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ABSTRACT

Long-chain (LC) n-3 polyunsaturated fatty acids (n-3 PUFAs), in particular docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA), are nutrients involved in many metabolic and
physiological processes, and are referred to as n-3 LCPUFA. They have been extensively
studied for their effects in human nutrition and health. This paper provides an overview on
metabolism, sources, dietary intake, and status of n-3 LCPUFA. A summary of the dietary
recommendations for n-3 LCPUFAs for different age groups as well as specific physiological
conditions is provided. Evidence for n-3 LCPUFA in cardiovascular diseases, including new
studies, is reviewed. Expert recommendations generally support a beneficial effect of n-3
LCPUFA on cardiovascular health and recommend a daily intake of 500 mg as DHA and
EPA, or 12 servings of fish per week. The role of n-3 LCPUFA on brain health, in particular
neurodegenerative disorders and depression, is reviewed. The evidence for beneficial effects
of n-3 LCPUFA on neurodegenerative disorders is non-conclusive despite mechanistic
support and observational data. Hence, no definite n-3 LCPUFA expert recommendations are
made. Data for the beneficial effect of n-3 LCPUFA on depression are generally compelling.
Expert recommendations have been established: 200-300 mg/day for depression; up to 1-2
g/day for major depressive disorder. Recent studies support a beneficial role of n-3 LCPUFAs
in reducing the risk for premature birth, with a daily intake of 600-800 mg of DHA during
pregnancy. Finally, international experts recently reviewed the scientific evidence on DHA
and arachidonic acid (ARA) in infant nutrition and concluded that the totality of data support
that infant and follow-on formulas should provide both DHA and ARA at levels similar

to those in breast milk. In conclusion, the available scientific data support that dietary
recommendations for n-3 LCPUFA should be established for the general population and for
subjects with specific physiological conditions.

Keywords: Docosahexaenoic acid; eicosapentaenoic acid; heart; brain; adult; pregnancy; infant

INTRODUCTION

Scientific interest in the health benefits of n-3 long-chain polyunsaturated fatty acids (n-3
LCPUFAs), often also referred to as omega-3 LCPUFA, has resulted over recent decades in
an extensive set of scientific data that is focused on their functional role in cardiovascular
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disease (CVD), brain functionality and performance, as well as other functional roles relevant
for human health (e.g., immune response, allergy) or related to particular physiological
states (e.g., pregnancy, prematurity, infancy).

With noncommunicable diseases (NCDs) on the rise, estimated globally to be the cause

of death for 38 million people each year, focus on the role of the diet has increased, given

it is considered a main contributor to managing the incidence of NCD [1]. Therefore,
health authorities such as the World Health Organization focus on strategies to reduce the
incidence NCDs, which include dietary guidance as a key factor in the management of NCDs
at both global and national levels [2]. Dietary n-3 LCPUFA, eicosapentaenoic acid (EPA,
20:5n-3), and docosahexaenoic acid (DHA, 22:6n-3), have been associated with a decreased
risk of chronic diseases, in particular CVD [3] and cognitive decline [4]. Another area of
considerable research has focused on the functional role of n-3 LCPUFA during the first
1,000 days of life, a period of rapid growth and development [5-7]. Despite overall positive
data on a beneficial role of n-3 LCPUFA in human health, there is no consistent, global
recommendation for dietary intake of n-3 LCPUFA to manage nutritional needs and reduce
NCD risk.

The present paper reviews the available evidence, particularly recent scientific evidence,

in support of n-3 LCPUFA intake and the intake-related recommendations developed by
experts. To this aim this paper provides a brief overview of the metabolic and functional
role of n-3 LCPUFA, the associated nutritional recommendations, dietary intake and status,
and it reviews in more detail recent data related to the role of n-3 LCPUFA in CVD, brain
functionality, specific dietary needs during the first 1,000 days of life, and other selected
conditions that are of public health interest.

METABOLISM AND NUTRITIONAL ROLE OF n-3 LCPUFA

Metabolism

Omega-3 polyunsaturated fatty acids (n-3 PUFAs) are PUFAs with one of'its double bonds
located 3 carbon atoms from the methyl end. The quantitatively most important n-3 PUFA in
the diet are: 18:3n-3 (alpha-linolenic acid, ALA), 20:5n-3 (EPA), 22:5n-3 (docosapentaenoic
acid, DPA), and 22:6n-3 (DHA). The n-3 LCPUFA are involved in many physiological and
metabolic processes and hence play a key role in human metabolism. They also are important
structural components of cell membranes and contribute to various membrane functions
such as fluidity, permeability, activity of membrane-bound enzymes and receptors, and signal
transduction.

ALA is essential in human nutrition as a precursor for n-3 LCPUFA. The EPA, DPA, and to

a lesser degree DHA are synthesized from ALA through the sequential action of various
desaturases and elongases in animal tissues, but not in plants (Fig. 1). Estimates for the
conversion of ALA into EPA range from 8% to 12%, while its conversion into DHA may be
less than 1% [8]. Due to this low conversion and the fact that ALA, and EPA and DHA may
have different biological functions, many authorities have made separate recommendations
for ALA on the one hand, and for EPA and DHA on the other hand. EPA is the precursor for
series 3 prostanoids and series 5 leukotrienes [9], while DHA is a component of membrane
structural lipids, especially phospholipids in nervous tissue and retina. The developing brain
accumulates large amounts of DHA both pre- and postnatally, particularly during the first 2
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Fig. 1. Metabolic pathway for n-3 LCPUFA synthesis from ALA.

LCPUFA, long-chain polyunsaturated fatty acid; ALA, alpha-linolenic acid; SA, stearidonic acid; EPA,
eicosapentaenoic acid; ETA, eicosatetraenoic acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid.

years of life, with DHA predominantly acquired from the mother via placental transfer and
breast milk. Moreover, the capacity of the brain to synthesize DHA increases with gestational
age [10,11].

