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ARDIOVASCULAR DISEASE IS THE LEADING CAUSE OF DEATH WORLDWIDE,
and preventive approaches, particularly achievable dietary changes, have major
public health implications. An increased dietary intake of n—3 (polyunsatu-
rated) fatty acids is one such dietary approach. This review discusses advances since
the topic was last reviewed in the Journal* and highlights current gaps in knowledge.

HISTORICAL PERSPECTIVE

In response to anecdotal reports of a low prevalence of coronary heart disease among
Greenland Eskimos (Inuits), Bang and Dyerberg undertook six expeditions to Green-
land starting in the late 1960s. They confirmed a very low incidence of myocardial
infarction and reported an antiatherogenic blood lipid pattern, as well as markedly
reduced platelet reactivity, in this population as compared with Danish controls.?3
These findings were attributed to the Inuit diet, which was composed mainly of seal
and whale and was extremely rich in marine n—-3 fatty acids. The prevalence of in-
flammatory and immune diseases among the Inuits was also reported to be very
low.* In a seminal article in 1978, Dyerberg and colleagues presented the hypothesis
that marine n—3 fatty acids might provide protection against atherosclerosis and
thrombosis,® and they began research on the potential effects of n—3 fatty acids in
the prevention and treatment of vascular disease.

BIOSYNTHESIS OF ESSENTIAL POLYUNSATURATED FATTY ACIDS

Polyunsaturated fatty acids, organic acids that naturally contain more than one dou-
ble bond in the aliphatic chain, are named according to the number (>1), position,
and configuration of such double bonds, which also largely determine their physical
and biologic properties. Biologically relevant families of polyunsaturated fatty acids
are the n—6 and the n-3 fatty acids (Fig. 1). Mammals lack enzymes to insert the
double bond in the n—6 or n—-3 position; therefore, linoleic acid and alpha-linolenic
acid (ALA), as well as some of their elongation products, are essential nutrients for
mammals; the lack of these nutrients leads to a syndrome of deficiency of essential
fatty acids.®” In humans, this deficiency is usually characterized by desquamative
rashes and hyperkeratotic dermatoses.® Current estimates of the minimum require-
ments for n—6 and n-3 fatty acids in adults are 1.0% and 0.2% of daily energy in-
take, respectively,® with acceptable (but not necessarily ideal) macronutrient distri-
bution ranges for eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) of
0.25 to 2.0 g per day.*°

Plant tissues and oils are good sources of linoleic acid and ALA. Photosynthesiz-
ing plants are especially rich in ALA, accounting for up to 55% of the fatty acids
present in green vegetables. However, green vegetables generally contribute little to
the optimal intake of ALA in humans, as compared with certain plant oils such as
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Figure 1. Chemical Structure and Pathway of Conversion of Linoleic and Alpha-Linolenic Acid (ALA) into Longer
Derivatives (Long-Chain, or Highly Unsaturated Polyunsaturated Fatty Acids).

In the n—6 family, linoleic acid can be converted into y-linolenic acid (18:3 n—6) by A6-desaturase, and then

7y-linolenic acid can be elongated (by elongase) to dihomo-vy-linolenic acid (20:3 n—6). Dihomo-vy-linolenic acid can
be desaturated further by A5-desaturase, yielding arachidonic acid (20:4 n—6). With the same series of enzymes, ALA
in the n—3 family is converted into eicosapentaenoic acid (EPA) (20:5 n-3). The further conversion of EPA into doco-
sahexaenoic acid (DHA) (22:6 n-3) first involves the addition of two carbon atoms to form docosapentaenoic acid
(DPA) (22:5 n-3), then the addition of two more carbons to produce 24:5 n-3, and desaturation to form 24:6 n-3.
The removal of two carbons from 24:6 n-3, by limited peroxisomal B-oxidation, yields DHA (the entire complex con-
version of EPA into DHA is also known as Sprecher’s shunt). EPA and DHA, the most biologically relevant n-3 fatty

acids, are labeled in red.

