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■ Abstract It is now established that dietary n-3 polyunsaturated fatty acids (PUFAs)
are involved in health promotion and disease prevention, particularly those tradition-
ally derived from marine sources (e.g., eicosapentaenoic acid and docosahexaenoic
acid). A number of organizations have made specific recommendations for the general
population to increase their intakes of these nutrients. In response to and along with
these recommendations, n-3 PUFAs are being incorporated into nontraditional food
sources because of advances in the technology to safely enrich/fortify our food supply.
Fatty acid compositions of traditional oils (e.g., canola and soybean) are being geneti-
cally modified to deliver more highly concentrated sources of n-3 PUFA. The advent
of algal sources of docosahexaenoic acid provides one of the few terrestrial sources of
this fatty acid in a concentrated form. All of this is possible because of newer technolo-
gies (microencapsulation) and improved processing techniques that ensure stability
and preserve the integrity of these unstable fatty acids.
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ALA,α-linolenic acid; CVD, cardiovascular disease; DHA, docosahexaenoic acid;
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Administration; HUFA, highly unsaturated fatty acid; LDL, low density lipopro-
tein; MMP, matrix metalloproteinase; n-3, omega-3; PUFA, polyunsaturated fatty
acid; SDA, stearidonic acid; USDA, United States Department of Agriculture;
VLDL, very-low-density lipoprotein.

INTRODUCTION

Over the past 30 years, the beneficial effects of omega-3 (n-3) polyunsaturated
fatty acids (PUFAs) have been extensively explored. Beginning with the original
set of articles explaining the reduced incidence of ischemic heart disease in Green-
land Eskimos (3, 12, 78), to the extensive, systematic review of epidemiological
data (7), these bioactive compounds have marched to the forefront of dietary con-
stituents promoting health and preventing disease. In an effort to capitalize on
the health and commercial benefits of n-3 PUFA, there is a growing industry de-
signed to enrich or fortify foods with this family of lipids. Newer technologies
and processing techniques minimize oxidation, and in some instances mask flavor
and smell for improved palatability. This chapter reviews how the landscape of n-3
PUFA-containing foods is rapidly changing via the incorporation of n-3 PUFA into
foods typically devoid or deficient of these nutrients. Eggs, breads, pasta, dairy
products, baby food, milk, baby formula, juices, cereals, meats, and salad dressings
are some of the foods affected. The availability of these novel products is limited in
the United States as compared with Europe, South America, and Australia, where
public acceptance appears to be higher. Nevertheless, newer and innovative tech-
nologies are making it easier to more cost-effectively produce and design foods
containing higher levels of these nutrients, thus satisfying a growing marketplace
of a health-conscience public.
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N-3 PUFA METABOLISM

N-3 fatty acids are a family of 18–24-carbon fatty acids with three or more
methylene-interrupted double bonds where the last double bond (from the car-
boxyl group) is three carbons from the methyl end of the molecule. Mammalian
cells do not contain enzymes capable of adding double bonds (desaturate) to fatty
acids after the ninth carbon from the carboxyl end of the molecule. As such, n-3
fatty acids cannot be synthesized and must be provided in the diet.

The parent compound of the n-3 PUFA is α-linolenic acid (ALA, 18:3 n-3) from
which all n-3 PUFAs are derived (Figure 1). This PUFA contains three methylene-
interrupted double bonds and is initially desaturated to stearidonic acid (SDA,
18:4 n-3) via the �-6 desaturase, the rate-limiting enzyme in the metabolic path-
way. Eicosapentaenoic acid (EPA, 20:5 n-3) is formed following the elongation of
SDA to eicosatetraenoic acid (20:4 n-3) with the addition of two carbons and the
subsequent addition of a double bond via the �-5 desaturase. Both the �-5 and
�-6 desaturases are membrane-bound enzymes associated with the endoplasmic
reticulum (ER) of mammalian cells (80). EPA is further metabolized to docosahex-
aenoic acid (DHA, 22:6 n-3) via a unique set of reactions previously attributed to
a putative mammalian �-4 desaturase (102, 114). EPA undergoes two elongation
steps, generating docosapentaenoic acid (DPA, 22:5 n-3) and 24:5 n-3 at the ER
(61). This product is then desaturated to 24:6 n-3 via �-6 desaturase, presum-
ably by the same protein that catalyzes the first step in the pathway (80). DHA
is formed from 24:6 n-3 following the removal of two carbons via peroxisomal
β-oxidation.

DIETARY SOURCES

α-Linolenic Acid

ALA is the major n-3 PUFA in the diet, with daily mean intakes estimated to be
1.6 g and 1.1 g per day for men and women, respectively (23). The major dietary
sources are found in vegetable oils such as soybean and canola oils. Although there
are other vegetable oils with ALA contents >50% (Table 1), they are consumed by
only a small percentage of the population in any appreciable amounts. However,
ALA is also found in a wide range of plant products, such as nuts, seeds, vegetables,
legumes, grains, and fruits, contributing to the total ALA intake. Although some
of these products have a relatively high ALA content (e.g., English walnuts, 10%),
most foods have relatively low levels (0.1%–0.7%) (42).

It is known that dietary ALA can be converted to EPA and DHA following
consumption; however, the extent of this conversion appears to be minimal at cur-
rent intakes. Utilizing stable isotopes, conversion of ALA to DHA in omnivorous
adults was estimated to be <1% (11, 82, 83). Similarly, when evaluating changes in
plasma phospholipid DHA levels, supplementation of ALA, up to 5 g per day, does
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Figure 1 Metabolic pathway of n-3 polyunsaturated fatty acids (PUFAs) and traditional

food sources of these fatty acids in the U.S. diet. Abbreviations: ALA, α-linolenic acid;

DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; LA,

linoleic acid; SDA, stearidonic acid.

not increase plasma (or erythrocyte) DHA phospholipid levels (Table 2). As part
of a typical western diet, the major metabolic fate of supplemented ALA appears
to be oxidation and not long-chain n-3 fatty acid synthesis (11, 45, 58, 62, 83, 99,
107, 111, 115). It appears the only effective way to enrich tissue phospholipids
with DHA is to consume DHA (Table 3).
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TABLE 1 α-Linolenic acid content of selected vegetable oils

Oil
α-Linolenic acid
content (g/100 g of oil) Reference

Perilla 54–65 (55)

Linseed 50–54 (9, 54, 89)

Flaxseed 53 (110)

Modified canola 22–44 (34)

Cohni 5.9–14.5 (2)

Canola 9–11 (54, 110)

Wheat germ 6.9 (54)

Soybean 6.8 (110)

SDA

As previously mentioned, SDA is the immediate metabolic derivative of ALA.
Since supplemental ALA is poorly converted to EPA and DHA, SDA could be an
alternative for increasing EPA levels because it enters the metabolic pathway after
the �-6 desaturase step. Following consumption of SDA, it is readily metabolized
to EPA (45, 72, 73, 103) and can be considered a “pro-EPA” fatty acid. Consumption
of SDA is low, with few dietary sources. At ∼9% by weight, echium oil appears

TABLE 2 The effects of dietary supplementation of α-linolenic acid on changes of

EPA and DHA levels in plasma phospholipids in humans

Dietary ALAa

(g/d)
EPA (% change
from baseline)

DHA (% change
from baseline) Reference

0.37 33b 12 (99)

0.75 15 −3 (45)

0.82 −57b −21b (111)

1.5 23 −7 (45)

1.8 39b 92b (96)

2.0 14 −2 (107)

2.8 13 0 (62)

3.5 60b 3 (115)

5.9 −13 −15b (111)

aValues represent the amount of ALA supplemented to the baseline diet.

bValues are significantly different from baseline at p < 0.05.

ALA, α-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid.
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TABLE 3 The effects of dietary supplementation of DHA on changes

of DHA levels in plasma phospholipids

Dietary DHAa

(g/d)
DHA (% change from
baseline) Reference

0.17 23b (46)

0.18 24b (21)

0.28 25 (107)

0.39 91 (37)

0.7 38 (107)

1.68 86b (113)

2.25 190b (15)

3.6 69b (27)

4.0 173b (75)

aValues represent the amount of DHA supplemented to the baseline diet.

bValues are significantly different from baseline at p < 0.05.