Both n-3 and n-6 LCPUFA are synthesized in the body through conversion of their essential
precursors ALA and linoleic acid (LA) by the same enzymes. The conversion of ALA into EPA
and DHA is decreased when the amount of LA in the diet increases (and vice versa). For this
reason, some dietary recommendations also include guidelines for a desired n-3/n-6 ratio in
the diet. While the proportion of dietary ALA converted into n-3 LCPUFA is not influenced by
the dietary n-3/n-6 ratio, the amounts of n-3 LCPUFA formed depends on the amount of ALA
consumed [8].

The ability to convert ALA into n-3 LCPUFA and the levels of n-3 LCPUFA in plasma
phospholipids and red blood cells are, moreover, individually related to polymorphisms in
the human A-5 and A-6 desaturase genes fatty acid desaturase 1 and 2 (FADS1 and FADS2,
respectively) [12]. Polymorphisms in the FADS genes determine the efficiency of endogenous
PUFA processing, and, therefore, nutritional and functional responses are likely to vary
depending on the FADS genotype present.

Dietary source, intake and status

Fish, in particular fatty fish, is a rich source of n-3 LCPUFA (EPA and DHA). Other natural

sources are cultivated marine algae (single cell oils) and human milk, an important source
for infants. EPA and DHA may also be provided by foods and supplements that have been

enriched with n-3 LCPUFA. ALA, the precursor of n-3 LCPUFA, is found in some vegetable
foods, for example linseeds, rapeseed oil, and walnuts.

The dietary intake of n-3 LCPUFA is largely dependent on dietary habits and hence has been
reported to show considerable geographical and population differences [13]. Differences
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in dietary intake result in differences in n-3 LCPUFA status. Global dietary intakes of n-3
LCPUFA has been examined, and it has been estimated that less than 20% of the world's
human population consume > 250 mg/day of seafood-origin n-3 LCPUFA. However, the
reliability of the EPA and DHA intake estimates is limited by various factors, including the
availability of accurate and timely food composition data in nutrient databases that may differ
across countries [13,14], as well as by the challenge of reporting errors in the collection of
dietary data [15,16].

Markers for n-3 LCPUFA status, such as the fatty acid composition of blood, do not have the
above noted limitations, and blood EPA + DHA levels reflect other metabolic factors and
behavioral choices that can influence EPA + DHA status [17-22]. Blood levels of n-3 LCPUFA,
particularly EPA and DHA, have been linked to a reduced risk of primary cardiac arrest [22],
sudden cardiac death [23], and all cause dementia [24]. Stark and colleagues [25] conducted
a systematic review of the available blood EPA + DHA levels to create a visualization of global
EPA + DHA status that could identify countries and regions potentially at an increased risk
of chronic disease due, at least in part, to their n-3 LCPUFA status. That review included 298
studies reporting n-3 LCPUFA levels in various blood fractions of healthy adults published in
1980 and later. The fatty acid data from each blood fraction were converted to relative weight
percentages (wt.%) and then assigned to one of 4 discrete ranges (high, moderate, low, very
low) corresponding to wt.% EPA + DHA values in erythrocyte equivalents. Data revealed that
geographical regions with high EPA + DHA blood levels (> 8%) included countries adjacent
to the Sea of Japan, Scandinavia, and areas with indigenous populations or populations not
fully adapted to Westernized food habits. Very low blood levels (< 4%) were observed in
North, Central, and South America, Europe, the Middle East, Southeast Asia, and Africa. The
authors concluded that, globally, there is considerable variability in EPA + DHA blood levels,
and that the very low to low range of blood EPA + DHA levels for most regions of the world
may increase global risk for chronic disease.

Nutritional recommendations

Nutritional recommendations for n-3 LCPUFA consumption for different age groups, as well
as for selected specific disease related conditions such as CVD, have been established by
several expert authorities.

In 2010, recommendations of the Joint Food and Agriculture Organization of the United
Nations/World Health Organization Expert Consultation on Fats and Fatty Acids in

Human Nutrition, including recommendations for n-3 LCPUFA, were published [26].
Those recommendations reflected the clear recognition of an increasing global burden of
nutrition-related chronic disease. The expert consultation concluded that a daily ALA intake
0f'0.5-0.6% of energy is required to cover nutritional needs. The total n-3 fatty acid intake
can range between 0.5% and 2% of energy, with the minimum dietary requirement of ALA
at > 0.5% of energy for adults considered to prevent deficiency-related symptoms. The
higher value of 2% of energy for ALA plus n-3 LCPUFA (EPA + DHA) (i.e., 0.25-2.0 g) can be
considered indicative of a healthy diet. The expert consultation also concluded that there is
evidence that n-3 LCPUFA may contribute to the prevention of coronary heart disease and
possibly other degenerative diseases related to aging. For adult males and non-pregnant/
non-lactating adult females, 0.25 g/day of EPA plus DHA is recommended, given there is
insufficient evidence to establish a specific minimum intake for either EPA or DHA alone.
For adult pregnant and lactating females, the minimum intake for optimal adult health and
fetal and infant development is 0.3 g/day EPA + DHA, of which at least 0.2 g/day should be
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DHA. The upper safe intake level for EPA + DHA was set at 2 g/day based on experimental
evidence indicating that a high intake of n-3 LCPUFA may increase lipid peroxidation and
reduce cytokine production. However, it was also acknowledged that a high n-3 LCPUFA
consumption of up to 3 g/day could reduce other cardiovascular risk factors and did not
have any adverse effects in short- and intermediate term randomized trials. Moreover, some
individuals in populations with high seafood consumption may consume even higher values
with no apparent evidence of harm.