soybean, flaxseed, linseed, and rapeseed (canola)
oils, as well as walnuts. Mammalian cells cannot
synthesize linoleic acid and ALA, though limited
(1 to 5%)** conversion to longer-chain polyunsatu-
rated fatty acids occurs through further desatura-
tion and elongation. Linoleic acid can ultimately
be converted to arachidonic acid (20:4 n—6) and,
through the same series of enzymes, ALA can be
converted to EPA (20:5 n-3). The further conver-
sion of EPA to DHA (22:6 n—-3) involves a complex
series of additional reactions,'? but the conversion
is very limited** (Fig. 1). DHA accumulates in all
tissues, including the heart and the vessel wall,

but it particularly accumulates in the nervous sys-
tem and the retina, where it serves important
physiological functions.

EPA and DHA enter the food chain through
marine phytoplankton, and they pass through fish
and marine mammals — seals, walruses, and
whales — which are the main components of the
Eskimo diet. In Western diets, the main source
of EPA and DHA intake is fish, especially oily
fish (e.g., mackerel, trout, salmon, herring, and
sardines). Fish-oil preparations contain variable
amounts of n-3 fatty acids in the form of tri-
glycerides, ethyl esters, or free fatty acids.
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Transgenic animals that express the fat-1 gene
from the worm Caenorhabditis elegans have been
raised. This gene encodes an n-3 fatty acyl desatu-
rase catalyzing the conversion of 18- and 20-car-
bon n—-6 substrates into n—3 fatty acids. A supple-
mentation approach with the use of meat from
these transgenic animals might permit a marked
enrichment of mammalian cells with n-3 fatty
acids beyond that which is possible through di-
etary approaches, with obvious clinical implica-
tions.13.14

METABOLISM AND MECHANISMS
OF ACTION

Polyunsaturated fatty acids modulate local signal-
ing and structure, primarily after esterification
(prevalently in the sn-2 position) in glycerophos-
pholipids and incorporation into cell membranes
(see the Supplementary Appendix, available with
the full text of this article at NEJM.org). There are
three broad categories of biologic effects: those
mediated by the release of bioactive mediators, di-
rect effects on ion channels that modulate a num-
ber of events (e.g., arrhythmogenesis), and other
direct effects on membranes that require incor-
poration into cell phospholipids.

The n-3 fatty acids can be released through
the actions of phospholipase A,, induced by a
variety of stimuli, and are converted through both
orthodox and novel pathways to signaling mol-
ecules. The orthodox pathways involve reactions
catalyzed by cyclooxygenases and lipoxygenases
to biologically active eicosanoids, including prosta-
glandins, thromboxanes, and leukotrienes (Fig. 2).
Thromboxanes and leukotrienes derived from
n-3 fatty acids are in general much less potent
local mediators than the corresponding n—6 fatty
acid derivatives in orthodox pathways. The n—3
fatty acids are also converted to biologically active
epoxides, alcohols, diols, and ketones through re-
cently discovered new pathways (Fig. 3). A num-
ber of local mediators, discovered as a result of
elucidating such new pathways, are potent (in the
nanomolar range) and stereoselective, with anti-
inflammatory actions and actions prompting the
resolution of inflammation, and they are pro-
duced during this resolution phase of inflamma-
tion through transcellular biosynthetic routes (i.e.,
the product of one cell is transformed by neighbor-
ing cells). Thus, these compounds are termed “res-

olution-phase interaction products” (resolvins)*®-1?
(Fig. 3). In addition, unsaturated fatty acids, through
nitration, can generate nitro-fatty acids that glob-
ally suppress inflammation at micromolar con-
centrations®® (Fig. 3).

