to the methyl termi-
nus of the chain. For example, n-3 and n-6 FAs are two of the
most biologically significant PUFA classes, and have their first
double bond on either the third or sixth carbon from the chain
terminus, respectively. The final carbon in the FA chain is also
known as the omega carbon, hence the common reference to
these FAs as omega-3 or omega-6 PUFAs.

Long-chain n-3 and n-6 PUFAs are synthesized from the
essential FAs (EFAs) alpha-linolenic acid (ALA) and linoleic
acid, respectively. Basic structures of these two parent PUFAs
are shown in Figure 1. An EFA cannot be made by the body
and must be obtained through dietary sources. Animals and
humans have the capacity to metabolize EFAs to long-chain
derivatives. Figure 2 shows the conversion of EFAs to their
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Figure 1) The structure of two essential fatty acids — linoleic acid and
alpha-linolenic acid

downstream products through multiple elongation and desat-
uration steps. Because the n-6 and n-3 pathways compete
with one another for enzyme activity, the ratio of n-6 to n-3
PUFAs is very important to human health. An overabun-
dance of FAs from one family will limit the metabolic pro-
duction of the longer chain products of the other. The typical
Western diet provides n-6 and n-3 PUFAs in a ratio ranging
from 8:1 to 25:1 (1), values in severe contrast with the recom-
mendations from national health agencies of approximately
4:1 (2). Lowering the n-6:n-3 ratio would reduce competition
for the enzymes and facilitate the metabolism of more down-
stream products of ALA.

Because most diets are already very rich in n-6 PUFAs,
greater focus needs to be placed on incorporating n-3 PUFAs
into the diet. Dietary sources of n-3 PUFAs are readily avail-
able but in limited quantities. Many foods contain ALA,
including certain vegetable oils, dairy products, flaxseed, wal-
nuts and vegetables (3). Fatty fish, such as mackerel, herring
and salmon, provide an excellent source of the long-chain
derivatives of ALA, eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) (2).

EFFECTS OF PUFAs ON CLINICAL
END POINTS ASSOCIATED WITH
CARDIOVASCULAR DISEASE

Omega-3 PUFAs are perceived as a beneficial dietary inter-
vention for the prevention and treatment of cardiovascular
disease (CVD). Clinical studies have evaluated the possible
benefits using either n-3 PUFA supplements or the consump-
tion of fish. The findings of trials using n-3 PUFA supplements
will be summarized first.

In the Multiple Risk Factor Intervention Trial (MRFIT [4]),
the diets of individuals at high risk for coronary artery disease
(CAD) were monitored for 10.5 years. A reduction in mor-
tality from CAD, CVD and all other causes was observed in
those consuming 665 mg/day of fish-derived n-3 PUFAs (4).
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The Indian Experiment of Infarct Survival (5) provided
patients with suspected myocardial infarction (MI) with a
dietary supplement of 2 g/day of n-3 PUFAs (EPA and DHA),
mustard seed oil (containing 2.9 g/day of ALA) or a placebo.
After one year, the number of cardiac events in the groups
receiving the fish oil and the mustard seed oil was lower, and
the incidence of nonfatal MI was significantly reduced (5).
The Gruppo Italiano per lo Studio della Sopravvivenza
nell’Infarto Miocardico-Prevenzione trial (6) did not find any
decrease in the incidence of nonfatal MI with a 1 g/day n-3
PUFA treatment over 3.5 years, but an early, significant reduc-
tion of sudden cardiac death was recorded.

Not all trials with n-3 PUFA supplements have demon-
strated positive effects. In patients who recently survived an
MI, capsules providing approximately 575 mg/day of EPA and
1150 mg/day DHA had no beneficial effect on the incidence of
cardiac events when compared with a corn oil (n-6 PUFA-rich)
control (7). However, this may have been the result of a rela-
tively small sample size or the possibility that the n-3-rich
Norwegian diet did not allow for a true ‘control’ population (8).

Studies using dietary fish consumption have found benefi-
cial effects similar to those observed in studies with n-3 PUFA
supplements. The United States Physicians’ Health Study
recruited male physicians with no prior history of MI, cere-
brovascular disease or cancer to maintain a dietary record and
allow follow-up for 11 years (9). Sudden cardiac death was sig-
nificantly reduced by consumption of at least one meal of fish
weekly, while nonfatal MI levels were unchanged (10). The
Nurses’ Health Study (11), which followed female nurses with
no prior CVD or cancer for 16 years, identified a significant
inverse relationship between fish consumption and CAD.
Dietary ALA appeared to be the most protective PUFA (10).
Yuan et al (12) examined fish and shellfish consumption in
Chinese men and found that the ingestion of over 200 g/week
reduced fatal MI risk by 59% compared with those consuming
less than 50 g/week. Secondary cardiovascular complications
were greatly reduced by adopting a ‘Mediterranean-style’ diet in
the Lyon Heart Study (13). Analysis of the Finnish, Dutch and
[talian cohorts of the Seven Countries Study (14) revealed an
inverse relationship between fatty fish consumption and 20-year
CAD mortality (15).

