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Dietary intakes of omega-3 long chain polyunsaturated fatty acids (O3LC-
PUFAs) such as eicosapentaenoic and docosahexaenoic acid are central to 
development and health across the life course. O3LC-PUFAs have been linked 
to neurological development, maternal and child health and the etiology of 
certain non-communicable diseases including age-related cognitive decline, 
cardiovascular disease, and diabetes. However, dietary inadequacies exist in 
the United  Kingdom and on a wider global scale. One predominant dietary 
source of O3LC-PUFAs is fish and fish oils. However, growing concerns about 
overfishing, oceanic contaminants such as dioxins and microplastics and the 
trend towards plant-based diets appear to be acting as cumulative barriers to 
O3LC-PUFAs from these food sources. Microalgae are an alternative provider of 
O3LC-PUFA-rich oils. The delivery of these into food systems is gaining interest. 
The present narrative review aims to discuss the present barriers to obtaining 
suitable levels of O3LC-PUFAs for health and wellbeing. It then discusses 
potential ways forward focusing on innovative delivery methods to utilize O3LC-
PUFA-rich oils including the use of fortification strategies, bioengineered plants, 
microencapsulation, and microalgae.
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Introduction

Omega-3 long chain polyunsaturated fatty acids (O3LC-PUFAs) include α-linolenic acid 
(ALA; 18:3), stearidonic acid (SDA; 18:4), eicosatetraenoic acid (20:4), eicosapentaenoic acid 
(EPA; 20:5), docosapentaenoic acid (DPA; 22:5), and docosahexaenoic acid (DHA; 22:6) (1) 
(Figure 1). One means of assessing the conversion rate of ALA to the longer-chain products 
EPA, DPA and DHA is to determine the net rise in blood circulating levels of these fatty acids 
after increasing ALA intakes in controlled human trials. Isotope studies by Burdge and Calder 
(4) have demonstrated that ALA seems to be a limited source of O3LC-PUFAs, particularly 
for males although estrogen may improve the conversion of ALA to O3LC-PUFAs in women 
which could be a regulatory mechanism to meet fetal and neonate DHA needs. Other research 
using isotope labeled fatty acids in young women found that estimated ALA inter-conversion 
was 21% for EPA and just 6% for DPA and 9% for DHA (5).

Regarding omega-6 long chain polyunsaturated fatty acids linoleic acid (the parent 
omega-6 fatty acid) yields gamma-linolenic acid, dihomo-gamma-linolenic acid, arachidonic 
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acid, adrenic acid and then osbond acid (2). It was George and 
Mildred Burr in 1929 who first deciphered the “essentiality” of these 
fatty acids when rodent models were fed a fat-free diet (6). They 
identified that fatty acids were essential nutrients and found that the 
omega-6 fatty acid linoleic acid prevented disease thus was an 
‘essential’ fatty acid (7). They also found that linolenic acid (the 
omega-3 analog of linoleic acid) was also an essential fatty acid (7). 
Linoleic acid and ALA acid cannot be produced endogenously by 
humans (mammals) thus are often termed ‘essential’ fatty acids 
although it should be  considered that these fatty acids can 
be manufactured by plants and are found in plants tissues such as 
seeds, seed oils and nuts (2).

Physiologically, the omega-3 fatty acids are central building blocks 
of cell membranes (8). Around 50–60% of the brain weight consists of 
lipids and of this about 35% is derived from O3LC-PUFAs, with DHA 
accounting for over 40% of omega-3 fatty acids in the gray matter and 
neuronal tissue (9, 10). The function and structure of the human brain 
is dependent on an adequate and constant supply of EPA and 
DHA. O3LC-PUFAs have been found to play key roles in cell 
membrane fluidity, human growth and development, vision, reduced 
breast and colorectal cancer risk, lower metabolic syndrome risk and 
are known to exert cardio-protective actions (11–13). Meta-analytical 
evidence also shows that both O3LC-PUFAs and fish have been linked 
to reductions in the development of mild cognitive decline and 
Alzheimer’s disease (14). DPA is also part of healthy nutrition with 
infants obtaining this from human milk and oily fish, fish oil 
supplements and grass-fed beef being some of the most predominant 
sources of DPA in the general population (15). Due to its similar 
chemical structure to EPA and DHA, DPA has also been linked to 

improvements in aspects of human health including neural health, 
lipid metabolism, reduced platelet aggregation and the attenuation of 
chronic inflammation (15). Evidence is accruing to suggest that EPA, 
DPA and DHA have both independent and shared effects, particularly 
in relation to neuroprotective effects (16). DHA remains to be the 
most quantitatively important O3LC-PUFAs in the human brain but 
DPA and EPA may act as useful anti-inflammatory mediators (16).