In low micromolar concentrations, n—3 fatty
acids have direct effects without undergoing me-
tabolism. Some direct effects, such as antiarrhyth-
mic effects, occur rapidly,*® without incorporation
of n-3 fatty acids into the cell membranes. These
free fatty acids cause steric interference with
sodium, potassium, and calcium channels; this
blocking mechanism is distinct from that of
other known classes of antiarrhythmic agents.?°
Conversely, incorporation into cell membranes is
required for slow-onset and long-acting direct an-
tiinflammatory, antiatherogenic effects, modulat-
ing the expression of endothelial proinflammatory,
proatherogenic genes (genomic effects).2%22 The
incorporation of fatty acids appears to alter the
properties of lipid rafts and caveolae, contributing
to membrane fluidity. Thus, hormone-receptor
binding and the function of membrane-associated
proteins are affected.?>?* In turn, this incorpora-
tion has been associated with decreased generation
of intracellular reactive oxygen species and a con-
sequent diminished activation of redox-sensitive
transcription factors, such as the nuclear factor-«B
system, modifying the expression of proinflamma-
tory, proatherogenic genes.?22> There is evidence
that n—-3 fatty acids signal through G-protein—
coupled receptor 120, modulating inflammatory
and insulin-sensitizing effects that occur in mono-
cytes and macrophages.2°

Through one or more of the above mechanisms,
n-3 fatty acids may affect several intermediate
determinants of cardiovascular risk. At doses of
3 g per day or more, these substances generally
reduce hypertriglyceridemia in humans?%2® with-
out changing cholesterol levels substantially.?® The
n-3 fatty acids are also associated with decreased
levels of markers and mediators of inflammation
such as the cytokines interleukin-18 and tumor
necrosis factor a.33! Studies have shown that in-
creased intake of n—3 fatty acids is associated with
a small reduction in blood pressure (approximately
2 to 3 mm Hg systolic and 1 to 2 mm Hg dia-
stolic)32 and with a reduction in the resting heart
rate (approximately 3 beats per minute).3> Other
studies suggest that the intake of n—3 fatty acids
is associated with improved cardiac diastolic fill-
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Figure 2. “Orthodox Pathways” of Polyunsaturated Fatty Acid Metabolism.

Metabolic pathways involve reactions catalyzed by conversion through cyclooxygenase-1 (COX-1), cyclooxygenase-2 (COX-2), and lipoxy-
genases to eicosanoids, which include prostaglandins, thromboxanes, and leukotrienes in different cell types. Arachidonic acid is the
precursor of the prostanoids of the 2 series (including prostacyclin [PGl,] and thromboxane A, [TXA,]), whereas eicosapentaenoic acid
(EPA) is the precursor of prostanoids of the 3 series (prostaglandin I; [PGl;] and thromboxane A; [TXA;]). Increasing the content of n—-3
fatty acids in the membranes reduces the production of prostanoids in general, but it also favors the synthesis of TXA; in platelets, which,
unlike arachidonic acid—derived TXA,, has been reported to have weak platelet-aggregating and vasoconstricting activity (although re-
cent studies have challenged this observation®). In endothelial cells, however, the main products of arachidonic acid and those of EPA,
PGl,, and PGI, are virtually equipotent in their antiaggregative and vasodilating properties, and EPA does not appreciably interfere with
arachidonic acid metabolism as a substrate for COX-2.** In leukocytes and monocytes, arachidonic acid and EPA are substrates of 5-
lipoxygenase (5-LOX) for the synthesis of leukotrienes. Leukotriene B, (LTB,), derived from arachidonic acid, has potent chemotactic
and leukocyte-activating properties, whereas the cysteinyl leukotrienes C,, D,, and E, (LTC,, LTD,, and LTE,) have vasoconstrictive effects
and increase vascular permeability. Through 5-LOX, EPA gives rise to leukotrienes of the 5 series, which have weaker proinflammatory and
vasoconstrictive activities. Final products are labeled in bold, and the cells shown are the respective main production sites. The abbreviation
cPLA, denotes cytosolic phospholipase A,, EET epoxyeicosatrienoic acid, GSH glutathione, HPETE hydroperoxy-eicosatetraenoic acid,
LTA, leukotriene A,, LTA, leukotriene A;, LTB; leukotriene B, LTC; leukotriene Cs, LTD; leukotriene Ds, LTE; leukotriene Es, PAF platelet-
activating factor, PGA; prostaglandin A;, PGD, prostaglandin D,, PGE, prostaglandin E,, PGF,, prostaglandin F,,, PGF;, prostaglandin
Fsa PGG, prostaglandin G,, and PGH, prostaglandin H,.
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ing,?* modulation of autonomic function (thus
increasing heart-rate variability),34 and increased
baroreceptor control,® which in turn reduce the
risk of fatal arrhythmias. Some data suggest that
n-3 fatty acids improve insulin sensitivity?® and
mildly inhibit platelet function,3”3® though the
overall effects on hemostasis appear to be modest.
Despite a mild increase in the bleeding time, clini-
cally important bleeding, originally described in
Eskimos,* has not been substantiated in other
groups.®>#° A short course of n—3 fatty acid supple-
mentation has been reported to improve endothe-
lial function* and to reduce features of inflam-
matory atherosclerotic plaque.*?