While many trials have found positive effects of n-3 PUFA
supplementation and fish consumption on CVD, others have
found less of a correlation. The Health Professionals Follow-
up Study (16) found no reduction in risk for CAD in men
without established CVD when the number of fish meals per
week was increased beyond one or two meals. In addition,
adverse effects related to fish intake and n-3 PUFA supple-
mentation have been found. A grossly elevated intake of fish
oil can cause an increased risk of bleeding (2,16,17).
Encapsulated fish oil supplements can also cause minor gas-
trointestinal disturbances and eructation (2). A recent study
(17) also reported that fish may contain methyl mercury (and
other contaminants) that may negatively affect CAD.
Finally, unsaturated FAs, including n-3 PUFAs, are prone to
oxidation. An antioxidant may need to be added to concen-
trated n-3 PUFA supplements to prevent the production of
damaging lipid peroxides (18).

Ultimately, n-3 PUFAs may protect against CVD through
several mechanisms, including acting as an antiatherogenic
agent (1,17); lowering serum triglycerides (1); slightly lower-
ing blood pressure (17,19); improving endothelial function
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Figure 2) The metabolic pathways of n-6 and n-3 polyunsaturated
fatty acids. Metabolism of the two fatty acid families requires competi-
tion for the same elongation and desaturation enzymes. Note that the
desaturation steps tend to be slow and rate-limiting compared with the
more rapid elongation steps. Eicosanoids, such as prostaglandins,
leukotrienes and thromboxanes, can be derived from arachidonic acid
(AA) and eicosapentaenoic acid (EPA), and can mediate different phys-
iological actions. ALA Alpha-linolenic acid; DHA Docosahexaenoic
acid; LA Linoleic acid

(17); reducing inflammatory responses (17); inhibiting platelet
aggregation and thombosis (1,17); and decreasing the inci-
dence of arrhythmias (1,17).

MECHANISM FOR THE EFFECTS OF
n-3 PUFAs ON CVD

Antiatherogenic effects of n-3 FAs

Atherosclerosis is an inflammatory disease of the vascular sys-
tem. Dietary factors play a significant role in the develop-
ment of atherosclerosis. Consumption of long-chain n-3
PUFAs demonstrated antiatherogenic effects in experimental
and epidemiological studies (20-22). The recent Study on
Prevention of Coronary Atherosclerosis by Intervention with
Marine Omega-3 FAs (SCIMO [22]) demonstrated that con-
sumption of 1.65 g/day of a fish oil supplement by patients
with CAD resulted in less progression and more regression of
coronary atherosclerotic plaques. However, this effect was
not observed in the carotid arteries, suggesting that n-3
PUFAs may have different effects in different vascular beds
(22). Results from the Seven Countries Study (14) showed
an inverse relationship between fish consumption and CAD,
while the Health Professionals Study (16) found no relation-
ship. Dietary ALA demonstrated a beneficial effect on CAD
in the Health Professionals Study (16), but this result was not
observed in the Dutch cohort from the Seven Countries
Study (2). The only study to show a negative effect of fish
consumption on CAD was conducted in Finland, but these
results may have been influenced by mercury contamination

of the fish (16).
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n-3 PUFAs provide their antiatherogenic effects through

one or a combination of several potential mechanisms. They
may exert their effect on atherogenesis by altering the circulat-
ing lipid profile; changing the physicochemical function of cell
membranes, thereby affecting eicosanoid biosynthesis, cell sig-
nalling and gene expression; and modulating vascular smooth
muscle cell proliferation and migration.
Effects of n-3 PUFAs on circulating lipid profile: Many epi-
demiological and dietary interventions have shown that con-
sumption of n-3 PUFAs significantly alters the serum lipid
profile. A strong inverse relationship exists between n-3 PUFA
consumption and circulating plasma triacylglycerol (TG) con-
centrations (23). Dutch men who consumed approximately
30 g/day of fish over a long period of time had lowered serum
TG concentrations compared with a control group (15). A
health survey of the Inuit of Nunavik, Canada, who tradition-
ally consume large amounts of marine foods rich in n-3
PUFAs, revealed abnormally high plasma phospholipid con-
centrations of n-3 PUFAs (24). A negative correlation
between n-3 PUFAs and plasma TG levels, and a positive rela-
tionship with high density lipoprotein (HDL) cholesterol lev-
els may account for the low mortality rate due to CVD
observed in this population (24). Interestingly, an increase in
low density lipoprotein (LDL) cholesterol and total cholesterol
levels was also discovered (24). Elevated plasma cholesterol
levels have long been associated with an increased risk of ath-
erosclerosis. This may help to explain the cardioprotective
effects of PUFAs. However, the antiatherogenic effect of n-3
PUFA supplementation is not always linked to a change in
total plasma cholesterol levels (23,25,26). Dietary interven-
tion trials suggest that LDL cholesterol levels increase with n-3
PUFA supplementation in a dose-dependent manner
(24,25,27,28). HDL levels may also be altered by fish oil.
Nilsen et al (7) showed a significant decrease in total choles-
terol and a significant increase in HDL cholesterol after fish oil
supplementation. The concomitant increase in HDL choles-
terol levels relative to increasing LDL cholesterol often leaves
the total cholesterol to HDL cholesterol ratio, a common
measure of atherogenic risk, unchanged (16,24,25). This evi-
dence suggests that n-3 PUFAs reduce atherosclerotic develop-
ment through mechanisms other than lowering LDL
cholesterol.