DHA, docosahexaenoic acid.

to be the richest commercially available plant source of SDA (103), followed by
black currant oil at 2%–4% (Table 4) (93). Surprisingly, fish and fish oils are not
particularly rich in SDA, which emphasizes the importance of a terrestrial source.
The availability of SDA as a metabolic source for EPA could be enhanced by the
development of SDA-enriched vegetable oils through biotechnology (70, 109).
Commonly consumed vegetable oils contain no SDA, but a modified canola oil has
been generated to contain up to 23% SDA (109), potentially providing a terrestrial
source for highly unsaturated n-3 PUFA with similar biological properties of EPA
(50, 86, 103).

EPA, DPA, and DHA

SDA is converted to EPA via the metabolic intermediate 20:4 n-3, a fatty acid not
found in the food supply because of its rapid conversion to EPA. Foods that contain
EPA also contain its metabolic derivatives DPA and DHA in various amounts. Fish
and fish oils are the richest sources of these fatty acids, with contents ranging from
30% to 50% for both fresh and saltwater fish (49). DHA is the major n-3 PUFA in

TABLE 4 Stearidonic acid content of selected vegetable oils

Oil
Stearidonic acid content
(g/100 g oil) Reference

Modified canola 16–23 (109)

Echium 3.5–8.8 (28)

Black currant 3.4 (93)
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fish whose levels are typically 2 to 5 times greater than EPA. However, per capita
food disappearance data show that fish intake in the United States is small compared
with other meats (54). Although they are not thought of in this context, terrestrial
meats (such as beef, pork, chicken, etc.) may contribute significant amounts of n-3
highly unsaturated fatty acids (HUFAs, those fatty acids with >3 double bonds).
Howe et al. (41) have estimated that terrestrial meats, such as beef, pork, mutton,
poultry, and game, contribute 43% of the n-3 HUFA in the Australian diet, and the
largest portion was in the form of DPA (41, 71). They revised these levels up 20%
from their original values due to their improved fatty acid analysis of meats (41).

Similarly, reanalysis of the U.S. food supply and commonly used food con-
sumption databases may be necessary to assess accurately n-3 HUFA intakes and
their relative contributions to the U.S. diet (105). At present, accurately determin-
ing total n-3 HUFA intakes is difficult. For example, the n-3 HUFA content of
meats is in the range of 20–50 mg per 100g, but fats are traditionally reported
in gram quantities and values less than 0.1 g are many times not reported in the
U.S. Department of Agriculture (USDA) database (105, 110). As an illustration,
no values for n-3 HUFA are reported for rib eye (NDB NO: 13,098), although rib
eye clearly contains these fatty acids (105). Many times these values, when present
in the database, are not derived from direct analyses of the food, but are imputed,
e.g., determined from preset mathematical formulas (105). Nevertheless, EPA and
DHA intakes (not including contributions from DPA) are estimated to be between
100–200 mg/d in the United States (53). This is in comparison with n-3 HUFA
intakes of 246 mg/d by Australians (41), 400–500 mg/d by the French (6), and
215–315 mg/d by Germans (63).

HEALTH EFFECTS

Cardiovascular Disease

A number of review articles have outlined the relationship of n-3 PUFA and risk
for cardiovascular disease (1, 14, 31, 53, 116). A more comprehensive review
of epidemiological literature can be found in a technical report from the Agency
for Healthcare Research and Quality (U.S. Public Health Service) (7). This re-
port screened more than 7464 abstracts and evaluated 39 studies that examined
n-3 PUFA intake and outcomes related to cardiovascular disease. A number of
studies demonstrated beneficial effects from n-3 HUFA and ALA supplementa-
tion/consumption. However, the evidence for a beneficial effect, primarily from
cohort and secondary prevention trials, was clearer for n-3 HUFA than it was for
ALA, although it was pointed out that dose and duration is an important factor in
establishing overall efficacy. It is unclear whether any beneficial effects of ALA
can be attributed to its conversion to EPA and DHA, given the doses in the studies
and the poor rates of conversion as determined by changes in tissue phospholipid
levels when compared with supplementation by n-3 HUFA.
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Sudden Death

A major benefit of n-3 HUFA is reducing the risk of sudden death (17, 47, 53,
59, 60, 63, 79). Proposed mechanisms have included their effects on fibrinoly-
sis and reductions in circulating triacylglycerol levels, platelet activation, and the
expression of vascular adhesion molecules (53, 112). There is growing evidence
that a reduction in sudden cardiac death may be the greatest impact of dietary
n-3 HUFA. Sudden death accounts for as much as 50% of cardiovascular dis-
ease (CVD) deaths, and up to 80% of these are due to ventricular fibrillation. As
such, attention has shifted from antithrombotic effects to their antiarrhythmic and
plaque stabilization effects (17, 43, 47, 59, 60, 79, 90). It is suggested that these
HUFAs reduce arrhythmic events by modifying lipid microdomains of plasma
membranes, thereby affecting the conductance of ion channels (60). Furthermore,
the generation of an atherogenic plaque involves remodeling of the extracellular
matrix. Important in this process are matrix metalloproteinases (MMPs), a family
of collagenases involved in the degradation of extracellular matrix. The stability of
the cap of the fibrous plaque is dependent upon interstitial collagen fibers. Over-
expression of MMPs weakens this protective cover, increasing plaque instability
and potential atheroma formation (25). N-3 PUFAs from fish oils reduce MMP ex-
pression increasing plaque stability, potentially reducing sudden coronary events
(4, 16, 25, 30, 39).

Neurological Disorders

Of late, there is an increasing interest in the relationship of n-3 HUFA and the brain.
The brain is 65% lipid and DHA is a significant portion of that. N-3 HUFAs have
been associated with neurological function (67). Consumption has been inversely
linked to impulsivity/aggression/hostility (13, 44) and homicides (34), as well as a
number of neurologically based disorders such as bipolar disorder (81), depression
(35, 106), suicide (106), and various forms of dementia, including Alzheimer’s
disease (77).

Potential Adverse Effects

Interest in the potential adverse effects of n-3 PUFA intake has focused on the
HUFAs, especially EPA and DHA. These concerns particularly apply to elevated
intakes, e.g., >3 g/day. Because consumption of dietary n-3 HUFAs is inversely
associated with CVD risk and individuals with type 2 diabetes are at increased risk,
dietary intervention with n-3 fats seems logical. However, among the concerns were
early reports that n-3 HUFA above 3 g/d could adversely influence glycemic con-
trol, particularly with diabetics (24, 26, 48, 117). Since then, a number of follow-up
studies with more moderate doses have found little effect on indices of glycemia
and insulin response/sensitivity (5, 65, 68, 84, 91, 100), results confirmed with a
recent meta-analysis evaluating 18 trials with fish oil doses ranging from 3–18 g/d
(74). In regard to lipid profiles, n-3 HUFAs are consistently hypotriglyceridemic
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(66), but there is some concern that they also may raise LDL cholesterol levels
(66, 74, 88, 104). Both phenomena appear to be related to increased turnover of
VLDL and its subsequent conversion to LDL (64, 74), but these particles tend to
be larger. This is important because smaller LDL particles are more atherogenic
(104, 108). Further concern is the oxidizability of LDL, where oxidized LDL is
the underlying etiology of the atherosclerotic process. Some studies, but not all
(36), report the susceptibility of LDL oxidation is enhanced following fish oil
consumption as measured by in vitro assays (69, 104), but it is difficult to de-
termine applicability because these effects are not observed with measures of in
vivo oxidation (76, 108). Nevertheless, susceptibility to oxidation could counter
some of the overall beneficial effects of n-3 HUFA. Probably the greatest con-
cern of the public relates to potential contamination of fish (for example, methyl
mercury) because fish is an important dietary source of n-3 HUFA. The FDA
has specific recommendations for the type and amount of fish to be consumed
(http://www.cfsan.fda.gov/∼dms/admehg3.html). These recommendations target
pregnant or nursing women, those who are about to become pregnant, and small
children. There are no specific recommendations for individuals outside of these
targeted groups. Furthermore, these concerns do not appear to be applicable with
regard to this chapter.