ANIMAL MODELS

Experimental studies in animal models fall broad-
ly into two categories: studies exploring the pro-
gression of vascular disease or thrombosis, and
studies of antiarrhythmic effects. In several animal
models, n-3 fatty acids improved endothelial func-
tion and diminished atheromas, but such results
are inconsistent, probably reflecting differences
in the species used and the study design.*?

In Langendorff preparations of perfused rabbit
heart** and in feeding experiments in rats*> and
monkeys,*® n—3 fatty acids were associated with an
increased arrhythmogenic threshold. In a canine
model of sudden death due to exercise-induced
ventricular fibrillation, the intravenous infusion
of an emulsion of n—3 fatty acid concentrate*” or
isolated EPA, DHA, or ALA plus serum albumin*®
prevented ventricular fibrillation (see the Supple-
mentary Appendix).

EPIDEMIOLOGIC STUDIES

In 25 studies involving a total of 280,000 partici-
pants, there was an inverse association between fish
consumption and morbidity or mortality from cor-
onary heart disease.**>° The first epidemiologic
observations in Greenland Inuits5%:52 (with an es-
timated mean n—3 fatty acid intake of up to about
15 g per day®?) suggested that a nutritional factor
was associated with cardiovascular protection.
This observation was subsequently confirmed
in natives of Northern Canada and Alaska who
were living traditionally,#>5%5* and in Japanese,>
Western, and Chinese populations*®5%57 (Table 1

in the Supplementary Appendix). Blood levels of
n-3 fatty acids also appear to correlate inversely
with death from cardiovascular causes®®>° and
total mortality.®°

CLINICAL TRIALS

SECONDARY PREVENTION OF CARDIOVASCULAR
DISEASE

In the Diet and Reinfarction Trial,°%°! a total of
2033 male survivors of myocardial infarction were
randomly assigned in a open-label fashion to re-
ceive or not receive one of the following three di-
etary recommendations: a reduction in fat intake
with an increase in the ratio of polyunsaturated
fatty acids to saturated fat, an increase in the in-
take of cereal fiber, and an increase in the intake
of oily fish (200 to 400 g per week, providing an
additional 500 to 800 mg of n—3 fatty acids per
day). Participants who declined to eat fish were
allowed to take fish-oil capsules (900 mg of EPA—
DHA per day). There was a 29% reduction in the
rate of death from any cause over a 2-year period
in the group of persons who received advice on
increasing fish consumption.®%-°2 This study was
novel in showing that dietary advice and subse-
quent changes in fish intake might influence mor-
tality, but the dietary intervention was complex, the
study design was unavoidably open-label, and the
study lacked power to detect a true difference in
mortality between the two groups.