The increase in LDL cholesterol levels from n-3 PUFA sup-
plementation appears to be due to an increase in LDL particle
size rather than to the number of LDL molecules. n-3 PUFAs
modify the composition of LDL cholesterol by increasing
apolipoprotein B and decreasing lipoprotein levels, resulting in
a less atherogenic molecule (28). The hypotriacylglycerolemic
effect and the consequent increase in LDL cholesterol observed
with n-3 PUFA supplementation may be due to altered very
low density lipoprotein (VLDL) metabolism. A recent dietary
intervention trial confirmed that n-3 PUFAs decreased plasma
TG and VLDL apolipoprotein B levels (26). The VLDL pool
size decreased due to a reduction in hepatic secretion of VLDL
and increased conversion of VLDL to LDL (26).

Effects of n-3 PUFAs on cell membranes: Increased intake of
EPA and DHA inevitably results in greater incorporation of
these FAs into circulating lipids and into tissues. n-3 PUFAs
may replace n-6 PUFAs in cell membrane phospholipids, thus
altering the physicochemical properties of the membrane (2).
The physicochemical alterations in membrane properties may
directly or indirectly influence the function of membrane-bound
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receptors, ion channels and enzymes, and affect downstream
signalling pathways that will have a direct effect on vascular
endothelial and smooth muscle cell function (29). Eicosanoid
production is also affected by the FA composition of the mem-
brane.

Alteration of the eicosanoid profile may have important
effects on inflammation (30). Eicosanoids, 20-carbon FAs
derived from n-6 and n-3 EFAs through the addition of oxygen
atoms into the FA chains, confer a wide variety of potent,
hormone-like actions on various tissues. The eicosanoid fami-
lies, including the prostaglandins, thromboxanes and leuko-
trienes, influence many biological activities, such as platelet
aggregation, smooth muscle contraction and inflammatory
responses. The 20-carbon n-3 and n-6 PUFAs compete for the
cyclooxygenase (COX) and lipooxygenase enzymes. The 2- and
4-series eicosanoids derived from n-6 PUFAs are more bio-
logically active than the 3- and 5-series eicosanoids derived
from n-3 PUFA. Thromboxane A, (TxA;), a metabolite of
arachidonic acid (AA), is a potent vasoconstrictor and
platelet aggregator. Fish oils inhibit TxA; in vitro and in vivo
(31). n-3 derivatives also decrease the affinity of the TxA;
receptor for TxA,, thus further inhibiting TxA;-induced
platelet aggregation (32). Increased consumption of n-3
PUFAs results in greater incorporation of n-3 PUFAs into cell
membrane phospholipids, ultimately leading to the generation
of more n-3-derived eicosanoids. This results in simultaneous
reduction of n-6 PUFA-derived proinflammatory eicosanoids
because n-3 PUFAs can competitively inhibit the conversion
of AA to proinflammatory eicosanoids. n-3 PUFAs act as
potential COX substrates, decreasing the affinity of the COX
enzyme for n-6 PUFAs and suppressing the production of n-6
eicosanoid inflammatory mediators (2,33).

The vascular endothelium is also modified by the ingestion
of n-3 PUFAs. Vasoactive substances and growth factors are
released by the vascular endothelium that activate immune
cells, gene transcription, and functions involved in the regula-
tion of monocyte adhesion, inflammation, vascular cell
growth, cell migration and vascular tone (34). In response to
stress or injury, the endothelium can become dysfunctional and
susceptible to atherogenesis. The endothelium becomes
proadhesive through cytokine-induced endothelial activation,
which is important for the initiation and progression of ath-
erosclerosis because it enables surface expression of endothe-
lial leukocyte adhesion molecules and secretion of soluble
proinflammatory products, such as interleukins-1 and -4,
tumour necrosis factor, vascular cell adhesion molecule-1,
platelet-derived growth factors (PDGFs) and monocyte
chemoattractant proteins (35). Because most adhesion mole-
cules are not expressed under basal conditions, cytokine-
induced endothelial activation requires the initiation of gene
transcription. Nuclear factor kappa B (NFkB), a gene regulatory
protein implicated in the development of atherosclerosis, can
activate gene transcription and expression of adhesion mole-
cules (35,36).