In 2022 the International Society for the Study of Fatty Acids and 
Lipids (ISSFAL) concluded that O3LC-PUFAs EPA and DHA play a 
central role in determining gestational length and adequate intakes, 
consistent with national guidelines, should be  achieved in early 
pregnancy to lower preterm delivery risk (17). A Cochrane report 
compiled of 70 randomized controlled trials (RCTs) also concluded 
that preterm births (< 37 weeks) and early preterm births (< 34 weeks) 
were reduced in women receiving O3LC-PUFAs compared with no 
omega-3 (18). Possible reduced risks of neonatal care admission, 
perinatal death, low birthweight, and slight elevated risk of large for 
gestational age infants were also found for those receiving O3LC-
PUFAs (18).

In the last 5 years several Cochrane reports have been published 
looking at the role of O3LC-PUFAs in relation to health (Table 1). 
Evidence appears to be stronger for certain health outcomes such as 
coronary heart disease and depressive symptomology than for others 
(20, 21). Overall, the health benefits of O3LC-PUFAs are becoming 
increasingly recognized. Despite this, O3LC-PUFA intakes in many 
regions and populations globally remain to be inadequate. The present 
narrative review describes this, discusses barriers to obtaining suitable 
levels of O3LC-PUFAs and reviews potential ways forward; focusing 
on innovative delivery methods to use O3LC-PUFA-rich oils including 

Omega-6 fatty 
acids 

Omega-3 fatty 
acids

LINOLEIC ACID (LA) 18:2n-6
Parent fatty acid

Eicosatetraenoic acid 20:4n-3

Arachidonic acid (AA) 20:4n-6

Docosapentaenoic acid (DPA) 22:5n-3

ALPHA -LINOLENIC ACID (ALA) 18:3n-3
Parent fatty acid

Docosahexaenoic acid (DHA) 22:6n-3

Gamma-Linolenic acid (GLA) 18:3n-6

Dihomo-gamma-linolenic acid 20:3n-6

Eicosapentaenoic acid (EPA) 20:5n-3

Stearidonic acid 18:4n-3

Adrenic acid 22:4n-6

Osbond acid 22:5n-6

FIGURE 1

Omega-6 and omega-3 metabolic pathways. Source: Adapted from Miles and Calder (2) and Bird et al. (3).

https://doi.org/10.3389/fnut.2024.1325099
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Derbyshire et al. 10.3389/fnut.2024.1325099

Frontiers in Nutrition 03 frontiersin.org

the use of fortification strategies, bioengineered plants, 
microencapsulation, and microalgae.

Human recommendations

Several organizations and publications have established 
recommendations for O3LC-PUFAs. This advice is summarized in 
Table  2. The European Food Safety Authority (EFSA) in 2012 
published guidance and recommendations in relation to Tolerable 
Upper Intake Levels for EPA, DHA and DPA (the maximum daily 
intake unlikely to cause adverse health effects) (25).

EFSA advised that EPA and DHA recommendations based on 
cardiovascular risk considerations for European adults are between 
250 and 500 mg/day and that supplemental intakes of EPA and DHA 
combined at doses up to 5 g/day do not raise safety concerns for adults 
(25). More recently, ISSFAL (17) issued a statement reporting that 
there is now strong evidence that a proportion of preterm births could 
be prevented by increasing maternal dietary intakes of O3LC-PUFAs 
during pregnancy, advising that supplementation with 1,000 mg of 
DHA plus EPA could lower risk of early birth, ideally with 
supplementation commencing before 20 weeks’ gestation.

Regarding oily fish consumption, in the United Kingdom it is 
advised that a healthy and balanced diet should provide 2 weekly 

TABLE 1 Summary of evidence from Cochrane reports focusing on O3LC-PUFAs and aspects of health (last 5  years).

Reference Aspect of Health/
Area of Focus

Number of RCTs/
studies reviewed

Sample size 
evaluated (n)

Main findings

Gillies et al. (19) Attention deficit hyperactivity 

disorder

37 2,374 There was low-certainty evidence 

that children and adolescents 

receiving O3LC-PUFA were 

more likely to improve compared 

to those receiving placebo

Appleton et al. (20) Major depressive disorder 

(adult focus)

35 1924 Analysis suggests a small-to-

modest, non-clinically beneficial 

effect of O3LC-PUFA on 

depressive symptomology vs. 

placebo. The certainty of the 

evidence was low to very low

Abdelhamid et al. (21) Primary and secondary 

prevention of cardiovascular 

disease

86 162,796 Moderate- and low-certainty 

evidence. Increasing O3LC-

PUFAs slightly reduces risk of 

coronary heart disease mortality 

and events and reduces serum 

triglycerides (evidence from 

supplement trials). Increasing 

ALA slightly reduces risk of 

cardiovascular events and 

arrhythmia

Watson & Stackhouse (22) Cystic fibrosis 23 106 Regular O3LC-PUFA 

supplements could provide some 

limited benefits for people with 

cystic fibrosis with few adverse 

effects. The evidence quality was 

very low

Dushianthan et al. (23) Acute respiratory distress 

syndrome

10 1,015 Findings of this review were 

limited by lack of standardization 

among the included studies with 

regard to types of nutritional 

supplements given, methods and 

reporting of outcome measures. 