The Gruppo Italiano per lo Studio della Sopra-
wivenza nell’Infarto Miocardico (GISSI)-Preven-
zione trial?® randomly assigned 11,324 survivors
of recent myocardial infarction (within the previ-
ous 3 months) to receive n—3 polyunsaturated fatty
acids (1 g per day, in 2836 patients), vitamin E
(300 mg per day, in 2830 patients), both (in 2830
patients), or neither (in 2828 patients [the control
group]) for 3.5 years. No placebos were used in the
study. Among the patients who received n—3 fatty
acids alone, as compared with the control group,
there was a 15% reduction in the composite pri-
mary end point of death, nonfatal myocardial in-
farction, or nonfatal stroke (P<0.02), with a 20%
reduction in the rate of death from any cause
(P<0.01) and a 45% reduction in the rate of sud-
den death, an end point adjudicated by a commit-
tee whose members were unaware of the group
assignments (P<0.001), whereas the incidence of
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Figure 3. Novel Pathways of Polyunsaturated Fatty Acid Metabolism.

When released from membrane phospholipids, n—3 fatty acids can give rise to a host of novel eicosanoid derivatives through metabolism
catalyzed by several lipoxygenases, modified cyclooxygenases, and the cytochrome P450 system, producing hydroxy- and hydroperoxy-
derivatives, as well as lipoxins, maresins, protectins. These compounds are typically produced during the resolution of inflammation
and most are produced by transcellular metabolism; therefore they are generically termed “resolution-phase interaction products”
(resolvins). Final products are labeled in bold, and the cells shown are the respective main production sites. COX-2 denotes cyclooxy-
genase-2, cPLA, cytosolic phospholipase A,, DHA docosahexaenoic acid, DiIHDHA dihydroxy-docosahexaenoic acid, DiHp-ETE dihydro-
peroxy-eicosatetraenoic acid, EPA eicosapentaenoic acid, HETE hydroxy-eicosatetraenoic acid, HpDHA hydroperoxy-docosahexaenoic
acid, HpEPE hydroperoxy-eicosapentaenoic acid, HPETE hydroperoxy-eicosatetraenoic acid, 5-LOX 5-lipoxygenase, 12-LOX 12-lipoxygen-
ase, 14-LOX 14-lipoxygenase, 15-LOX 15-lipoxygenase, LTA, leukotriene A,, LXA, lipoxin A,, LXB, lipoxin B,, NPD1 neuroprotectin D1,
and RV resolvin.

risk, 0.47).93 However, the study was open-label and
had a high dropout rate (>25%), limiting its gen-
eralizability.

Burr et al.** reported on a trial involving 3114
male patients of general practitioners in south
Wales. These patients, who were younger than

myocardial infarction was not significantly re-
duced. Vitamin E provided no additional benefit.?®
Survival curves diverged early after randomization.
Total mortality was significantly reduced after only
3 months of treatment (relative risk, 0.59), and the
rate of sudden death after only 4 months (relative
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70 years of age and had angina pectoris, were ran-
domly assigned to four groups that received dif-
ferent advice about food. The first group was ad-
vised to consume two portions of oily fish each
week or three fish-oil capsules daily. The second
group was advised to consume more fruits, veg-
etables, and oats. The third group received both
recommendations, and the fourth group received
no specific dietary advice. After 3 to 9 years, there
was no reduction in mortality in the groups of
patients who received dietary advice on increas-
ing fish consumption. Furthermore, no other ef-
fects were attributable to advice regarding fruit.
Contrary to the prespecified hypothesis, the risk
of death from cardiac causes was higher among
patients who were advised to consume oily fish
than among those who were not so advised (ad-
justed hazard ratio, 1.26; 95% confidence interval
[CI], 1.00 to 1.58; P=0.047), and the risk of sud-
den death from cardiac causes was even greater
(1.54; 95% CI, 1.06 to 2.23; P=0.02). The appar-
ent excess risk occurred largely in the subgroup
of patients who received fish-oil capsules. There
was no evidence that this excess risk was due to
interactions with other medications that the par-
ticipants were receiving.°* However, there were
several problems during the conduct of this trial,
including the inability to check long-term adher-
ence to the assigned treatments and between-
group differences in changes in concomitant med-
ications and health behaviors.®