n-3 PUFAs may modulate atherogenesis by inhibiting sig-
nalling events related to endothelial activation. Expression of
endothelial leukocyte adhesion molecules and soluble proin-
flammatory proteins is inhibited when n-3 PUFAs alter the
expression and production of macrophage cytokines (21,35-39).
This modulatory effect of n-3 PUFAs on gene expression is asso-
ciated with a parallel reduction in steady-state messenger RNA
(mRNA) levels of proatherogenic molecules (35,38). The
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magnitude of the inhibitory effect of n-3 PUFAs on endothe-
lial activation is related to the extent to which n-3 PUFAs are
incorporated into cellular lipids. Nutritional supplementation
can produce large enough elevations in DHA concentration to
observe noticeable effects in in vitro studies (33,36). The exact
mechanisms of the inhibitory effects of n-3 PUFAs on
endothelial activation are unknown. However, the reduction
of steady-state levels of adhesion molecule and growth factor
mRNA by n-3 PUFAs persists after adhesion is activated.
Furthermore, the effects of n-3 PUFAs occur before the trans-
lation of mRNA into proteins and are independent of receptor
activation (37,38).

The multiple double bonds of n-3 PUFAs can have a
direct physical effect on NFkB-induced expression of proin-
flammatory substances. The double bonds may inactivate
superoxide anions that are generated early in cytokine-
induced intracellular signal transduction, thus inhibiting
hydrogen peroxide formation, which is directly responsible
for the activation of NFkB and the induction of adhesion
molecule expression (35).

n-3 PUFAs also display antiatherogenic effects through

direct modulation of nitric oxide (NO) production and release
(31,40). NO is synthesized from L-arginine by NO synthases,
specifically endothelial (eNOS) and inducible (iNOS) NO
synthases. NO regulates vascular relaxation and inhibits key
atherosclerotic processes such as platelet aggregation, mono-
cyte adhesion and vascular smooth muscle cell (VSMC) prolif-
eration and migration. The cellular mechanisms by which n-3
PUFAs improve endothelial function remain unclear. However,
recent reports suggest that n-3 PUFAs enhance eNOS and
iNOS production of NO. Translocation and activation of
eNOS induced by EPA result in endothelium-dependent
vasorelaxation (41). DHA increases NO production by poten-
tiating interleukin-1B-induced iINOS mRNA expression in
VSMC through activation of the p44/42 mitogen-activated pro-
tein kinase signalling cascade (29,42).
Effects of PUFAs on VSMC proliferation and migration:
Migration and proliferation of VSMCs cause intimal hyperpla-
sia, which contributes to the development of atherogenic
lesions. Activated platelets aggregate at sites of endothelial
dysfunction and release peptide growth factors, such as PDGE,
and nonpeptide growth factors, such as serotonin (5-HT) and
adenosine diphosphate (ADP). Previous studies indicate that
PDGE 5-HT, ADP and TxA; can stimulate VSMC to prolifer-
ate (39). Although epidemiological and clinical evidence sug-
gests that n-3 PUFAs may reduce both VSMC proliferation and
VSMC excitability, very few studies have demonstrated the
cellular mechanisms by which n-3 PUFAs modulate VSMCs.
n-3 PUFAs may inhibit VSMC proliferation through multiple
signal transduction pathways that modulate growth factors.
Alternatively, EPA and DHA block 5-HT-induced VSMC pro-
liferation due to increases in mRNA levels of the 5-HT}; recep-
tor (39). n-3 PUFAs also inhibit receptor binding of PDGE
reducing mRNA expression of early genes involved in the
development of atherosclerosis (2).

Antiaggregatory effects of n-3 PUFAs

The narrowing of blood vessels due to an atherosclerotic
plaque can provide a setting in which a thrombus can more
readily block blood flow and cause an MI. As described pre-
viously, n-3 PUFAs compete for the same elongation and
desaturation enzymes as n-6 PUFAs. While eicosanoids
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derived from both parent FAs are proaggregatory, those derived
from AA (2- and 4-series) have 100-fold greater activity than
those derived from EPA (3- and 5-series). Consequently, the
EPA metabolites are generally considered antiaggregatory. An
improved balance between AA and EPA could reduce the like-
lihood of clot formation.