The European Food Safety Authority (EFSA) established recommendations for total fat and
fatty acids, including n-3 LCPUFAs, in 2010 [27]. The EFSA set an adequate intake level for
ALA at 0.5% of energy and did not identify a upper safe level. An adequate intake for EPA +
DHA was established for adults at 250 mg/day. Similarly, an adequate intake of 100 mg/day
was set for DHA for infants (> 6 months) and young children < 24 months. For pregnancy and
lactation, a daily intake of 100-200 mg of DHA, in addition to the adult adequate intake, was
established to meet the increased demand for n-3 LCPUFA. The EFSA also investigated the
tolerable upper intake level (UL) and concluded that the available data were insufficient to
establish an UL for n-3 LCPUFA (individually or combined) for any population group [28]. At
the observed intake levels, consumption of n-3 LCPUFA has not been associated with adverse
effects in healthy children or adults. Long-term supplemental intakes of EPA and DHA
combined of up to about 5 g/day do not appear to increase the risk of spontaneous bleeding
or bleeding complications, nor do they affect glucose homeostasis, immune function,

or lipid peroxidation, provided the oxidative stability of the n-3 LCPUFAs is guaranteed.
Supplemental intakes of EPA and DHA combined at doses of 2—6 g/day, or of DHA at doses
of 2—4 g/day, induce increases in low-density lipoprotein (LDL)-cholesterol concentrations
of about 3%, which may not have an adverse effect on CVD risk, whereas EPA at doses up to
4 g/day has no reported significant effect on LDL-cholesterol. Supplemental intakes of EPA
and DHA combined at doses up to 5 g/day, and supplemental intakes of EPA alone up to 1.8
g/day, do not raise safety concerns for adults. Dietary recommendations for EPA and DHA
consumption, based on cardiovascular risk considerations for European adults, are between
250 and 500 mg/day. Supplemental intakes of DHA alone of up to about 1 g/day do not raise
safety concerns for the general population. No data are available for DPA when consumed
alone. In the majority of the human studies reviewed, fish oils, also containing DPA in
generally unknown (but relatively low) amounts, were the source of both EPA and DHA.

The Institute of Medicine (IOM) of the National Academies established adequate intake
levels for ALA only as this was considered the only n-3 fatty acid that is nutritionally essential
[29]. However, for infants (01 year) the adequate intake applies to the total of all n-3 fatty
acids. The IOM did not establish specific intake recommendations for EPA, DHA, or other
n-3 LCPUFA, but it did recommend that approximately 10% of the Acceptable Macronutrient
Distribution Range for ALA can be consumed as EPA and/or DHA. This recommendation is
similar to the current mean intakes of EPA and DHA in the United States (US) (approximately
100 mg/day), an intake that is much lower than that being recommended by many groups
worldwide. Global recommendations for n-3 LCPUFA underscore the pressing need to
establish dietary reference intakes (DRIs) for DHA and EPA because DRIs are recognized as
the “official” standard by which federal agencies issue dietary guidance or policy directives
for the health and well-being of individuals in the US and Canada. Because of the many
health benefits of DHA and EPA intake, it is important and timely that National Academies
establish DRIs for the individual long-chain (20 carbons or more) n-3 fatty acids. The IOM
recognizes that previous research indicates that the consumption of fish and other types of
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seafood as part of a balanced diet can promote “heart health”. Fish oil and other n-3 LCPUFA
supplements improve blood lipids and appear to reduce the risk of cardiac death. However,
their effects on other cardiovascular endpoints are unclear and might vary based on dietary
n-3 intake levels and the use of cardioprotective medications. Consequently, the US Food and
Drug Administration (FDA) has approved a qualified health claim for conventional foods and
dietary supplements that contain EPA and DHA [30]. It states, “Supportive but not conclusive
research shows that consumption of EPA and DHA omega-3 fatty acids may reduce the risk
of coronary heart disease.” The FDA also specifies that dietary supplement labels should not
recommend a daily intake of EPA and DHA higher than 2 g [30].

The IOM did not establish an UL for any n-3 LCPUFA, although it noted that high doses of
DHA and/or EPA (900 mg/day of EPA plus 600 mg/day DHA or more for several weeks) might
reduce immune function due to the suppression of inflammatory responses. Doses of 2-5
g/day EPA and/or DHA might also increase bleeding time by reducing platelet aggregation
[26]. Based on the totality of evidence, the FDA recommends not exceeding 3 g/day EPA and
DHA combined, with an intake of up to 2 g/day from dietary supplements [31]. It should

be noted that doses used in some clinical trials exceed these levels. The 2015-2020 Dietary
Guidelines for Americans and the Scientific Report of the 2015 US Dietary Guidelines
Advisory Committee have recommended at least 2 servings of fish per week, providing an
average of 250 mg EPA plus DHA per day, in place of other animal sources of protein [32,33].
The 20152020 US Dietary Guidelines for Americans provide information about how to
incorporate seafood into the healthy US-style eating pattern and the healthy Mediterranean-
style eating pattern.

In 2017, the National Health and Medical Research Council (NHMRC) updated its earlier
report (2006) on the Nutrient Reference Values for Australia and New Zealand that
established recommendations for n-3 LCPUFA intake [34]. The NHMRC stated that, based
on the concept of essentiality and given the lack of dose-response data, adequate intakes
could be established for LA (n-6 in infants), ALA, and the combined n-3 LCPUFA, DHA +
EPA + DPA, by using median population intakes in Australia. The combined EPA+DHA+DPA
adequate intakes per day were set at 40 mg (1-3 years), 50 mg (4-8 years), 70 mg (9-13 years/
boys), 85 mg (9-13 years/girls), 125 mg (14-18 years/boys), 85 mg (14-18 years/girls), 160 mg
(men), and 90 mg (women). During pregnancy and lactation, NHMRC recognized increased
needs for n-3 LCPUFA intake and estimated that 115 mg and 145 mg per day, respectively,
would cover those needs.