In the Japan Eicosapentaenoic Acid (EPA) Lipid
Intervention Study (JELIS; ClinicalTrials.gov num-
ber, NCT00231738),°¢ the long-term use of pure
EPA was tested in an open-label trial for efficacy in
the prevention of major coronary events in Japa-
nese patients with hypercholesterolemia. A total
of 18,645 patients with total cholesterol levels of
252 mg per deciliter or higher (>6.5 mmol per liter)
were randomly assigned to receive either 1800 mg
of EPA per day with statins (9326 patients) or
statins alone (9319 patients). The primary end
point was a major coronary event, defined as sud-
den death from cardiac causes, fatal or nonfatal
myocardial infarction, unstable angina pectoris,
angioplasty, stenting, or coronary-artery bypass
grafting; these outcomes were adjudicated by in-
vestigators who were unaware of the group assign-
ments. At a mean follow-up of 4.6 years, the pri-
mary end point occurred in 262 patients in the EPA
group (2.8%) and in 324 patients in the control

group (3.5%) — a 19% relative reduction in major
coronary events (P=0.01).°® There was also a sig-
nificant reduction in stroke.®” The level of low-
density lipoprotein cholesterol after treatment de-
creased similarly in both groups and thus was not
a major factor in the observed effect. Nonfatal
coronary events were also significantly reduced
in the EPA group, but sudden death from cardiac
causes and death from coronary causes were not.
The reduction in events associated with EPA was
similar in patients with and those without a his-
tory of coronary artery disease, but it was signifi-
cant only in the former group, with a very low
number needed to treat (19).°® The JELIS study
showed the efficacy of EPA in a population that
did not have high cholesterol levels but did have
other risk factors, including elevated triglyceride
levels, low levels of high-density lipoprotein cho-
lesterol, and impaired glucose tolerance. The lack
of an effect on the incidence of sudden death
probably reflects the high background n-3 fatty
acid intake in the Japanese population.

The GISSI Heart Failure Study (GISSI-HF,
NCT00336336)°° was a randomized, double-blind,
placebo-controlled trial testing whether fish oil
could reduce morbidity and mortality in a large
population of patients with symptomatic chronic
heart failure (New York Heart Association class
I1, 11T, or IV) of any cause who were considered to
be at high risk for sudden cardiac death and were
receiving standard treatment. Patients were ran-
domly assigned to receive n—3 fatty acids at a
dose of 1 g per day (in 3494 patients) or placebo
(in 3481 patients) and were followed for a median
of 3.9 years. In a secondary analysis, patients were
also randomly assigned, in an open-label design,
to receive either rosuvastatin at a dose of 20 mg per
day or placebo. The primary end points were the
time to death and a composite of the time to death
or admission to the hospital for cardiovascular
reasons. A total of 955 patients in the fish-oil
group died from any cause, as compared with 1014
patients in the placebo group (27% vs. 29%; ad-
justed hazard ratio, 0.91; 95.5% CI, 0.83 to 1.00;
P=0.04). A total of 1981 patients in the fish-oil
group (57%) and 2053 patients in the placebo
group (59%) died or were admitted to the hospital
for cardiovascular reasons (adjusted hazard ratio,
0.92; 99% CI, 0.85 to 1.00; P=0.009). On the basis
of the results, 56 patients would need to be treat-
ed for a median of 3.9 years to avoid 1 death, and
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44 would need to be treated to avoid 1 death or
admission to the hospital for cardiovascular rea-
sons.®® Thus, the GISSI-HF trial confirmed the re-
duction in mortality seen in the GISSI-Prevenzione
trial, although the extent of the reduction was
smaller. However, no other pharmacologic agent
tested in contemporary trials has been shown to
reduce mortality among patients with symptom-
atic chronic heart failure. Indeed, the rosuvastatin-
versus-placebo comparison in the GISSI-HF study
did not show the efficacy of statin therapy.