A variety of models have been used to observe the effects
of enriching the diet with n-3 PUFAs. Experiments in which
either saturated fats or PUFAs (either n-3 or n-6) were added
to the diet found striking results. In response to ADP, platelet
aggregation was significantly increased in plasma obtained
from rabbits consuming the n-6-rich diet compared with the
n-3-fed groups consuming fish oil (EPA and DHA) or flaxseed
oil (ALA) (43). This increased aggregation was even greater
than that observed in the coconut oil group (saturated fat).
The same trends applied when platelet activation was initiated
by collagen but not thrombin (43). The inhibitory effects of
platelet aggregation were directly related to the FA composi-
tion of platelet lipids. It was also hypothesized that a PUFA
effect on membrane viscosity could affect the activity of the
proteins in the platelet membranes that are involved in aggre-
gation as receptors or enzymes.

Although beneficial in preventing the potential blocking of
a blood vessel by a thrombus, extreme inhibition of clotting
mechanisms could have side effects. Increases in bleeding times
have been reported in humans with increased intake of fish oils
(44,45) but not flaxseed oil (46). There is some anecdotal evi-
dence of individuals taking acetylsalicylic acid and n-3 supple-
ments experiencing hematuria and spontaneous nosebleeds,
likely resulting from severe effects on platelet aggregation (47).

Antiarrhythmic effects of n-3 PUFAs

Initial experiments performed on isolated hearts in the early
1980s found that PUFAs antagonized the depressed ventricu-
lar arrhythmia threshold in hypoxia (48). Animals consum-
ing n-3 PUFAs exhibited significant reductions, or even
abolition, of arrhythmias compared with control groups
(49,50). Direct intravenous injection of an emulsion of con-
centrated fish oil proved effective at preventing fatal ventricu-
lar fibrillation in dogs subjected to exercise stress tests
following coronary artery ligation (51). Follow-up studies
showed that injections of purified EPA and DHA, as well as the
parent n-3, ALA, were each equally protective against ventric-
ular fibrillation (52). The antiarrhythmic effects of n-3 fish oils
have also been demonstrated in nonhuman primates (53).
Some studies report a reduced incidence of cardiac arrhyth-
mias in groups receiving n-6 PUFA supplementation (50,54),
whereas others have shown no protective effect (49). The dif-
ference in findings may be due to the duration of the feeding
trials because no effect was observed after four weeks of feed-
ing compared with 10 or 12 weeks of feeding. However, the
protective effects from n-3 PUFAs are consistently greater
than those from n-6 PUFAs. Subsequently, much work has
focused on the n-3 PUFAs found in fish oils, EPA and DHA,
due to the overwhelming epidemiological evidence relating
fatty fish intake to the decrease in CVD.

The sarcolemmal membrane contains a variety of ion chan-
nels, exchangers and pumps important to the conduction of
action potentials and the maintenance of ion gradients. Voltage-
gated sodium channels (VGSCs), potassium channels and cal-
cium channels are responsible for the initiation, duration and
propagation of the action potential. Effects of n-3 PUFAs on
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TABLE 1
Summary of effects of omega-3 polyunsaturated fatty
acids (PUFAs) on ion channels and transporters

Effect on
Channel/ Omega-3 conductance/
transporter PUFA tested activity Reference(s)
SL
VGSC ALA d (56,57,83)
EPA 1 (56,57,77,83)
DHA l (57,82,83)
Ca®* L iype ALA Tt (59)" (84)*
EPA None*, 1t (57)" (61,62)*
DHA None*, 1f (57)" (61,62)*
lo ALA d (65)
EPA 1 (57,65)
DHA 1 (57,65)
Ik ALA l (65)
EPA d (65)
DHA N (65)
Ik ALA None (65)
EPA None*, 11 (57)" (65,66)*
DHA None*, 11 (57)" (65,66)*
lsus EPA l (66)
DHA 2 (66)
Karp ALA l (67)
TRAAK EPA T (85)
DHA 0 (85)
TREK EPA 0 (85)
DHA 0 (85)
NHE EPA d (69)
DHA | (69)
NCX ALA T (70)
SR
RyR EPA 1 open state (73,74)
SERCA EPA l (86)
DHA l (86)

*Corresponds to reference(s) indicated; Corresponds to reference(s) indicated.
ALA Alpha-linolenic acid; DHA Docosahexaenoic acid; EPA Eicosapentaenoic
acid; Ix Delayed rectifier channels; Igx; Inward rectifier K* channel;
Isys K* channel; l;, Transient outward K* channel; Karp ATP-sensitive K*
channel; NCX Na*/Ca?* exchanger; NHE Na*/H* exchanger; RyR Ryanodine
receptor; SERCA Sarcoplasmic endoplasmic reticulum calcium ATPase;
SL Sarcolemmal; SR Sarcoplasmic reticulum; VGSC Voltage gated sodium
channel

these proteins are summarized in Table 1. Generally, in cul-
tured neonatal cardiomyocytes, perfusion with n-3 and n-6
PUFAs raises the threshold potential required for action
potential stimulation, decreases resting membrane potential
and shortens action potential duration (55). All of these
effects could help the heart maintain electrical stability during
ischemia and reduce the likelihood of arrhythmogenesis.