The NHMRC also included recommendations for n-3 LCPUFA intake that could reduce the
risk of chronic disease. They concluded that there is increasing acceptance of evidence that,
in populations with only modest intakes of EPA and DHA, increased dietary consumption
could further improve health status. Given this evidence, and the modest intakes currently
consumed in Australia and New Zealand, the NHMRC considered it prudent to encourage
increased consumption of n-3 LCPUFA (DHA, EPA, and DPA). Dietary intakes at the 90th
centile of the population were considered adequate to provide potential benefit while also
being a safe level as currently consumed by many Australians and New Zealanders. Rounding
up to the nearest 10 mg, this established a level of 610 mg/day for men and 430 mg/day for
women. For men, the 90th centile is close to the upper quintile from the Multiple Risk Factor
Intervention Trial study, which was associated with significantly less CVDs [35], whereas for
women, the 90th centile of intake is close to the level shown in the Nurses Health Study to
produce a benefit [36].
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The NHMRC also included a recommendation for an upper safe intake level set at 3,000 mg/
day for children, adolescents, and adults, similar to that established by the US FDA [37]. In
establishing this level, they considered evidence that suggested that high levels of these fatty
acids may impair immune responses and prolong bleeding times. However, the immune
function tests were performed in vitro, and it is unclear how the results would translate to the
in vivo situation. Prolonged bleeding times have been detected in Inuit subjects, but it is not
known if they were the result of high n-3 LCPUFA consumption levels.

The French Food Safety Authority (ANSES) published in 2011 an extensive report on dietary
recommendations for lipids, including detailed recommendations for specific physiological
conditions [38]. Based on the low conversion of ALA into DHA, the ANSES recommended

a daily intake of 250 mg of DHA to meet adult nutritional requirements, which is twice the
recommendation established in 2001 [39]. Similarly, and after considering data regarding

risk reduction related to n-3 LCPUFA consumption, a recommendation for adults was
established at 500 mg of combined DHA and EPA. For younger age groups the recommended
intake levels were similar to those of adults (10-18 years): 70 mg of DHA (1-3 years); 125 mg of
DHA and 250 mg of combined DHA and EPA (3-9 years). For pregnant and lactating women,
the ANSES recommendations were 250 mg of DHA or 500 mg of combined DHA and EPA.

With regard to the management of NCDs, ANSES reviewed the available evidence and
concluded that it was sufficient to establish a minimum daily intake recommendation for

the risk reduction of psychiatric diseases, in particular depression (200-300 mg of DHA +
EPA). Similarly, for CVD risk reduction in the general population, ANSES recommends a daily
intake of 500 mg of combined EPA and DHA. However, this recommendation is increased up
to 750 mg/day for subjects with increased cardiovascular risk profiles.

CVD AND n-3 LCPUFA

Numerous randomized clinical trials, observational studies, and in vitro and animal studies
have investigated the effects of seafood consumption and n-3 LCPUFAs on cardiovascular
conditions and diseases. More recently, such data have been compiled in several systematic
reviews, metanalyses, and expert opinions regarding the role of n-3 LCPUFA in cardiovascular
health [3,26,27,30-32,38-51].

As most currently available data are overall supportive of n-3 LCPUFA reducing the risk

of cardiac disease or death, expert guidelines have converged toward the development of
consistent recommendations for the general population to consume at least 250 mg/day

of n-3 LCPUFA or at least 2 servings/week of oily fish [26,27,30-32,38]. Despite these
recommendations, not all reviews support the presence of a beneficial role of n-3 LCPUFA
in cardiovascular health [49-51]. Recently it was suggested that the results in clinical trials
showing limited to no effect cardiovascular health are likely associated with heterogeneity
among populations, n-3 LCPUFA status, and intake discrepancies, as well as some specific
questions related to the precise physiological effects and molecular mechanisms that
account for the observed benefits, the magnitudes, and dose responses in specific clinical
outcomes [52].

However, given the benefits associated with CVD risk reduction, the absence of adverse
effects associated with the daily consumption of n-3 LCPUFA at the recommended levels and
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the overall supportive evidence, it is considered appropriate for all individuals to increase
their daily n-3 LCPUFA consumption.

Recent clinical data and nutritional recommendations established by expert authorities as
well as findings in ongoing studies are reviewed in the following sections in order to support
relevant recommendations regarding n-3 LCPUFA and cardiovascular health.

New clinical data

Data from 2 large human intervention studies, the Vitamin D and Omega-3 Trial (VITAL)
[53] and the Reduction of Cardiovascular Events with Icosapent Ethyl-Intervention Trial
(REDUCE-IT) [54], were published in late 2018, thereby adding considerable insights on
the role of n-3 LCPUFA in CVD and how this association may be translated into dietary
recommendations.

The primary conclusion of the VITAL study was not positive regarding the effect of
supplementation with n-3 LCPUFA on major cardiovascular events as the data failed to
show a lower incidence of major cardiovascular events in the experimental group than in
the placebo control group [53]. However, an in-depth analysis of the study results did reveal
highly relevant cardiovascular effects following supplementation with n-3 LCPUFA. Indeed,
while the primary outcome of the study, a reduction in major cardiovascular events (a
composite of myocardial infarction, stroke, and death from cardiovascular causes), was not
achieved with statistical significance, the analysis did demonstrate an 8% reduction in such
events. However, the secondary outcomes were highly relevant as omega-3 supplementation
was associated with a reduction in total and fatal myocardial infarction risk by 28% and
50%, respectively. A 17% risk reduction was recorded for total coronary heart disease, versus
placebo. Interestingly for African-Americans, the study found a dramatic 77% reduction in
heart attacks linked to daily omega-3 supplementation. In people who do not consume the
recommended 1 or 2 servings of fish a week, the n-3 LCPUFA supplementation was linked

to a 40% reduction in heart attacks; however, among the subjects who followed the fish
consumption recommendation, there was no such association.