RECOMMENDED INTAKES

Recommended intakes for n-3 PUFA are not uniform (Table 5). In 2000, Simopou-
los (97) recommended daily intakes for EPA + DHA at 650 mg, with at least 222
mg for both EPA and DHA, and 2.22 g/d for ALA. The American Heart Asso-
ciation recommends adults eat fish (in particular fatty fish) at least two times per
week (52, 53). Wijendran & Hayes (116) recommend intakes of ALA and EPA
+ DHA to be 0.75% and 0.25%–0.5% of energy, respectively. In 2004, at their
annual meeting, the International Society for the Study of Fatty Acids and Lipids
recommended a “healthy intake” of ALA at 0.7% of energy and EPA + DHA
intakes at ≥500 mg/d (19). The guidelines proposed by the Food and Nutrition
Board (Institute of Medicine) established adequate intakes for ALA at 1.6 g/d
and 1.1 g/d for adult men and women, respectively, and that EPA + DHA could
account for up to 10% of the total n-3 fatty acid intake as a contribution toward
the adequate intake for ALA (23).

FORTIFYING FOODS WITH N-3 PUFA

FDA Guidelines

In September 2004, the Food and Drug Administration (FDA) announced a quali-
fied health claim for n-3 PUFA. This claim for labeling conventional food products
stated, “Supportive but not conclusive research shows that consumption of EPA
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TABLE 5 Recommended intakes of n-3 PUFAa

Date Organization Recommendations

n-3 PUFA intakes

2004 International Society for the

Study of Fatty Acids and

Lipids (19)

ALA: 0.7% energy

EPA + DHA: ≥500 mg/d

2004 Wijendran & Hayes (116) ALA: 0.75% energy

EPA + DHA: 0.25% energy

2003 World Health Organization Total n-3 PUFA: 1%–2% energy

2002 Food and Nutrition Board

(U.S.) (23)

ALA, women: 1.1 g/d of which 10% can be EPA

+ DHA

ALA, men: 1.6 g/d of which 10% can be EPA +
DHA

2002 American Heart Association Eat fish (fatty fish) at least 2 times per week

2002 Scientific Advisory Committee

on Nutrition (U.K.)

Total n-3 PUFA: >0.2 g/d

Eat 2 portions of fish weekly (one being oily)

2001 Health Councils of the

Netherlands

Total n-3 PUFA: 1% energy

DHA: 150–200 mg/d

2000 Simopoulos et al. (98) ALA: 2.22 g/d

EPA: ≥220 mg/d

DHA: ≥220 mg/d

EPA + DHA: 650 mg/d

1999 British Nutrition Foundation

(U.K.)

ALA: 0.2% energy

Total n-3 PUFA: 1.25 g/d

aIn part, modified from PUFA Newsletter, September 2003 (87).

ALA, α-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; PUFA, polyunsaturated fatty acid.

and DHA omega-3 fatty acids may reduce the risk of coronary heart disease. One
serving of [name of food] provides [grams] of EPA and DHA omega-3 fatty acids”
(for information about this quality health claim, visit the following FDA Web
site: http://www.cfsan.fda.gov/∼dms/lab-qhc.html). This claim was not extended
to ALA, where the cardioprotective effects are more equivocal. The FDA also rec-
ommends that the combined daily intakes of EPA and DHA not exceed 3 g per day
(with no more than 2 g per day from dietary supplements) because of the possible
adverse effects on glycemic control, increased bleeding times, and elevation in
LDL cholesterol.

Delivery of n-3 PUFA to Foods

The FDA has approved as “generally recognized as safe” a number of fish oils (e.g.,
menhaden, salmon, tuna, and anchovy) and algal oils rich in DHA (Crypthero-
dinium cohnii, Schizochytrium sp.), allowing for food fortification with these
products (see the FDA Web site: http://www.cfsan.fda.gov/∼rdb/opa-gras.html).
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The primary sources for algal oils rich in DHA (∼40%) are Martek Biosciences
(Columbia, Maryland) with DHASCO�, and the German ingredients firm Nu-
trinova (Frankfurt/Main, Germany) with Nutrinova� DHA. These algal products
offer an advantage over vegetable oils because they are far superior in modifying
tissue DHA levels in comparison with ALA (Tables 2 and 3). Furthermore, algal
oils also offer an advantage over fish products because they are considered plant
sources of n-3 PUFA and thus vegetarians can consume them; in addition, they
eliminate concerns about potential contaminants associated with fish products.

These oils can be directly added to foods, and a number of processing tech-
niques have been developed to enhance stabilization (due to their high unsaturation
indexes). One of these is microencapsulation, a process by which minute droplets
of oil are coated with a stable film (38, 51). Encapsulation of oils increases shelf
life, minimizes the fishy taste and odor, and stabilizes the product by reducing
oxidation potential. For example, one such product, Meg-3� (Ocean Nutrition
Canada, Dartmouth, Nova Scotia, Canada), is a blend of microencapsulated re-
fined fish oils (anchovy, sardine, mackerel), generating a very fine, free-flowing,
nongranulated powder with negligible odor. Another method of enriching foods
with n-3 PUFA is via bio-delivery. This is accomplished by feeding animals food
products that contain n-3 PUFA with the desired effect of enriching their tissues
with n-3 PUFA. For example, enriching DHA content of egg phospholipids is ac-
complished by providing hens with rations containing ALA or fish meal. ALA and
DHA content in egg yolks increase in a dose-dependent manner when the diets of
hens are modified with increasing levels of ALA (8, 22, 94). Feeding hens diets
containing 0%, 10%, or 20% flaxseed progressively increased content of ALA (28,
261, and 527 mg/egg, respectively) and DHA (51, 81, and 87 mg/egg, respectively)
(22). When hens are fed diets containing EPA and/or DHA, the eggs are further
enriched with DHA (29, 32, 33, 40). Similar results can be achieved with foods
such as pork, chicken, sheep, and beef, despite the significant biohydrogenation of
dietary PUFA that occurs in ruminants (18, 20, 40, 95). Feeding pigs and chickens
rations containing fishmeal or feeding ruminants n-3 PUFA-containing feed results
in meat products significantly enriched in n-3 HUFA, in particular EPA and DHA
(18, 20, 40, 95). However, when swine are only provided n-3 PUFA in the form
of ALA, EPA is the major n-3 HUFA enriched in tissues (92, 101), a finding that
suggests dietary DHA is needed to significantly enrich tissues with DHA.

FOOD PRODUCTS FORTIFIED WITH N-3 FATTY ACIDS

When the FDA affirmed that certain fish oils were generally recognized as safe,
it established guidelines for their use. The food categories listed in Table 6 illus-
trate the wide range of foods that can be fortified (for more information, see the
FDA Web site: http://www.cfsan.fda.gov/∼rdb/opa-gras.html). Similar categories
of foods have been identified for use with algal oils. Indeed, many of these targeted
applications have already found the marketplace, particularly in Europe, Australia,
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Canada, and South America. The United States is lagging behind these countries
in availability of foods fortified with n-3 PUFA. Three major forms of n-3 PUFA
are used for fortification: ALA-rich vegetable oils, fish oils (and n-3 enriched fish
oils), and algal oils rich in DHA. Table 6 lists a representative sample of novel
commercial products currently available, their n-3 PUFA contents, and where they
are sold. This list is not exhaustive, but rather is a snapshot of the current market-
place; an expansion of the number of products to be developed is anticipated in
response to the recent FDA announcement regarding health claims of n-3 PUFA.

Eggs

A standard egg (50 g) contains 34 mg of DHA, with very little EPA (<5 mg)
(105). This ratio of DHA to EPA is typical of eggs, even when hens consume
EPA, because EPA acts primarily as an intermediate for the synthesis in DHA (this
latter aspect is unique for eggs). DHA-enriched eggs can be found all over the
world, and their DHA content ranges from 50–150 mg/egg. Those eggs that are
derived from ALA-fed hens have higher ALA contents, while hens fed EPA and/or
DHA produce eggs with higher DHA levels. In either case, arachidonic acid levels
are significantly reduced. This is important because eggs are particularly rich in
arachidonic acid, and attenuating arachidonic acid and its subsequent metabolism
to eicosanoids is believed to be a targeted effect underlying some of the benefits
of n-3 PUFA (56, 57, 85).

Milk Products

The Italian dairy group Parmalat (http://www.parmalat.com) has been a leader in
marketing n-3-fortified milk products across the globe, in particular in Europe and
South America. Both whole milk and low-fat milk can be fortified. Dawn� Omega
Milk is fortified with ROPUFA� (Roche, Basel, Switzerland), which contains a
combination of EPA, DPA, and DHA (25%). This marine oil is dispersed in gelatin,
sucrose, and starch, stabilized with a mixture of tocopherols, ascobyl palmitate,
and rosemary extract (personal communication). In general, the levels of EPA and
DHA for 200 ml of fortified milk ranges from 10 mg to 190 mg, while the levels
of ALA in the ALA-fortified milk can be as high as 800 mg ALA/200 ml milk.
Other dairy products such as yogurts are being fortified with distilled fish oils.