Na* channels: Treatment of neonatal cardiomyocytes with
PUFAs increases the voltage threshold required for opening of
the Na* channel (55). Raising the threshold of Na* channel
activation would make the cell less prone to spontaneous stim-
ulations that could induce arrhythmias. The peak Na* current
is also significantly decreased by n-3 PUFAs (56,57).

Acute in vitro experiments have found inhibitory effects of
n-3 PUFAs on cardiac Na* currents, which would slow con-
duction velocities and allow arrhythmogenic re-entrant cir-
cuits to develop. This, of course, is potentially dangerous. In
theory, the targeting and inhibition of VGSCs was a viable
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strategy in the design of antiarrhythmic drugs. However, the
Cardiac Arrhythmia Suppresion Trial demonstrated a greater
incidence of death in patients treated with class I drugs com-
pared with placebo (58). Despite this, it is readily apparent
that n-3 PUFAs are safe. Similar to amiodarone chloride, cur-
rently the most effective drug for treatment of cardiac arrhyth-
mias, the n-3 PUFAs have blocking effects not only on cardiac
Na* channels but also on Ca?* and K* channels, which are
discussed below. This broad effect may be part of the reason
why n-3 PUFAs have such a potent antiarrhythmic effect.
Ca?* channels: L-type Ca?* current plays a very important
role in the plateau of the cardiac action potential (phase 2)
and greatly affects its duration. Typically, Ca** enters the cell
through voltage-gated Ca** channels and triggers the release
of Ca** from the sarcoplasmic reticulum (SR), which is
required for contraction of the heart. The reported effects of
n-3 PUFAs on the L-type Ca?* channel are varied but show
cither a decreasing effect or no effect on Ca’* currents. For
example, some evidence suggests n-3 PUFAs directly inhibit
the Ca?* current through L-type Ca?* channels (59,60). This
inhibition could reduce the incidence of Ca®* release from the
SR and act to limit Ca?* overload. Other studies that observed
no direct effects of n-3 PUFAs on L-type Ca’* current have
still discovered an interaction with the channel, related to the
maintenance of normal function in the presence of channel
agonists or antagonists. In neonatal cardiomyocytes, DHA was
able to block the effects of the L-type Ca** channel agonist
Bay K8664 and the antagonist nitrendipine (61,62).
However, DHA did not block the effects of the L-type Ca?*
channel antagonists verapamil chloride {confirm} and dilti-
azem chloride (61). Because the latter two drugs block the
channel at sites other than the dihydropyridine binding site
(63), this appears to be strong evidence for n-3 PUFA inter-
action with the L-type Ca%* channel at a functionally associ-
ated but different site, which can affect binding to the
dihydropyridine site. Similarly, in adult cells, DHA almost
completely prevented the effects of isoproterenol hydrochlo-
ride (64). Interestingly, in this study, administration of DHA
alone did not result in a blockade of Ca?* current. Rather,
the channels are regulated to provide the proper influx of
Ca?* required for normal release of Ca2* from the SR.

K* channels: K* channels are largely responsible for deter-
mining the duration of the cardiac action potential and
maintaining the cellular resting potential. The delayed rectifier
channels (Ig) are primarily responsible for repolarization of the
cells in the later phases of the cardiac action potential. PUFAs
can inhibit I channels, which would result in a prolongation
of the action potential and increase the refractoriness of the
heart. This would aid in the prevention of re-entry mecha-
nisms of arrhythmia because re-entrant circuits cannot act in
refractory tissue. However, the PUFA concentration required
to have similar inhibitory effects on Ix as for are about four
times greater than for the sodium current and 20 times greater
than for Ca?* (59,65). This would suggest that PUFAs exert
the greatest antiarrhythmic effect through an action on Ca?*
channels, followed by Na* channels, and remotely by K*
channels.

Transient outward K* channels are also blocked by PUFAs
(57,65,66). These K* channels are responsible for the very rapid
and large outward K* current that opposes the inward flow of
Ca?* and Na* that depolarizes the cell. The notch observed at
phase 1 of the action potential characterizes the current
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through this channel. Another K* channel more sustained
than transient outward K* channels, also activated upon depo-
larization, is known as I It is also inhibited by DHA (66).
Both of these outward currents play a key role in the repolar-
ization of the cell, and their blockade results in a prolongation
of the action potential. As mentioned previously, the increased
refractoriness of the tissue would inhibit the creation of re-
entrant circuits.