The conclusion of the REDUCE-IT study for patients with elevated triglyceride levels,
despite the use of statins, the risk of ischemic events, including cardiovascular death, was
significantly lower among those who received 2 g of icosapent ethyl (a purified ethyl ester of
EPA) twice daily than among those who received the placebo [54]. The data indicated that 4
g/day of EPA reduced the risk of the first incidence of a major adverse cardiovascular events
by 25% (including cardiovascular death, non-fatal myocardial infarction, non-fatal stroke,
coronary revascularization, or unstable angina requiring hospitalization). Furthermore,
a26% reduction of cardiovascular death (myocardial infarction or stroke) was reported,
while the risk of cardiovascular death or non-fatal myocardial infarction were reduced by
25%. Additional risk reductions included: 1) 31% lower risk of fatal or non-fatal myocardial
infarction; 2) 20% lower risk of cardiovascular death; 3) 32% lower risk of hospitalization or
unstable angina; and 4) 28% lower risk of fatal or non-fatal stroke.

The American Heart Association (AHA) issued a science advisory based on the totality of
available data including 2 recent study outcomes [43]. The AHA concluded that prescription
of n-3 fatty acids (EPA + DHA or EPA-only) at a dose of 4 g/day (> 3 g/day total EPA + DHA)
would be an effective and safe option for reducing triglycerides, either as a monotherapy or
as an adjunct to other lipid-lowering agents. Among patients with elevated triglyceride levels,
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despite the use of statins, the risk of ischemic events, including cardiovascular death, was
significantly lower among those who received 2 g of icosapent ethyl twice daily than among
those who received the placebo. The suggested use of n-3 LCPUFA (4 g/day) for improving
atherosclerotic CVD risk in patients with hypertriglyceridemia is supported by the detection
of'a 25% reduction in major adverse cardiovascular events in the REDUCE-IT data.

Expert recommendations for CVD

Several expert authorities have issued recommendations regarding n-3 LCPUFA intake. The
ANSES established dietary recommendations for the French population that specifically
detailed the dietary recommendations for CVD risk reduction within the context of the
increasing incidence of NCDs [38]. ANSES concluded that a dietary intake of fatty acids

can influence cardiovascular risk by affecting several risk markers and by influencing

other parameters associated with atherosclerosis. Studies on the effect of fatty acids

rarely investigate fatty acid supplementation, except for n-3 LCPUFA. The relationship
between the consumption of fish or EPA/DHA and cardiovascular risk is dependent on the
evaluated parameters. Epidemiological and intervention studies have demonstrated that
the consumption of fish or EPA and DHA reduces cardiovascular mortality. These effects are
observed for dietary intakes between 0.4 g and 1.8 g/day of n-3 LCPUFA. Consequently, a
daily dietary intake recommendation of 500 mg of EPA and DHA (or 0.25% of energy intake)
is justifiable for the general population within the context of achieving cardiovascular risk
reduction. The magnitude of this intake recommendation, which was based on intervention
study results, can reach 750 mg/day for subjects with increased cardiovascular risks.

The 2015-2020 Dietary Guidelines for Americans and the Scientific Report of the 2015 US
Dietary Guidelines Advisory Committee recommend at least 2 servings of fish per week
(providing an average of 250 mg EPA + DHA per day) in place of servings of other animal
sources of protein [32,33]. The 2015-2020 US Dietary Guidelines for Americans provide
information about how to incorporate seafood into the healthy US-style eating pattern and
the healthy Mediterranean-style eating pattern.

The AHA recommended, in its 2018 science advisory, one to 2 seafood meals per week to
reduce the risk of congestive heart failure, coronary heart disease, ischemic stroke, and
sudden cardiac death, especially when seafood replaces the intake of less healthy foods [42].

BRAIN HEALTH AND COGNITIVE FUNCTIONALITY AND
n-3 LCPUFA

The roles of n-3 and n-6 LCPUFA in brain and cognitive development during early life have
been extensively investigated [55-57]. While both LCPUFAs are present in breast milk and
have been demonstrated to play an important role in growth and development, the intake
of n-3 LCPUFA during pregnancy and early life has been reported to affect growth as well as
neurological and immune function in later life [55-59]. The key role of n-3 LCPUFA has been
associated specifically with DHA as it is a key component of membrane structural lipids,
especially in nervous tissue and the retina. The developing brain accumulates large amounts
of DHA both pre- and postnatally, particularly during the first 2 years of life. Therefore, an
adequate DHA status is associated with optimal brain growth and development, and dietary
intake recommendations of preformed DHA have been developed for application during
pregnancy and infancy.
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The role of n-3 LCPUFA in managing brain performance beyond infancy and childhood, and
more specifically in brain disorders or disease, has become a markedly expanding research
topic over the last 2 decades and will be discussed in the following sections.

Neurodegenerative disorders

A role of n-3 LCPUFA in neurodegenerative disorders is based on observations that several
brain functions are influenced by n-3 LCPUFA, an important constituent of the plasma
membrane and implicated in different processes, including increased synaptic development
and functionality [60], effects on synaptic integrity and plasticity [61-64], contributions to
neuroplasticity and subsequent enhancement of cognitive activity [65].

There is recent evidence that n-3 LCPUFA supplementation may have beneficial effects on
neurodegenerative disorders [66,67], such as Parkinson's disease (PD) and Alzheimer's
disease (AD) [68-71]. Although the available data are at present non-conclusive, dietary
recommendations for n-3 LCPUFA supplementation in patients with PD or AD may alleviate
some of the disease symptoms or slow the related cognitive and physical declines.

Some, but not all, observational studies have suggested that diets that are high in n-3 LCPUFA
are associated with reduced risks of cognitive decline, AD, or dementia [72,73]. Because DHA
is an essential component of cellular membrane phospholipids in the brain, researchers have
hypothesized that n-3 LCPUFAs might protect cognitive function by helping to maintain
neuronal function and cell membrane integrity within the brain [73]. This hypothesis is
supported by results from case-control studies indicating that patients with AD have lower
serum levels of DHA than cognitively healthy people [74,75]. Lower serum DHA levels have
also been associated with an increase in cerebral amyloidosis (build-up of protein deposits
called amyloids) in healthy older adults, whereas a high DHA level has been associated with
preservation of brain volume [76].