The recent randomized, double-blind, multi-
center Alpha Omega trial’° included 4837 patients
with previous myocardial infarction (median
elapsed time, 3.7 years). The patients were 60 to
80 years of age, and 78% were men. They received
one of four trial margarines: a margarine supple-
mented with a combination of EPA and DHA (with
a targeted additional daily intake of 400 mg of
EPA-DHA — a dose less than half that used in
the GISSI-Prevenzione and GISSI-HF trials), a mar-
garine supplemented with ALA (targeted additional
daily intake of 2 g of ALA), a margarine supple-
mented with EPA-DHA and ALA, or a placebo
margarine. The primary end point was the rate of
major fatal and nonfatal cardiovascular events and
cardiac interventions. Data were analyzed accord-
ing to the intention-to-treat principle. In patients
who received the EPA-DHA supplement, plasma
levels of EPA and DHA increased (by much less
than the levels obtained in the GISSI-Prevenzione
trial). Levels of EPA, but not of DHA, also increased
in the ALA group, suggesting some conversion of
ALA to EPA. A major cardiovascular event oc-
curred in 671 patients (13.9%) during the follow-up
period. Neither EPA-DHA nor ALA reduced the
primary end point (hazard ratio with EPA-DHA,
1.01; 95% CI, 0.87 to 1.17; P=0.93; hazard ratio
with ALA, 0.91; 95% CI, 0.78 to 1.05; P=0.20). In a
prespecified subgroup analysis involving female
participants, ALA, as compared with placebo and
EPA-DHA alone, was associated with a reduction
in the rate of major cardiovascular events that did
not achieve significance (hazard ratio, 0.73; 95%
CI, 0.51 to 1.03; P=0.07). The adverse-event rates
did not differ significantly among the study
groups.”’® The outcome of the EPA-DHA supple-
mentation in this study is difficult to interpret
because the supplementation dose was small and
its effects might have been obscured by the larger
amount of ALA administered in half the groups in
the comparison. In this instance, the factorial de-

sign of the study was inappropriate for the two
nonindependent study drugs tested. Furthermore,
the study was underpowered to detect differences
between each of the four study groups.

Other studies, each involving fewer than 600
patients, have addressed the use of n—3 fatty acids
to prevent restenosis after coronary angioplasty,
atrial fibrillation, or other clinical conditions, with
mortality as the end point. The results are incon-
clusive, because these studies together accounted
for less than 4% of all deaths reported in trials
of n—3 fatty acids.”*-3°

PREVENTION OF ARRHYTHMIAS IN PATIENTS WITH
IMPLANTABLE CARDIOVERTER—DEFIBRILLATORS
Since several studies showed that n—3 fatty acids
reduce the rates of death from cardiac causes and
sudden death, the hypothesis that n—3 fatty acids
work largely by preventing life-threatening cardiac
arrhythmias gained increasing attention.*”81.82
Three double-blind, randomized, placebo-con-
trolled intervention studies involving patients with
implantable cardioverter—defibrillators investigat-
ed the direct effects of fish oil on ventricular
tachyarrhythmias?”7%%%; none convincingly showed
that supplementation with n—3 polyunsaturated
fatty acids prevented discharges from implant-
able cardioverter—defibrillators. However, a meta-
analysis of these three trials (involving a total of
1148 patients)®? suggested that patients with un-
derlying coronary artery disease, in whom trig-
gered ectopic beats and prolonged action potentials
are predominant proarrhythmogenic mechanisms,
might benefit, whereas patients with heart failure,
in whom arrhythmias are mostly caused by reen-
try, might not. These studies were small, and the
hypothesized relative risk reduction, 20% at best,
would require several thousand patients in order
to be conclusive.

Small, mostly uncontrolled studies have shown
that fish oil may be useful in reducing the inci-
dence of supraventricular arrhythmias, including
atrial fibrillation.®*

COMPARISONS OF EPA, DHA, AND ALA

The favorable effects of fish oils were originally
attributed primarily to EPA. However, more DHA
than EPA accumulates in the body, and DHA has
broadly similar biologic effects. Only in the past
10 years have sufficient quantities of purified EPA
or DHA become available for controlled trials,
and these trials suggest some differential prop-
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erties (see the Supplementary Appendix). Only one
large trial®® selectively administered EPA. Some
studies have suggested that ALA may have bio-
logic properties that are independent of its con-
version to EPA and DHA,*+4855 although this is
controversial.°