The ATP-sensitive K* channel is normally inactive, but
under conditions that reduce the cytosolic ATP concentration,
such as ischemia, the channels are opened and pass an outward
current. These channels are also blocked by n-3 PUFAs (67).
However, not all of the K* channels are affected by n-3
PUFAs. The inward rectifier K* channel does not appear to be
influenced by n-3 PUFAs (65,66). Because these channels are
activated by hyperpolarization, the normal or slightly depolar-
ized membrane potential is maintained even though other K*
channels are blocked.

The two-pore domain K* channels are a class of channels

that have drawn recent attention because of several unique
characteristics. One of the first discovered was the TRAAK
channel. This outward current K* channel is stimulated by
AA, as well as by an acidic pH (68), which would be of aid in
an ischemic environment. A more recently discovered mem-
ber of this two-pore family is TREK-1. It also is stimulated by
PUFAs and decreased pH but appears to be activated by an
even wider range of stimuli. The net effect of activation of
these channels is shortening of the action potential or hyper-
polarization. This may help to reduce the excitability of the
heart and limit the release of Ca%*.
Sarcolemmal ion pumps and transporters: During ischemia,
intracellular H" accumulates under anaerobic metabolism. This
stimulates the Na*/H* exchanger (NHE) to remove H* from
the cell in exchange for Na*. The concomitant rise in intracel-
lular Na* stimulates the reverse mode operation of the
Na*/Ca?* exchanger (NCX) whereby three Na* ions are
removed from the cell in exchange for the entry of a single Ca**
ion. This results in arrhythmias and/or cell death (Figure 3).
Based on the stoichiometry of the NCX, its forward motion
(Ca?* outward) results in a net flux of inward charge. When
the intracellular Na* concentration decreases and the intracel-
lular Ca?* concentration increases, the exchanger will func-
tion in forward mode. The electrogenic operation of the NCX
can result in transient depolarizations, which are a mechanism
for delayed after-depolarizations, a substrate for torsade de
pointes.

Although studies are limited, n-3 PUFAs appear to inhibit
the NHE. However, this inhibitory effect is limited to the
longer n-3 FAs because ALA does not affect the exchanger
(69). In contrast to the NHE, the NCX is significantly stimu-
lated by ALA (70). The authors speculated that the negative
charge of the free FAs facilitates binding of Ca’* to the
exchanger and increases exchange rates. However, the effects
of the longer n-3 PUFAs on the NCX remain unclear.

PUFAs inhibit Na*/K* ATPase activity (71). This effect
would not be beneficial. Intracellular Na* levels would rise
with Na* pump inhibition and this would stimulate reverse
Na*/Ca?* exchange and elevate intracellular Ca?* concentra-
tion with potentially damaging effects.

Cardiac SR: Many types of arrhythmias occur due to abnormal
Ca?* handling and not due to changes in electrical excitability.
Because the SR is a critical site within the cardiomyocyte for
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Figure 3) The major ion channels and transporters in a myocardial
cell. The Na*/Ca?* exchanger (NCX) and sarcoplasmic endoplasmic
reticulum calcium ATPase (SERCA) are normally responsible for
Ca?* extrusion following each contraction (A), but during ischemia
(B), lack of O, limits ATP production and, thus, the function of the
Na*/K* ATPase (NAK) and SERCA. Uptake of Ca?* by SERCA is
inhibited and the NCX functions in reverse to compensate and
removes Na*, but brings Ca®* into the cell, resulting in Ca?* overload
and subsequent contracture andfor potentially lethal arrhythmias.
[Ca?*]; intracellular Ca®* concentration; NAK Na*, K* ATPase;
RyR ryanodine receptor

the regulation of intracellular Ca%*, it is also important to con-
sider the effects of n-3 PUFAs on the SR function. The SR
stores calcium that is released during contraction. In response
to trigger Ca?* passed via VGSC, Ca’* is released into the
cytosol through the ryanodine-sensitive channels in the SR.
Calcium is responsible for activation of many intracellular
enzymes and signalling cascades, along with playing a pivotal
role in muscle contraction. To maintain proper rhythm, the
Ca** must be cleared from the cytosol after contraction. Most
Ca’* is returned to the SR via the sarcoplasmic endoplasmic
reticulum calcium ATPase (SERCA), and the rest is cleared
via the NCX. The SERCA pump is regulated by phospholam-
ban. Phospholamban must be phosphorylated to allow Ca**
uptake into the SR via SERCA.