There have been several observational studies on the effects of fish, EPA, and/or DHA intake
on cognitive function in healthy older adults. Fish consumption has been associated with less
cognitive decline at a 5-year follow-up in a prospective cohort study involving 210 healthy men
aged 70-89 years [77]. The study also reported a dose-response relationship between tertiles
of dietary EPA + DHA intake and subsequent 5-year cognitive decline. Similarly, relatively
high fish consumption among 5,386 study participants was associated with a 60% lower risk
of dementia and a 70% lower risk of AD over an average of 2.1 years in a population-based
prospective study of people aged 55 or older who were free from dementia at baseline [78].
However, the 6-year follow-up did not detect associations between omega-3 intake and
incidence of dementia or AD [79], a result the authors explained was due to the short follow-
up period in the first analysis and the small number of patients who developed dementia. A
higher omega-3 index was associated with a greater hippocampal volume in the Women's
Health Initiative Memory Study [80] and with a larger brain volume and improved cognitive
test scores in the Framingham offspring cohort-based study [81]. In a 2016 dose-response
meta-analysis of 21 cohort studies, the authors reported that increased intakes of fish or
dietary DHA were inversely associated with the risks of dementia and AD [82]. Specifically,
2100 mg/day incremental increase in DHA intake was associated with a 14% lower risk of
dementia and a 37% lower risk of AD.

Clinical studies, on the contrary, are notably less conclusive than observational studies,
and they do not report a beneficial effect of n-3 LCPUFA supplementation on cognitive
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function in older adults with no cognitive impairment. In a trial in the United Kingdom, 748
cognitively healthy adults aged 7079 years received either 500 mg DHA and 200 mg EPA or

a placebo daily for 24 months [83]. Cognitive function did not differ significantly between
the 2 groups, although cognitive function did not decline in either group. In the AREDS2
study, dietary intervention with 350 mg DHA and 650 mg EPA for 5 years did not have a
significant effect on cognitive function in 3,501 older adults (mean age 72.7 years) with age-
related macular degeneration [74]. Clinical trial results have also suggested that n-3 LCPUFA
supplementation does not appear to benefit patients with AD, although it might benefit
patients with mild cognitive impairment. For example, compared to the placebo results, daily
supplementation with 2 g DHA for 18 months did not slow the rate of cognitive decline in 295
participants (mean age 76 years) with mild to moderate AD [84]. In the OmegaAD trial, daily
supplementation with 1,700 mg DHA and 600 mg EPA for 6 months in 174 older adults with
mild to moderate AD also failed to slow down the rate of cognitive decline from that obtained
in the placebo group [85]. However, a subgroup of patients with very mild impairment
experienced a significant reduction in the rate of cognitive decline. In a small trial (35 older
adults with mild cognitive impairment) in Malaysia, fish oil supplementation (1,290 mg DHA
and 450 mg EPA daily) for 12 months improved memory—particularly short-term, working,
and verbal memory—and delayed recall compared to that in the placebo group [86].

Several systematic reviews and meta-analyses, including a Cochrane review, have assessed the
effects of n-3 LCPUFA supplementation on cognitive function and dementia in healthy older
adults and those with AD or cognitive impairment [87-89]. Overall, the findings indicate that
n-3 LCPUFA supplementation does not have a different effect on cognitive function in healthy
older adults or in people with AD than that from placebo treatment. However, for people with
mild cognitive impairment, n-3 LCPUFA may improve certain aspects of cognitive function,
including attention, processing speed, and immediate recall [89].

A recent systematic review on the effects of n-3 LCPUFA supplementation on cognitive
function in patients with PD or AD also reported an inconsistency between the evidence

from prospective observational studies and randomized trials, and the authors suggested
some potential reasons for the inconsistency [90]. The authors highlighted that inconsistent
results are not unusual in clinical research between observational and randomized studies,
particularly when investigating treatments with dietary supplements or integrators. Some

of the reasons that may account for the inconsistencies are that, in controlled trials, dietary
supplementation is usually carried out over a relatively limited time span compared with

the life-long exposure of real-life observational studies; thus, a difference in the time

courses of the 2 approaches could play a relevant role. Observational studies may disclose
preventive effects associated with disease initiation, whereas in randomized trials involving
patients already carrying a disease, the outcome more likely presents as a slowing of disease
progression or a reduction in disease-related complications. Moreover, distinct protective
mechanisms are likely to be activated. Furthermore, variations in dietary patterns might reflect
the adoption of a healthier lifestyle, adopted in concert with the contribution provided by the
single-nutrient supplementation. This was postulated, for instance, when investigating the
protective effects of the Mediterranean diet on cognitive performances. In the present context,
the intake of larger amounts of foods that contain omega-3 fatty acids might be associated
with the reduced intake of other nutrients, such as from other types of meat.

Finally, the possibility of different individual responses to dietary intervention must be
considered. Avallone and colleagues [90] stated that the protective effects exerted by n-3
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LCPUFAs are likely to be modulated by patient-related factors, some of which may have a
significant genetic component and may, therefore, be unmodifiable, and furthermore, may
be unpredictable via routine clinical and biochemical evaluation. Regardless, treatment with
omega-3 fatty acids is generally reported to be safe and well-tolerated. Therefore, Avallone
and colleagues [90] concluded n-3 LCPUFA supplementation may indeed be a valuable and
biologically plausible tool in the management of neurodegenerative diseases. Nonetheless,
supplementation should be part of a global lifestyle intervention and should be undertaken
in the early stages of a disease, when a benefit may be more easily detected. Hopefully, the
adoption of personalized treatment strategies, aimed to predict individual responses, will
help to optimize the effectiveness of such interventions. Such approaches may assist in
reducing the current progressive rise in neurodegenerative disorders.