Margarines/Spreads/Salad Dressings

Similar to milk products, this category is divided into those fortified with ALA or
EPA/DHA. The ALA in margarines are typically derived from flaxseed or colza
oils and ranges from 30–36 mg per 10 g serving; salad dressings are fortified with
as much as 2000 mg ALA per serving. Spreads containing EPA/DHA are typically
derived from fish oils at levels of ∼15 mg per 10 g serving; salad dressings are
fortified at much higher levels. Some products include a combination of ALA and
EPA/DHA. For example, Smart Balance� spread is fortified with n-3 PUFAs from
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soybean, canola, and menhaden oils, providing 150 mg EPA/DHA and 400 mg
ALA per 14 g serving.

Pasta and Breads

A number of bread products are fortified with ALA from flaxseed (up to 300 mg
per 25 g slice) and some with a combination of fish oil and a product identified
as HiDHA� (a product containing DHA and EPA in a ratio of 3.5:1). Some n-3-
fortified pasta products are being made with eggs from hens fed linseed oil (>50%
ALA), a novel approach for the use of these eggs.

Cereals and Cereal (Granola) Bars

Cereals and cereal bars high in n-3 PUFA are typically fortified with ALA from
flaxseed, with levels ranging from 2000–5343 mg per 55 g serving (one cup) for
cereals, and 1500–2200 mg ALA per bar. No cereals that contained EPA/DHA
could be identified.

Infant Formulas and Baby Foods

The major infant formula companies have infant formulas fortified with algae-
derived DHA (10) at levels designed to mimic human breast milk. And for those
infants eating solid foods, new baby food products using n-3-enriched egg yolks
(60 mg DHA per 4 oz) have also made their way to the marketplace.

Other Food Products

Juices fortified with n-3 HUFA have appeared and disappeared from the market-
place. Supajuice�, an orange-flavored beverage containing 100 mg EPA/DHA
(from tuna oil), is sold in the United Kingdom and is available in school vending
machines. GlaxoSmithKline, using DHA-rich algal oil, has developed a DHA-
fortified powder that is added to liquids. A 75 g serving contains 30–60 mg DHA
and is being marketed to pregnant and breast-feeding women and young children
in India under the names of Mother’s Horlicks and Junior’s Horlicks, respectively.
In addition, processed meat products containing microencapsulated fish oil were
identified in French supermarkets.

SUMMARY

As more products are being developed that are enriched or fortified with n-3 PUFA,
a challenge for the scientific community is to differentiate the biological effects
of ALA from its downstream metabolites, SDA, EPA, DPA, and DHA. It is in-
creasingly clear that form and amount are important with regard to n-3 PUFA. The
challenge for the public will be to understand that not all n-3 PUFAs are the same:
ALA is not the same thing as EPA and DHA. With the ever-changing composition
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of the food supply, social scientists face even greater challenges with regard to
their ability to ascertain health risks associated with diet. Similar difficulties ex-
tend to government agencies whose job it is to maintain accurate, up-to-date food
composition databases. Currently, it is very difficult to quantitate accurately n-3
HUFA consumption in a typical western diet, and with the development of new
technologies (e.g., microencapsulation) that improve the palatability and stability
of n-3 PUFA, this becomes even more challenging. Our current databases provide
nutrient levels that link food with the raw products from which they were derived,
e.g., bread derived from wheat, yogurt derived from milk, etc., providing consis-
tency and stability within food categories. However, as commercial development of
new and innovative sources of n-3 PUFAs (algal oils, genetically modified plants)
provide a cheaper and safer supply of these fatty acids (say, compared with fish),
this will result in the rapid development of nontraditional foods that are enriched
or fortified, thus challenging our ability to accurately keep track of these changes.
This is further complicated because some of these foods influence the composi-
tion of products from which they are derived (e.g., pasta made from DHA-enriched
eggs). In summary, the landscape of foods containing n-3 PUFA is changing and
it will be interesting to evaluate the impact of these changes.

The Annual Review of Nutrition is online at http://nutr.annualreviews.org

LITERATURE CITED

1. Dietary supplementation with n-3 polyun-

saturated fatty acids and vitamin E af-

ter myocardial infarction: results of the

GISSI-Prevenzione trial. Gruppo Ital-

iano per lo Studio della Sopravvivenza

nell’Infarto miocardico. 1999. Lancet
354:447–55

2. Ahuja KL, Batta SK, Raheja RK, Labana

KS, Gupta ML. 1989. Oil content and

fatty acid composition of promising In-

dian Brassica campestris L. (Toria) geno-

types. Plant Foods Hum. Nutr. 39:155–60

3. Aktas H, Halperin JA. 2004. Translational

regulation of gene expression by omega-3

fatty acids. J. Nutr. 134:2487–91S

4. Alvarez B, Ruiz C, Chacon P, varez-

Sabin J, Matas M. 2004. Serum

values of metalloproteinase-2 and

metalloproteinase-9 as related to unstable

plaque and inflammatory cells in patients

with greater than 70% carotid artery

stenosis. J. Vasc. Surg. 40:469–75

5. Annuzzi G, Rivellese A, Capaldo B,

Di ML, Iovine C, et al. 1991. A con-

trolled study on the effects of n-3 fatty

acids on lipid and glucose metabolism in

non-insulin-dependent diabetic patients.

Atherosclerosis 87:65–73

6. Astorg P, Arnault N, Czernichow S,

Noisette N, Galan P, Hercberg S. 2004.

Dietary intakes and food sources of n-6

and n-3 PUFA in French adult men and

women. Lipids 39:527–35

7. Balk E, Chung M, Lichtenstein A, Chew

P, Kupelnick B, et al. 2004. Effects of

omega-3 fatty acids on cardiovascular dis-

ease risk factors and intermediate mark-

ers of cardiovascular disease. Evid. Rep.
Technol. Assess. (Summ.) 93:1–8

8. Bean LD, Leeson S. 2003. Long-term ef-

fects of feeding flaxseed on performance

and egg fatty acid composition of brown

and white hens. Poult. Sci. 82:388–94

9. Bell JG, Henderson RJ, Tocher DR, Sar-

gent JR. 2004. Replacement of dietary fish

oil with increasing levels of linseed oil:

A
nn

u.
 R

ev
. N

ut
r.

 2
00

6.
26

:7
5-

10
3.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 T
ex

as
 S

ta
te

 U
ni

ve
rs

ity
 -

 S
an

 M
ar

co
s 

on
 0

1/
04

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



6 Jun 2006 20:47 AR ANRV282-NU26-04.tex XMLPublishSM(2004/02/24) P1: IKH

98 WHELAN � RUST

modification of flesh fatty acid composi-

tions in Atlantic salmon (Salmo salar) us-

ing a fish oil finishing diet. Lipids 39:223–

32

10. Boswell K, Koskelo EK, Carl L, Glaza S,

Hensen DJ, et al. 1996. Preclinical eval-

uation of single-cell oils that are highly

enriched with arachidonic acid and do-

cosahexaenoic acid. Food Chem. Toxicol.
34:585–93

11. Brenna JT. 2002. Efficiency of conversion

of alpha-linolenic acid to long chain n-3

fatty acids in man. Curr. Opin. Clin. Nutr.
Metab. Care 5:127–32

12. Burdge GC, Jones AE, Wootton SA. 2002.

Eicosapentaenoic and docosapentaenoic

acids are the principal products of alpha-

linolenic acid metabolism in young men.