BACKGROUND DIET AND RATIO
OF N—6 TO N—3 FATTY ACIDS

Western diets are low in n—3 fatty acids but have
high amounts of n—6 fatty acids, such as those in
poultry, meat, and most vegetable oils, as compared
with early human diets.®” Some investigators have
speculated that larger amounts of n—6 fatty acids,
such as those in today’s Western diets, may pro-
mote many diseases of modern life, including
cardiovascular disease. Therefore, it has been hy-
pothesized that lowering the intake of n—6 poly-
unsaturated fatty acids (decreasing the ratio of
n—6 to n-3 fatty acids, no matter how it is defined)
would have favorable effects.®® This idea has been
disputed, since epidemiologic studies in Western
populations have generally shown that the intake
of n—6 fatty acids has a favorable inverse relation-
ship with morbidity and mortality from cardio-
vascular causes,®>#° although the effect is weaker
than that seen with n—3 fatty acids. Small studies
involving varying intakes of dietary polyunsaturat-
ed fatty acids (mostly n—6 polyunsaturated fatty
acids) showed that the intake paralleled recipro-
cal changes in saturated fatty acids.°® Randomized,
controlled trials have not provided clear evidence
that dietary intake of foods rich in pure n—6 fatty
acids reduces the risk of coronary heart disease.*
Data from randomized, controlled trials are lack-
ing to test the hypothesis that a selective lowering
of the intake of n—6 fatty acids, without altering
the intake of saturated or n—3 fatty acids, will be
beneficial.

Much less controversial is the possibility that,
given the existence of quite different background
n—3 fatty acid intakes, one can expect varying
outcomes from studies involving different popula-
tions that received similar amounts of n-3 fatty
acids. For example, studies of an increased intake
of n-3 fatty acids showed an association with a
reduction in the risk of sudden death in Western
populations,?® but this has not been seen in the
Japanese population,®® which has a much higher
dietary intake of fish and a very low baseline rate
of sudden death.

FISH CONTAMINANTS AND
COUNTERBALANCED EFFECTS
OF N—3 FATTY ACIDS

Although contaminants in pharmaceutical prep-
arations of fish oil can be controlled easily, this is
not true of contaminants in seafood. The pres-
ence of such contaminants, especially mercury, has
direct implications for dietary recommendations
at the population level.°? If long-term mercury
exposure were to increase cardiovascular risk, the
relevant question for recommendations regarding
fish consumption would be the balance of the rela-
tive harm and benefits. Most current epidemio-
logic evidence suggests that the benefits of fish
consumption outweigh the harm.??

CONCLUSIONS

On the basis of currently available evidence, the
American Heart Association (AHA) has recom-
mended®* that all adults eat fish (particularly fatty
fish) at least twice a week, as well as vegetables
containing plant-derived n—3 fatty acids (ALA).
The AHA also suggests that patients with docu-
mented coronary heart disease consume approxi-
mately 1 g of EPA and DHA (combined) per day,
from oily fish or fish-oil capsules (after consulta-
tion with a physician). The AHA recommendations
also state that EPA-DHA supplements may be use-
ful in patients with severe hypertriglyceridemia
(>500 mg of triglycerides per deciliter [5.6 mmol
per liter]), for whom effective doses are higher:
2 to 4 g of EPA-DHA per day to lower triglyceride
levels by 20% to 40%. The AHA advises caution
with respect to contaminants and notes that
many species of fish are low in methylmercury®>
and that fish-oil supplements are free of methyl-
mercury.

The n-3 fatty acids continue to attract interest
as a possible addition to available lifestyle mea-
sures and medications for the prevention of car-
diovascular disease, but important gaps in knowl-
edge remain. Data are lacking from clinical and
mechanistic studies of the putative benefits of
n-3 fatty acids for both primary and secondary
prevention.

Disclosure forms provided by the author are available with the
full text of this article at NEJM.org.
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