Depression

Major depressive disorder (MDD) affects one tenth of the world's population and has been
reported to be the world's leading cause of disability [91,92]. MDD is of heterogeneous
etiology with multiple contributory biological mechanisms. Pharmacological treatments with
the currently available antidepressants, although proven to be effective in treating moderate
to severe symptoms in MDD, have modest beneficial effects and various adverse effects [93].
Therefore, to optimize patients' outcomes, clinicians need more efficacious and tolerable
treatments that have been supported by evidence from thorough scientific investigation and
are based on reliable practice guidelines.

The n-3 LCPUFA components EPA and DHA have drawn the clinical attention of medical
specialists [94-97]. Several lines of evidence have suggested the efficacy of n-3 LCPUFA as a
MDD risk reduction or dietary management strategy in epidemiological and case-controlled
studies [98,99], randomized-controlled trials [100-110], and meta-analyses [111-120]. In
addition to clinical studies that have examined efficacy [121,122] and tolerability [123],

the mechanisms of the n-3 LCPUFA antidepressant effects have also been thoroughly
studied. Several key mechanisms have been proposed, including neuronal cell plasticity and
neurogenesis, neurotransmitter dysregulation, and neuro-inflammation [95,124,125].

Evidence regarding the effectiveness of n-3 LCPUFA in depression is compelling, but not

all results are conclusive. Indeed, a 2016 meta-analysis of 26 studies found a 17% lower

risk of depression associated with a higher fish intake [126]. A 2015 Cochrane review of 26
studies, on the contrary, found insufficient evidence to determine whether n-3 LCPUFA
supplementation (doses ranging from 1,000 to 6,600 mg/day EPA, DHA, and/or other n-3
LCPUFA) are beneficial in MDD in adults [120]. However, those authors did report a small-
to-modest beneficial effect on depressive symptoms, although that effect was not clinically
significant. A 2019 meta-analysis of double-blind randomized placebo-controlled trials
(including 26 studies; 2,160 participants) showed an overall beneficial effect of n-3 LCPUFA
on depression symptoms, and both EPA-pure (= 100% EPA) and EPA-major formulations

(2 60% EPA) demonstrated clinical benefits at an EPA dosage of < 1 g/day [127]. DHA-pure
and DHA-major formulations, on the contrary, did not exhibit such benefits. The results of
this meta-analysis support the finding that n-3 LCPUFA with EPA > 60% at a dosage of < 1
g/day could have beneficial effects on depression. The authors recommended that further
studies examining supplementation with n-3 LCPUFA for specific subgroups of subjects with
differing inflammation status and severity of depression are warranted to elucidate the dose
responses for both EPA and DHA supplementation.
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Most recently, the International Society for Nutritional Psychiatry Research organized an
expert panel to conduct a literature review and a Delphi process to develop consensus-based
practice guidelines for clinical use of n—3 LCPUFA in MDD [128]. The guidelines indicate
that both pure EPA or an EPA/DHA combination of a ratio higher than 2 (EPA/DHA > 2) are
considered effective at a recommended dosage of 1-2 g of net EPA daily, from either pure
EPA or an EPA/DHA (> 2:1) formula. The guidelines further indicate that the quality of

the n-3 LCPUFA may affect therapeutic activity, and that potential adverse effects, such as
gastrointestinal and dermatological conditions and comprehensive metabolic panel results,
should be monitored. The expert panel agreed on the suitability of using n-3 LCPUFA in MDD
treatment for pregnant women, children, and the elderly, and for MDD prevention in high-
risk populations. Finally, they suggested that personalizing the clinical application of n-3
LCPUFA in subgroups of MDD with a low omega-3 index or with high levels of inflammatory
markers can be regarded as areas that deserve further research.

Expert recommendations

The ANSES considered, in their 2011 report, that the totality of studies regarding n-3 LCPUFA
demonstrate that it is associated with psychopathological processes, and its dietary intakes are
capable of influencing those processes [38]. Moreover, ANSES concluded that, based on the
totality of available data, there is plausible evidence supporting recommendations for a sufficient
dietary intake of PUFA, and in particular n-3 LCPUFA for support maintenance in mental health.
With regard to preventing psychiatric disorders, specifically depression, current data enabled
ANSES to propose a dietary intake recommendation for n-3 LCPUFA of at least 200-300 mg/day.

OTHER FUNCTIONAL BENEFITS RELATED TO n-3 LCPUFA

As highlighted previously, n-3 LCPUFA have been extensively studied for their roles in brain
and cognitive development during early life [55-57]. More recently interest in the role of n-3
LCPUFA during early life has increased as there is growing evidence that they can improve
pregnancy outcomes, such as gestation duration, and because they are also believed to
increase infant growth and enhance short- and long-term development of the offspring
[129]. Two recent clinical trials and a meta-analysis have indicated the beneficial effect of n-3
LCPUFA on risk reduction associated with premature birth when provided at a daily intake of
600-800 mg of DHA-rich algal oil or DHA + EPA-rich fish oil [130,131].

Data from a double-blind, multicenter, randomized, and controlled intervention trial
involving 2,399 women who, during the last trimester of pregnancy, received either DHA-
rich fish oil capsules (providing 800 mg/day of DHA) or a matched vegetable oil capsules
without DHA demonstrated a reduced incidence of premature birth in the DHA group [130].
Moreover, fewer early-preterm births (< 34 weeks' gestation) were reported in the DHA group
compared with the control group (1.09% vs. 2.25%; P= 0.03). Duration of gestation was
higher in the DHA group than in the control group (17.59% vs. 13.72%; P=0.01) and there
was a higher mean birth weight (+ 68 g) and fewer low birth weight infants (3.41% vs. 5.27%;
P=0.03) in the DHA group. However, mean birth weight z scores (corrected for gestational
age and sex) did not differ between groups, indicating that group differences in birth size
were largely a function of gestational age at birth.