Br. J. Nutr. 88:355–63

13. Buydens-Branch Branchey M, McMakin

DL, Hibbeln JR. 2003. Polyunsaturated

fatty acid status and aggression in cocaine

addicts. Drug Alcohol Depend. 71:319–

23

14. Calder PC. 2004. n-3 Fatty acids and car-

diovascular disease: evidence explained

and mechanisms explored. Clin. Sci.
(Lond.) 107:1–11

15. Cerbone AM, Cirillo F, Coppola A, Rise

P, Stragliotto E, et al. 1999. Persistent im-

pairment of platelet aggregation following

cessation of a short-course dietary sup-

plementation of moderate amounts of N-3

fatty acid ethyl esters. Thromb. Haemost.
82:128–33

16. Chen H, Li D, Roberts GJ, Saldeen T,

Mehta JL. 2003. Eicosapentanoic acid in-

hibits hypoxia-reoxygenation-induced in-

jury by attenuating upregulation of MMP-

1 in adult rat myocytes. Cardiovasc. Res.
59:7–13

17. Christensen JH. 2003. n-3 Fatty acids and

the risk of sudden cardiac death. Emphasis

on heart rate variability. Dan. Med. Bull.
50:347–67

18. Cooper SL, Sinclair LA, Wilkinson RG,

Hallett KG, Enser M, Wood JD. 2004. Ma-

nipulation of the n-3 polyunsaturated fatty

acid content of muscle and adipose tissue

in lambs. J. Anim. Sci. 82:1461–70

19. Cunnane S, Drevon CA, Harris W, Sin-

clair A, Spector A. 2004. Recommenda-

tions for intakes of polyunsaturated fatty

acids in healthy adults. ISSFAL Newsl.
11(2):12–25

20. Dannenberger D, Nuernberg G, Scollan

N, Schabbel W, Steinhart H, et al. 2004.

Effect of diet on the deposition of n-3 fatty

acids, conjugated linoleic and C18:1 trans

fatty acid isomers in muscle lipids of Ger-

man Holstein bulls. J. Agric. Food Chem.
52:6607–15

21. Engstrom K, Wallin R, Saldeen T. 2003.

Effects of Scandinavian caviar paste en-

riched with a stable fish oil on plasma

phospholipid fatty acids and lipid peroxi-

dation. Eur. J. Clin. Nutr. 57:1052–59

22. Ferrier LK, Caston LJ, Leeson S,

Squires J, Weaver BJ, Holub BJ. 1995.

alpha-Linolenic acid- and docosahex-

aenoic acid-enriched eggs from hens fed

flaxseed: influence on blood lipids and

platelet phospholipid fatty acids in hu-

mans. Am. J. Clin. Nutr. 62:81–86

23. Food Nutr. Board, Inst. Med. 2002. Di-
etary Reference Intakes: Energy, Carbo-
hydrate, Fiber, Fat, Fatty Acids, Choles-
terol, Protein, and Amino Acids, Parts 1

and 2. Washington, DC: Natl. Acad. Press

24. Friday KE, Childs MT, Tsunehara CH,

Fujimoto WY, Bierman EL, Ensinck JW.

1989. Elevated plasma glucose and low-

ered triglyceride levels from omega-3

fatty acid supplementation in type II di-

abetes. Diabetes Care 12:276–81

25. Fukumoto Y, Deguchi JO, Libby P,

Rabkin-Aikawa E, Sakata Y, et al. 2004.

Genetically determined resistance to col-

lagenase action augments interstitial col-

lagen accumulation in atherosclerotic

plaques. Circulation 110:1953–59

26. Glauber H, Wallace P, Griver K, Brech-

tel G. 1988. Adverse metabolic effect

of omega-3 fatty acids in non-insulin-

dependent diabetes mellitus. Ann. Intern.
Med. 108:663–68

A
nn

u.
 R

ev
. N

ut
r.

 2
00

6.
26

:7
5-

10
3.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 T
ex

as
 S

ta
te

 U
ni

ve
rs

ity
 -

 S
an

 M
ar

co
s 

on
 0

1/
04

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



6 Jun 2006 20:47 AR ANRV282-NU26-04.tex XMLPublishSM(2004/02/24) P1: IKH

N-3 PUFAs IN NONTRADITIONAL FOODS 99

27. Grimsgaard S, Bonaa KH, Hansen

JB, Nordoy A. 1997. Highly purified

eicosapentaenoic acid and docosahex-

aenoic acid in humans have similar

triacylglycerol-lowering effects but diver-

gent effects on serum fatty acids. Am. J.
Clin. Nutr. 66:649–59

28. Guil-Guerrero JL, Gomez-Mercado F,

Rodriguez-Garcia I, Campra-Madrid P,

Garcia-Maroto F. 2001. Occurrence and

characterization of oils rich in gamma-

linolenic acid (III): the taxonomical value

of the fatty acids in Echium (Boragi-

naceae). Phytochemistry 58:117–20

29. Hargis PS, Van Elswyk ME, Hargis BM.

1991. Dietary modification of yolk lipid

with menhaden oil. Poult. Sci. 70:874–83

30. Harris MA, Hansen RA, Vidsudhiphan P,

Koslo JL, Thomas JB, et al. 2001. Ef-

fects of conjugated linoleic acids and do-

cosahexaenoic acid on rat liver and repro-

ductive tissue fatty acids, prostaglandins

and matrix metalloproteinase produc-

tion. Prostaglandins Leukot. Essent. Fatty
Acids 65:23–29

31. Harris WS. 2003. n-3 Long-chain polyun-

saturated fatty acids reduce risk of coro-

nary heart disease death: extending the ev-

idence to the elderly. Am. J. Clin. Nutr.
77:279–80

32. Herber SM, Van Elswyk ME. 1996. Di-

etary marine algae promotes efficient de-

position of n-3 fatty acids for the pro-

duction of enriched shell eggs. Poult. Sci.
75:1501–7

33. Herber-McNeill SM, Van Elswyk ME.

1998. Dietary marine algae maintains egg

consumer acceptability while enhancing

yolk color. Poult. Sci. 77:493–96

34. Hibbeln JR. 2002. Seafood consumption,

the DHA content of mothers’ milk and

prevalence rates of postpartum depres-

sion: a cross-national, ecological analysis.

J. Affect. Disord. 69:15–29

35. Hibbeln JR. 2001. Seafood consumption

and homicide mortality. A cross-national

ecological analysis. World Rev. Nutr. Diet.
88:41–46

36. Higdon JV, Du SH, Lee YS, Wu T, Wan-

der RC. 2001. Supplementation of post-

menopausal women with fish oil does not

increase overall oxidation of LDL ex vivo

compared to dietary oils rich in oleate and

linoleate. J. Lipid Res. 42:407–18

37. Hodge J, Sanders K, Sinclair AJ. 1993.

Differential utilization of eicosapen-

taenoic acid and docosahexaenoic acid in

human plasma. Lipids 28:525–31

38. Hogan SA, O’Riordan ED, O’Sullivan M.

2003. Microencapsulation and oxidative

stability of spray-dried fish oil emulsions.

J. Microencapsul. 20:675–88

39. Hong BK, Kwon HM, Lee BK, Kim

D, Kim IJ, et al. 2000. Coexpression of

cyclooxygenase-2 and matrix metallopro-

teinases in human aortic atherosclerotic

lesions. Yonsei Med. J. 41:82–88

40. Howe PR, Downing JA, Grenyer BF,

Grigonis-Deane EM, Bryden WL. 2002.

Tuna fishmeal as a source of DHA for n-3

PUFA enrichment of pork, chicken, and

eggs. Lipids 37:1067–76

41. Howe PR, Meyer BJ, Record S, Baghurst

K. 2003. Contribution of red meat to

very long chain omega-3 fatty acid (VLC

omega-3) intake. Asia Pac. J. Clin. Nutr.
12:S27

42. Hunter JE. 1990. n-3 Fatty acids from veg-

etable oils. Am. J. Clin. Nutr. 51:809–

14

43. Imazio M, Forno D, Quaglia C, Trinchero

R. 2003. Omega-3 polyunsaturated fatty

acids role in postmyocardial infarction

therapy. Panminerva Med. 45:99–107

44. Iribarren C, Markovitz JH, Jacobs DR

Jr, Schreiner PJ, Daviglus M, Hibbeln

JR. 2004. Dietary intake of n-3, n-6 fatty

acids and fish: relationship with hostil-

ity in young adults—the CARDIA study.

Eur. J. Clin. Nutr. 58:24–31

45. James MJ, Ursin VM, Cleland LG. 2003.

Metabolism of stearidonic acid in human

subjects: comparison with the metabolism

of other n-3 fatty acids. Am. J. Clin. Nutr.
77:1140–45

46. Jensen CL, Maude M, Anderson RE,

A
nn

u.
 R

ev
. N

ut
r.