During ischemia, damage to cardiomyocytes can result in
cellular instability due to a change in the regulation of Ca?*-
induced Ca?* release from the SR. Increases in cytosolic Ca**
can activate phospholipases that cleave phospholipids from
the cell membrane (72). Depending on the FA content of the
membrane, n-3 PUFAs could be released to exert their effects
on nearby channels, potentially regaining some electrical sta-
bility in the cell. PUFAs also directly inhibit the Ca** release
channel of the SR, the ryanodine receptor (RyR) (73). This is
important, especially in postischemic settings in which the SR
is overloaded with CaZ*. In a model of elevated intracellular
Ca?*, addition of EPA to cardiomyocytes reduced the frequency
of spontaneous Ca** waves from the SR but slightly increased
the total Ca?* that was released with each wave (73,74). The
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net effect was a decrease in intracellular Ca%* released from the
SR over the same time period compared with controls.
Inhibition of the RyR by EPA was apparent when the n-3
PUFAs were removed from solution and the frequency of spon-
taneous Ca?* waves increased above control levels (74). This
indicates that the SR contained an elevated amount of Ca?*
and that EPA was directly inhibiting its release via the RyR.
The reason for the higher than normal stores of Ca* could be
cither an increased uptake of Ca?* through the SERCA and/or
a reduced leak of Ca?* from the SR.

The molecular mechanism by which n-3 PUFAs and other
PUFAs exert their antiarrhythmic effects within the mem-
brane is not known. However, the mode of action is likely via
one of two ways. First, the PUFA may be interacting directly
with a site on the protein responsible for transporting ions,
affecting its ability to function. Alternatively, the function of
the protein embedded in the membrane is indirectly affected
through the lipid bilayer. The relative contribution of the
direct actions of PUFAs on the membrane protein versus the
indirect effects achieved through a general membrane bilayer
disordering effect is still unclear. However, several lines of evi-
dence would suggest that the former option is more likely to
produce the greatest effect:

e The application of PUFAs to the internal or external side
of the cell membrane can determine the degree of its
effects (75). This would suggest that the FAs are acting
directly on a specific site of the channel that is present

only on one surface.

e The administration of PUFAs can block specific
radioligand binding to the sodium channel, suggesting a
competition for a specific site of interaction (76).

e A single point mutation induced in the sodium channel
expressed in human embryonic kidney cells significantly
diminished the effect of EPA on the inhibition of the
sodium current (77). This is perhaps the best support for a
pharmacological site of interaction for PUFAs.

e PUFA-mediated effects are reversed after addition of
delipidated bovine serum albumin to the membrane
(55,62,73,76,78). The reversibility of the PUFA-
mediated effects suggests the FAs are acting directly on
the protein because FAs that are incorporated into the
membrane would not be expected to be so easily
scavenged by the addition of delipidated bovine serum

albumin (76).

e Because different PUFAs have distinctly different effects on
ion channels and exchangers, their simple incorporation
into the membrane and the change of membrane fluidity is
not the primary mechanism of action. If it were simply a
question of membrane fluidity, AA, a highly ‘bent’ n-6
PUFA, should contribute toward membrane fluidity to a
significant extent and result in the same effects as long-
chain n-3 PUFAs. In many cases it does, but in several
instances, AA does not produce the same effects (61,66).
Possibly, AA is converted to other eicosanoid metabolites,
whereas DHA, for example, is not always converted to
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other products and has more potential to exert its effects as
a free PUFA. Use of the nonmetabolizable AA analogue
eicosatetraynoic acid may help determine the direct effects
of AA (66).

e The concentrations of PUFAs that significantly alter ionic
currents are normally too low to create a change in the
overall fluidity of the membrane by altering the packing of
the membrane phospholipids (78).

Despite the lines of evidence identified above, there is still
reason to believe that the actions of PUFAs are achieved
through an indirect membrane disordering effect. For example,
although the experimental PUFA concentrations are generally
considered too low to induce membrane fluidity changes
throughout the whole membrane (78), they could potentially
alter the composition of the microdomains immediately sur-
rounding the ion channels. Changes in the packing of phospho-
lipids in the regions immediately surrounding a protein could
have direct bearing on its conformation and, consequently,
function (79-81). Studies in which membrane fluidity was
altered produced results that are strikingly similar to the
effects of PUFAs on ion channels (82). In addition, in the
same study where cardiac sodium currents were inhibited by
n-3 PUFAs, addition of a membrane fluidizing agent (benzyl
alcohol) produced nearly identical inhibition in peak Na* cur-
rent and increases in channel activation thresholds (82).
Similarly, L-type Ca?* channel inhibition by DHA was
matched by this same agent (64). A great deal of work has
investigated the effects of membrane stiffness on channel func-
tion (80). There does appear to be a direct relation. Generally,
the degree of membrane fluidity is associated with the degree
of unsaturation in the FA.

CONCLUSIONS

There is substantial evidence that PUFAs induce significant
beneficial cardiovascular effects. One of the interesting
aspects concerning this beneficial action is that it is not
achieved through one mechanism of action, but appears to be
achieved via different effects on the heart, vasculature and
blood. This makes PUFAs even more important as a thera-
peutic modality. Despite our knowledge, much remains to be
investigated about the health-related benefits of PUFAs.
Perhaps our greatest challenge continues to be discovering a
way to introduce these compounds into the human diet in
safe, therapeutic doses.
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