Data from another recent double-blind, randomized, and controlled intervention trial
involving 530 women who, from 20 weeks of gestation till birth, received either a DHA-
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rich algal oil capsule (providing 600 mg/day of DHA) or a matched vegetable oil capsules
without DHA also demonstrated reduced incidence of premature birth in the DHA group
[131]. In addition, the data demonstrated fewer infants born at < 34 weeks of gestation in
the DHA-supplemented group compared to that in the placebo group (P=0.025). DHA
supplementation also resulted in longer gestation duration (2.9 day; P= 0.041), greater birth
weight (172 g; P=0.004), birth length (0.7 cm; P=0.022), and head circumference (0.5 cm;
P=0.012). Preterm infants born in the DHA-supplemented group had a shorter hospital stay
than that in the placebo group (8.9 vs. 40.8 days; P=0.026). The mean DHA intake for the
DHA-supplemented group was 469 mg/day, resulting in higher maternal and cord RBC-
phospholipid-DHA levels (2.6%; P < 0.001) than those in the placebo group. There were no
reported adverse effects and no safety concerns were identified in the DHA group.

A recent meta-analysis, published in late 2018, included 70 randomized-controlled trials
(19,927 women at low, mixed or high risk of poor pregnancy outcomes) and compared n-3
LCPUFA interventions (supplements and food) with placebo or non-n-3 LCPUFA treatments.
The authors reported that both preterm births (< 37 weeks) and early-preterm births (<

34 weeks) were reduced in women receiving n-3 LCPUFA treatments [5]. Additionally, the
authors detected a possible reduced risk of perinatal death, neonatal care admission, and low
birth weight infants as well as a small increased risk of low gestational age infants with n-3
LCPUFA supplementation. The authors concluded that n-3 LCPUFA supplementation during
pregnancy is an effective strategy for reducing the incidence of preterm births; however, it
probably increases the incidence of post-term pregnancies. They also suggested that more
studies comparing n-3 LCPUFA and placebo treatments to establish causality in relation to
preterm births are not needed.

DHA supplementation during pregnancy was estimated to be both medically and socio-
economically relevant through its ability to reduce the incidence of premature birth [132].
Shireman and colleagues [132] demonstrated, after applying a post-hoc cost analysis of
delivery hospitalizations and all hospitalizations in the year following deliveries at the
Kansas University Hospital, that hospital cost savings related to DHA supplementation

were estimated to be USD 1,678 per infant. Even after adjusting for the estimated cost of
providing 600 mg/day of supplemental DHA for 26 weeks (USD 166.48) and a slightly higher
maternal care cost (USD 26) in the DHA group, the net saving per mother-child pair was USD
1,484. Extrapolating this to the nearly 4 million US deliveries per year suggests that universal
supplementation with 600 mg/day during the last 2 trimesters of pregnancy could save the
US health care system up to USD 6 billion.

In an effort to assist in the development of implementation strategies to increase pregnant
women's n-3 LCPUFA intake, a recent study assessed the awareness of Australian pregnant
women about preterm birth, their nutrition and supplementation behaviors during
pregnancy, and their intentions to increase n-3 fatty acid intake [133]. The authors of the
study indicated that the main information source for women about preterm birth and dietary
supplementation recommendations during pregnancy is their health professional. Therefore,
informing women about ways to reduce the risk of preterm birth, including the role of n-3
LCPUFA, should occur during antenatal visits. Those results may be useful to clinicians
caring for pregnant women and for the next stage of translation of the Cochrane review
findings—the design of implementation strategies to increase the intake of n-3 LCPUFA
during pregnancy where needed.

https://doi.org/10.4162/nrp.2021.15.2.137 150



n-3 LCPUFA in human nutrition and health

Nutrition
[ ) Research and
Practice

https://e-nrp.org

A recent overview of the lipid requirements of preterm infants emphasizes the importance
of an adequate dietary intake of n-3 LCPUFA to support normal development of preterm
infants [6]. Lapillonne [6] highlighted that current nutritional management guidelines may
not be suitable for recommending sufficient amounts of preformed DHA. Based on available
data, Koletzko and colleagues [134] established daily recommended intakes of 55-60 mg/
kg of DHA, < 20 mg mg/kg of EPA, and 35-45 mg/day of arachidonic acid (ARA) to meet the
nutritional needs of fully enterally fed preterm infants.

Most recently, there is renewed attention being paid to the recommendations for DHA

and infant nutrition, which was triggered by a recently adopted regulatory standards on
infant and follow-on formula for the European Union. Those standards stipulate that from
February 2020 onwards, all such products marketed in the European Union must contain
20-50 mg DHA per 100 kcal, which is equivalent to about 0.5-1% of fatty acids (higher than
that typically found in human milk and current infant formula products) without the need
to also include ARA (20:4n-6) [7]. This novel approach to infant formula composition has
given rise to concern and controversy because there is no accountable evidence source for
the standards' suitability and safety in healthy infants. Therefore, a group of international
experts in the field of infant nutrition recently published a review of the state of scientific
research on DHA and ARA, and addressed the controversies arising from the new European
regulatory standards. They concluded that based on the available information, infant and
follow-on formula should provide both DHA and ARA. The DHA should equal at least the
mean content in human milk globally (0.3% of FAs) but preferably reach a level of 0.5% of
FAs. Although the optimal ARA intake amounts remain to be defined, the experts strongly
recommended that ARA should be provided along with DHA. At DHA amount in infant
formula of up to 0.64%, ARA contents should at least equal the DHA contents. Finally, the
experts concluded that further well-designed clinical studies should evaluate the optimal
intakes of DHA and ARA in infants at different ages and those evaluations should be based
on relevant outcomes.
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