 2
00

6.
26

:7
5-

10
3.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 T
ex

as
 S

ta
te

 U
ni

ve
rs

ity
 -

 S
an

 M
ar

co
s 

on
 0

1/
04

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



6 Jun 2006 20:47 AR ANRV282-NU26-04.tex XMLPublishSM(2004/02/24) P1: IKH

100 WHELAN � RUST

Heird WC. 2000. Effect of docosahex-

aenoic acid supplementation of lactating

women on the fatty acid composition of

breast milk lipids and maternal and infant

plasma phospholipids. Am. J. Clin. Nutr.
71:292–99S

47. Kang JX, Leaf A. 2000. Prevention of fatal

cardiac arrhythmias by polyunsaturated

fatty acids. Am. J. Clin. Nutr. 71:202–7S

48. Kasim SE, Stern B, Khilnani S, McLin

P, Baciorowski S, Jen KL. 1988. Effects

of omega-3 fish oils on lipid metabolism,

glycemic control, and blood pressure in

type II diabetic patients. J. Clin. En-
docrinol. Metab. 67:1–5

49. Kinsella JE. 1990. Sources of omega-3

fatty acids in human diets. In Omega-3
Fatty Acids in Health and Disease, ed. RS

Lees, M Karel, pp. 157–200. New York:

Marcel Dekker

50. Kockmann V, Spielmann D, Traitler H,

Lagarde M. 1989. Inhibitory effect of

stearidonic acid (18:4 n-3) on platelet ag-

gregation and arachidonate oxygenation.

Lipids 24:1004–7

51. Kolanowski W, Laufenberg G, Kunz B.

2004. Fish oil stabilisation by microen-

capsulation with modified cellulose. Int.
J. Food Sci. Nutr. 55:333–43

52. Krauss RM, Eckel RH, Howard B, Appel

LJ, Daniels SR, et al. 2000. AHA Dietary

Guidelines: revision 2000: a statement for

healthcare professionals from the Nutri-

tion Committee of the American Heart

Association. Circulation 102:2284–99

53. Kris-Etherton PM, Harris WS, Appel LJ.

2003. Fish consumption, fish oil, omega-

3 fatty acids, and cardiovascular disease.

Arterioscler. Thromb. Vasc. Biol. 23:e20–

30

54. Kris-Etherton PM, Taylor DS, Yu-Poth S,

Huth P, Moriarty K, et al. 2000. Polyun-

saturated fatty acids in the food chain

in the United States. Am. J. Clin. Nutr.
71:179–88S

55. Kurowska EM, Dresser GK, Deutsch L,

Vachon D, Khalil W. 2003. Bioavailabil-

ity of omega-3 essential fatty acids from

perilla seed oil. Prostaglandins Leukot.
Essent. Fatty Acids 68:207–12

56. Lands WE. 2000. Commentary on the

workshop statement. Essentiality of and

recommended dietary intakes for omega-

6 and omega-3 fatty acids. Prostaglandins
Leukot. Essent. Fatty Acids 63:125–6

57. Larsson SC, Kumlin M, Ingelman-

Sundberg M, Wolk A. 2004. Dietary long-

chain n-3 fatty acids for the prevention of

cancer: a review of potential mechanisms.

Am. J. Clin. Nutr. 79:935–45

58. Layne KS, Goh YK, Jumpsen JA, Ryan

EA, Chow P, Clandinin MT. 1996. Nor-

mal subjects consuming physiological

levels of 18:3(n-3) and 20:5(n-3) from

flaxseed or fish oils have characteristic dif-

ferences in plasma lipid and lipoprotein

fatty acid levels. J. Nutr. 126:2130–40

59. Leaf A, Kang JX, Xiao YF, Billman GE.

2003. Clinical prevention of sudden car-

diac death by n-3 polyunsaturated fatty

acids and mechanism of prevention of ar-

rhythmias by n-3 fish oils. Circulation
107:2646–52

60. Leaf A, Xiao YF, Kang JX, Billman GE.

2003. Prevention of sudden cardiac death

by n-3 polyunsaturated fatty acids. Phar-
macol. Ther. 98:355–77

61. Leonard AE, Pereira SL, Sprecher H,

Huang YS. 2004. Elongation of long-

chain fatty acids. Prog. Lipid Res. 43:36–

54

62. Li D, Sinclair A, Wilson A, Nakkote S,

Kelly F, et al. 1999. Effect of dietary

alpha-linolenic acid on thrombotic risk

factors in vegetarian men. Am. J. Clin.
Nutr. 69:872–82

63. Linseisen J, Schulze MB, Saadatian-Elahi

M, Kroke A, Miller AB, Boeing H. 2003.

Quantity and quality of dietary fat, carbo-

hydrate, and fiber intake in the German

EPIC cohorts. Ann. Nutr. Metab. 47:37–

46

64. Lu G, Windsor SL, Harris WS. 1999.

Omega-3 fatty acids alter lipoprotein sub-

fraction distributions and the in vitro con-

version of very low density lipoproteins

A
nn

u.
 R

ev
. N

ut
r.

 2
00

6.
26

:7
5-

10
3.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 T
ex

as
 S

ta
te

 U
ni

ve
rs

ity
 -

 S
an

 M
ar

co
s 

on
 0

1/
04

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



6 Jun 2006 20:47 AR ANRV282-NU26-04.tex XMLPublishSM(2004/02/24) P1: IKH

N-3 PUFAs IN NONTRADITIONAL FOODS 101

to low density lipoproteins. J. Nutr.
Biochem. 10:151–58

65. Luo J, Rizkalla SW, Vidal H, Oppert JM,

Colas C, et al. 1998. Moderate intake of

n-3 fatty acids for 2 months has no detri-

mental effect on glucose metabolism and

could ameliorate the lipid profile in type

2 diabetic men. Results of a controlled

study. Diabetes Care 21:717–24

66. Malasanos TH, Stacpoole PW. 1991. Bio-

logical effects of omega-3 fatty acids in di-

abetes mellitus. Diabetes Care 14:1160–

79

67. Marszalek JR, Lodish HF. 2005. Docosa-

hexaenoic acid, fatty acid-interacting pro-

teins, and neuronal function: breastmilk

and fish are good for you. Annu. Rev. Cell
Dev. Biol. 21:633–57

68. McManus RM, Jumpson J, Finegood DT,

Clandinin MT, Ryan EA. 1996. A com-

parison of the effects of n-3 fatty acids

from linseed oil and fish oil in well-

controlled type II diabetes. Diabetes Care
19:463–67

69. Mesa MD, Buckley R, Minihane AM,

Yaqoob P. 2004. Effects of oils rich

in eicosapentaenoic and docosahexaenoic

acids on the oxidizability and throm-

bogenicity of low-density lipoprotein.

Atherosclerosis 175:333–43

70. Meyer A, Kirsch H, Domergue F, Abbadi

A, Sperling P, et al. 2004. Novel fatty acid

elongases and their use for the reconstitu-

tion of docosahexaenoic acid biosynthe-

sis. J. Lipid Res. 45:1899–909

71. Meyer BJ, Mann NJ, Lewis JL, Milli-

gan GC, Sinclair AJ, Howe PR. 2003. Di-

etary intakes and food sources of omega-6

and omega-3 polyunsaturated fatty acids.

Lipids 38:391–98

72. Miles EA, Banerjee T, Calder PC. 2004.

The influence of different combinations of

gamma-linolenic, stearidonic and eicos-

apentaenoic acids on the fatty acid com-

position of blood lipids and mononuclear

cells in human volunteers. Prostaglandins
Leukot. Essent. Fatty Acids 70:529–38

73. Miles EA, Banerjee T, Dooper MM,

M’Rabet L, Graus YM, Calder PC. 2004.

The influence of different combinations

of gamma-linolenic acid, stearidonic acid

and EPA on immune function in healthy

young male subjects. Br. J. Nutr. 91:893–

903

74. Montori VM, Farmer A, Wollan PC, Din-

neen SF. 2000. Fish oil supplementation

in type 2 diabetes: a quantitative system-

atic review. Diabetes Care 23:1407–15

75. Mori TA, Bao DQ, Burke V, Puddey IB,

Beilin LJ. 1999. Docosahexaenoic acid

but not eicosapentaenoic acid lowers am-

bulatory blood pressure and heart rate in

humans. Hypertension 34:253–60

76. Mori TA, Woodman RJ, Burke V, Pud-

dey IB, Croft KD, Beilin LJ. 2003. Effect

of eicosapentaenoic acid and docosahex-

aenoic acid on oxidative stress and inflam-

matory markers in treated-hypertensive

type 2 diabetic subjects. Free Radic. Biol.
Med. 35:772–81

77. Morris MC, Evans DA, Bienias JL,

Tangney CC, Bennett DA, et al. 2003.

Consumption of fish and n-3 fatty acids

and risk of incident Alzheimer disease.

Arch. Neurol. 60:940–46

78. Mozaffarian D, Longstreth WT Jr,

Lemaitre RN, Manolio TA, Kuller LH,

et al. 2005. Fish consumption and stroke

risk in elderly individuals: the cardiovas-

cular health study. Arch. Intern. Med.
165:200–6

79. Mozaffarian D, Psaty BM, Rimm EB,

Lemaitre RN, Burke GL, et al. 2004. Fish

intake and risk of incident atrial fibrilla-

tion. Circulation 110:368–73

80. Nakamura MT, Nara TY. 2004. Structure,

function, and dietary regulation of delta6,

delta5, and delta9 desaturases. Annu. Rev.
Nutr. 24:345–76

81. Noaghiul S, Hibbeln JR. 2003. Cross-

national comparisons of seafood con-

sumption and rates of bipolar disorders.

Am. J. Psychiatry 160:2222–27

82. Pawlosky RJ, Hibbeln JR, Lin Y, Good-

son S, Riggs P, et al. 2003. Effects of

beef- and fish-based diets on the kinetics

A
nn

u.
 R

ev
. N

ut
r.

 2
00

6.
26

:7
5-

10
3.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 T
ex

as
 S

ta
te

 U
ni

ve
rs

ity
 -

 S
an

 M
ar

co
s 

on
 0

1/
04

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



6 Jun 2006 20:47 AR ANRV282-NU26-04.tex XMLPublishSM(2004/02/24) P1: IKH

102 WHELAN � RUST

of n-3 fatty acid metabolism in human

subjects. Am. J. Clin. Nutr. 77:565–72

83. Pawlosky RJ, Hibbeln JR, Novotny JA,

Salem N Jr. 2001. Physiological compart-

mental analysis of alpha-linolenic acid

metabolism in adult humans. J. Lipid Res.
42:1257–65

84. Pedersen H, Petersen M, Major-Pedersen

A, Jensen T, Nielsen NS, et al. 2003. Influ-

ence of fish oil supplementation on in vivo

and in vitro oxidation resistance of low-

density lipoprotein in type 2 diabetes. Eur.
J. Clin. Nutr. 57:713–20

85. Petrik MB, McEntee MF, Chiu CH, Whe-

lan J. 2000. Antagonism of arachidonic

acid is linked to the antitumorigenic ef-

fect of dietary eicosapentaenoic acid in

Apc(Min/+) mice. J. Nutr. 130:1153–58

86. Petrik MB, McEntee MF, Johnson BT,

Obukowicz MG, Whelan J. 2000. Highly

unsaturated (n-3) fatty acids, but not

alpha-linolenic, conjugated linoleic or

gamma-linolenic acids, reduce tumori-

genesis in Apc(Min/+) mice. J. Nutr.
130:2434–43

87. PUFA Newsl. 2003. Collected recom-

mendations for LC-PUFA intake. http://

www.fatsoflife.com/article.asp?i=l&id=
142. Accessed November 1, 2004

88. Putadechakum S, Tanphaichitr V,

Leelahagul P, Pakpeankitvatana V,

Surapisitchart T, Komindr S. 2005.

Long-term treatment of n-3 PUFAs on

plasma lipoprotein levels and fatty acid

composition of total serum and ery-

throcyte lipids in hypertriglyceridemic

patients. J. Med. Assoc. Thai. 88:181–86

89. Rallidis LS, Paschos G, Papaioannou ML,

Liakos GK, Panagiotakos DB, et al. 2004.

The effect of diet enriched with alpha-

linolenic acid on soluble cellular adhe-

sion molecules in dyslipidaemic patients.

Atherosclerosis 174:127–32

90. Richter WO. 2003. Long-chain omega-3

fatty acids from fish reduce sudden car-

diac death in patients with coronary heart

disease. Eur. J. Med. Res. 8:332–36

91. Rivellese AA, Maffettone A, Iovine C, Di

ML, Annuzzi G, et al. 1996. Long-term

effects of fish oil on insulin resistance and

plasma lipoproteins in NIDDM patients

with hypertriglyceridemia. Diabetes Care
19:1207–13

92. Romans JR, Johnson RC, Wulf DM, Libal

GW, Costello WJ. 1995. Effects of ground

flaxseed in swine diets on pig performance

and on physical and sensory character-

istics and omega-3 fatty acid content of

pork: I. Dietary level of flaxseed. J. Anim
Sci. 73:1982–86

93. Ruiz del Castillo ML, Dobson G, Brennan

R, Gordon S. 2002. Genotypic variation in

fatty acid content of black currant seeds.

J. Agric. Food Chem. 50:332–35

94. Scheideler SE, Froning GW. 1996. The

combined influence of dietary flaxseed

variety, level, form, and storage condi-

tions on egg production and composition

among vitamin E–supplemented hens.

Poult. Sci. 75:1221–26

95. Scollan ND, Choi NJ, Kurt E, Fisher AV,

Enser M, Wood JD. 2001. Manipulating

the fatty acid composition of muscle and

adipose tissue in beef cattle. Br. J. Nutr.
85:115–24

96. Seppanen-Laakso T, Vanhanen H, Laakso

I, Kohtamaki H, Viikari J. 1993. Replace-

ment of margarine on bread by rapeseed

and olive oils: effects on plasma fatty acid

composition and serum cholesterol. Ann.
Nutr. Metab. 37:161–74

97. Simopoulos AP. 2000. Human require-

ment for N-3 polyunsaturated fatty acids.

Poult. Sci. 79:961–70

98. Simopoulos AP, Leaf A, Salem N Jr.

2000. Workshop statement on the es-

sentiality of and recommended dietary

intakes for omega-6 and omega-3 fatty

acids. Prostaglandins Leukot. Essent.
Fatty Acids 63:119–21

99. Sinclair AJ, O’Dea K, Dunstan G, Ire-

land PD, Niall M. 1987. Effects on plasma

lipids and fatty acid composition of very

low fat diets enriched with fish or kanga-

roo meat. Lipids 22:523–29

100. Sirtori CR, Paoletti R, Mancini M,

A
nn

u.
 R

ev
. N

ut
r.

 2
00

6.
26

:7
5-

10
3.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 T
ex

as
 S

ta
te

 U
ni

ve
rs

ity
 -

 S
an

 M
ar

co
s 

on
 0

1/
04

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



6 Jun 2006 20:47 AR ANRV282-NU26-04.tex XMLPublishSM(2004/02/24) P1: IKH

N-3 PUFAs IN NONTRADITIONAL FOODS 103

Crepaldi G, Manzato E, et al. 1997. N-3

fatty acids do not lead to an increased dia-

betic risk in patients with hyperlipidemia

and abnormal glucose tolerance. Italian

Fish Oil Multicenter Study. Am. J. Clin.
Nutr. 65:1874–81

101. Specht-Overholt S, Romans JR,

Marchello MJ, Izard RS, Crews MG,

et al. 1997. Fatty acid composition of

commercially manufactured omega-3-

enriched pork products, haddock, and

mackerel. J. Anim Sci. 75:2335–43

102. Sprecher H. 1999. An update on the

pathways of polyunsaturated fatty acid

metabolism. Curr. Opin. Clin. Nutr.
Metab. Care 2:135–38

103. Surette ME, Edens M, Chilton FH, Tram-

posch KM. 2004. Dietary echium oil in-

creases plasma and neutrophil long-chain

(n-3) fatty acids and lowers serum tria-

cylglycerols in hypertriglyceridemic hu-

mans. J. Nutr. 134:1406–11

104. Suzukawa M, Abbey M, Howe PR, Nestel

PJ. 1995. Effects of fish oil fatty acids on

low density lipoprotein size, oxidizability,

and uptake by macrophages. J. Lipid Res.
36:473–84

105. Taber L, Chiu CH, Whelan J. 1998. As-

sessment of the arachidonic acid con-

tent in foods commonly consumed in the

American diet. Lipids 33:1151–57

106. Tanskanen A, Hibbeln JR, Hintikka J,

Haatainen K, Honkalampi K, Viinamaki

H. 2001. Fish consumption, depression,

and suicidality in a general population.

Arch. Gen. Psychiatry 58:512–13

107. Thies F, Nebe-von-Caron G, Powell

JR, Yaqoob P, Newsholme EA, Calder

PC. 2001. Dietary supplementation with

eicosapentaenoic acid, but not with other

long-chain n-3 or n-6 polyunsaturated

fatty acids, decreases natural killer cell ac-

tivity in healthy subjects aged >55 y. Am.
J. Clin. Nutr. 73:539–48

108. Tholstrup T, Hellgren LI, Petersen M,

Basu S, Straarup EM, et al. 2004. A solid

dietary fat containing fish oil redistributes

lipoprotein subclasses without increasing

oxidative stress in men. J. Nutr. 134:1051–

57

109. Ursin VM. 2003. Modification of plant

lipids for human health: development

of functional land-based omega-3 fatty

acids. J. Nutr. 133:4271–74

110. USDA Nutrient Data Lab. 2004. http://

www.nal.usda.gov/fnic/foodcomp/search/.

Accessed November 1, 2004

111. Valsta LM, Salminen I, Aro A, Mutanen

M. 1996. Alpha-linolenic acid in rapeseed

oil partly compensates for the effect of fish

restriction on plasma long-chain n-3 fatty

acids. Eur. J. Clin. Nutr. 50:229–35

112. Vanschoonbeek K, de Maat MP,

Heemskerk JW. 2003. Fish oil consump-

tion and reduction of arterial disease. J.
Nutr. 133:657–60

113. Vidgren HM, Agren JJ, Schwab U, Ris-

sanen T, Hanninen O, Uusitupa MI.

1997. Incorporation of n-3 fatty acids

into plasma lipid fractions, and erythro-

cyte membranes and platelets during di-

etary supplementation with fish, fish oil,

and docosahexaenoic acid–rich oil among

healthy young men. Lipids 32:697–705

114. Voss A, Reinhart M, Sankarappa S,

Sprecher H. 1991. The metabolism of

7,10,13,16,19-docosapentaenoic acid to

4,7,10,13,16,19-docosahexaenoic acid in

rat liver is independent of a 4-desaturase.

J. Biol. Chem. 266:19995–20000

115. Wallace FA, Miles EA, Calder PC. 2003.

Comparison of the effects of linseed oil

and different doses of fish oil on mononu-

clear cell function in healthy human sub-

jects. Br. J. Nutr. 89:679–89

116. Wijendran V, Hayes KC. 2004. Dietary

n-6 and n-3 fatty acid balance and cardio-

vascular health. Annu. Rev. Nutr. 24:597–

615

117. Woodman RJ, Mori TA, Burke V, Puddey

IB, Watts GF, Beilin LJ. 2002. Effects of

purified eicosapentaenoic and docosahex-

aenoic acids on glycemic control, blood

pressure, and serum lipids in type 2 dia-

betic patients with treated hypertension.

Am. J. Clin. Nutr. 76:1007–15

A
nn

u.
 R

ev
. N

ut
r.

 2
00

6.
26

:7
5-

10
3.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 T
ex

as
 S

ta
te

 U
ni

ve
rs

ity
 -

 S
an

 M
ar

co
s 

on
 0

1/
04

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: KUV

June 15, 2005 12:43 Annual Reviews AR249-FM

Annual Review of Nutrition
Volume 25, 2005

CONTENTS

DIETARY FIBER: HOW DID WE GET WHERE WE ARE?, Martin Eastwood
and David Kritchevsky 1

DEFECTIVE GLUCOSE HOMEOSTASIS DURING INFECTION,
Owen P. McGuinness 9

HUMAN MILK GLYCANS PROTECT INFANTS AGAINST ENTERIC
PATHOGENS, David S. Newburg, Guillermo M. Ruiz-Palacios,
and Ardythe L. Morrow 37

NUTRITIONAL CONTROL OF GENE EXPRESSION: HOW MAMMALIAN
CELLS RESPOND TO AMINO ACID LIMITATION, M.S. Kilberg,
Y.-X. Pan, H. Chen, and V. Leung-Pineda 59

MECHANISMS OF DIGESTION AND ABSORPTION OF DIETARY
VITAMIN A, Earl H. Harrison 87

REGULATION OF VITAMIN C TRANSPORT, John X. Wilson 105

THE VITAMIN K-DEPENDENT CARBOXYLASE,
Kathleen L. Berkner 127

VITAMIN E, OXIDATIVE STRESS, AND INFLAMMATION, U. Singh,
S. Devaraj, and Ishwarlal Jialal 151

UPTAKE, LOCALIZATION, AND NONCARBOXYLASE ROLES OF BIOTIN,
Janos Zempleni 175

REGULATION OF PHOSPHORUS HOMEOSTASIS BY THE TYPE IIa
Na/PHOSPHATE COTRANSPORTER, Harriet S. Tenenhouse 197

SELENOPROTEIN P: AN EXTRACELLULAR PROTEIN WITH UNIQUE
PHYSICAL CHARACTERISTICS AND A ROLE IN SELENIUM
HOMEOSTASIS, Raymond F. Burk and Kristina E. Hill 215

ENERGY INTAKE, MEAL FREQUENCY, AND HEALTH:
A NEUROBIOLOGICAL PERSPECTIVE, Mark P. Mattson 237

REDOX REGULATION BY INTRINSIC SPECIES AND EXTRINSIC
NUTRIENTS IN NORMAL AND CANCER CELLS,
Archana Jaiswal McEligot, Sun Yang, and Frank L. Meyskens, Jr. 261

REGULATION OF GENE TRANSCRIPTION BY BOTANICALS: NOVEL
REGULATORY MECHANISMS, Neil F. Shay and William J. Banz 297

vii

A
nn

u.
 R

ev
. N

ut
r.

 2
00

6.
26

:7
5-

10
3.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 T
ex

as
 S

ta
te

 U
ni

ve
rs

ity
 -

 S
an

 M
ar

co
s 

on
 0

1/
04

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: KUV

June 15, 2005 12:43 Annual Reviews AR249-FM

viii CONTENTS

POLYUNSATURATED FATTY ACID REGULATION OF GENES OF LIPID
METABOLISM, Harini Sampath and James M. Ntambi 317

SINGLE NUCLEOTIDE POLYMORPHISMS THAT INFLUENCE LIPID
METABOLISM: INTERACTION WITH DIETARY FACTORS,
Dolores Corella and Jose M. Ordovas 341

THE INSULIN RESISTANCE SYNDROME: DEFINITION AND DIETARY
APPROACHES TO TREATMENT, Gerald M. Reaven 391

DEVELOPMENTAL DETERMINANTS OF BLOOD PRESSURE IN ADULTS,
Linda Adair and Darren Dahly 407

PEDIATRIC OBESITY AND INSULIN RESISTANCE: CHRONIC DISEASE
RISK AND IMPLICATIONS FOR TREATMENT AND PREVENTION
BEYOND BODY WEIGHT MODIFICATION, M.L. Cruz, G.Q. Shaibi,
M.J. Weigensberg, D. Spruijt-Metz, G.D.C. Ball, and M.I. Goran 435

ANNUAL LIPID CYCLES IN HIBERNATORS: INTEGRATION OF
PHYSIOLOGY AND BEHAVIOR, John Dark 469

DROSOPHILA NUTRIGENOMICS CAN PROVIDE CLUES TO HUMAN
GENE–NUTRIENT INTERACTIONS, Douglas M. Ruden, Maria De Luca,
Mark D. Garfinkel, Kerry L. Bynum, and Xiangyi Lu 499

THE COW AS A MODEL TO STUDY FOOD INTAKE REGULATION,
Michael S. Allen, Barry J. Bradford, and Kevin J. Harvatine 523

THE ROLE OF ESSENTIAL FATTY ACIDS IN DEVELOPMENT,
William C. Heird and Alexandre Lapillonne 549

INDEXES
Subject Index 573
Cumulative Index of Contributing Authors, Volumes 21–25 605
Cumulative Index of Chapter Titles, Volumes 21–25 608

ERRATA
An online log of corrections to Annual Review of Nutrition chapters may be
found at http://nutr.annualreviews.org/

A
nn

u.
 R

ev
. N

ut
r.

 2
00

6.
26

:7
5-

10
3.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 T
ex

as
 S

ta
te

 U
ni

ve
rs

ity
 -

 S
an

 M
ar

co
s 

on
 0

1/
04

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.