The evidence quality was low to 

very low.

Downie et al. (24) Dry eye diseases 34 4,314 There is a possible role for O3LC-

PUFA supplementation in 

managing dry eye disease, 

although the evidence is 

inconsistent and uncertain
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portions of fish, of which one should be oily (27). A portion is defined 
as about 140 g (4.9 oz) (27). Girls, those planning a pregnancy, or who 
are pregnant/breastfeeding should not eat more than 2 portions of oily 
fish a week (27). Young people aged 18–25 years (83%) appear to 
recognize to some extent that EPA and DHA are linked to brain and 
heart health (28) but they may be less familiar with the specifics, such 
as intake recommendations for omega-3 fatty acids and oily fish. As 
seen in studies in the next section, habitual omega-3 and oily fish 
intakes are generally lower than recommended.

Intakes of O3LC-PUFAs

Some recent publications have reported on habitual intakes of 
DHA/EPA and/or blood status. A systematic review of studies (12 
reported on total n-3 intakes and eight on EPA and DHA intake) 
undertaken in Europe, North America and South/East Asia concluded 
that EPA and DHA intakes were lower amongst those following plant-
based diets, defined as vegetarians and vegans in the analysis (29). 
Within the analysis 13 studies reported on EPA and/or DHA status, 
with most identifying lower EPA and DHA status in vegetarians and 
vegans compared to meat-consumers. Vegans also tended to have 
lower EPA and DHA status than vegetarians (29).

In the United Kingdom a secondary analysis of the National Diet 
and Nutrition Survey (NDNS), the country’s largest cross-sectional 
dietary analysis, showed that only a quarter of the UK population were 
oily fish consumers – a predominant source of omega-3 fatty acids 
(30). Amongst those consuming oily fish only 7.3% of children, 12.8% 
of teenagers, and 15.6% of young adults aged 20–29 years fell in line 
and met oily fish recommendations (30). A further analysis of survey 
data within this publication (data from 10 publications) found that 
EPA and DHA intakes were lower than guidelines, with children, 

teenagers, females, and pregnant women presenting some of the 
largest dietary gaps (30). The PEAR (31) study conducted with 598 
women before/during pregnancy found that women who ate fish prior 
to pregnancy reduced their intakes of both oily and white fish during 
pregnancy, with some avoiding it altogether. Overall intakes of fish 
were lower than intakes advised during pregnancy (36% compliance 
for consumers pre-pregnancy) (31).

In the United States (US) recent research measured EPA and DHA 
blood concentrations across pregnancy (32). Women self-reported 
their dietary intakes at enrolment (13–16 weeks into pregnancy) and 
at 36 weeks into gestation (32). It was found that polyunsaturated fatty 
acid consumption decreased from early to late pregnancy which was 
attributed to a decline in the nutritional quality of diets as pregnancy 
progressed (32). This is interesting given that sex hormones and 
physiological changes associated with pregnancy can increase liver 
enzymes involved in DHA synthesis (33). Levels of EPA and DHA are 
also ‘more in demand’ in the later stages of pregnancy and exposure 
to lower in utero ω-3 PUFA concentrations has been associated with 
reduced brain volume in childhood (34). These findings are therefore 
concerning and imply that EPA and DHA intakes were insufficient 
which could have extended ramification. Data from an earlier US 
National Health and Nutrition Examination Survey (NHANES) 
similarly found that 68% adults and 95% children had long-chain 
omega-3 levels below recommended thresholds (35).

Omega barriers

Endogenous synthesis & bioavailability

It has already been explained how linoleic acid and alpha-linolenic 
acid are not synthesized by mammals hence termed “essential fatty 
acids” but can be manufactured by plants (2). Although these fatty 
acids are not produced endogenously by humans they can 
be metabolize to other fatty acids (Figure 1) (2).

Some sex differences have been observed with regard to EPA/
DHA status and incorporation into blood plasma, cells, and tissues, 
with this appearing to be slightly higher for females but not to a level 
that warrants movements towards sex-specific omega-3 dietary 
recommendations (36). It is thought that sex hormones such as 
estrogen and progesterone could, in part, be one mechanism behind 
this, with women tending to have heightened increases in EPA status 
after ALA supplementation when compared to men (33).

Other factors such as the lipid form in which the omega-3 fatty 
acid acts can also impact on bioavailability, nutrient delivery, and 
health. Research by Ghasemifard et  al. (37) concluded that the 
bioavailability of different O3LC-PUFA forms appeared to be highest 
in the free fatty acid form and lowest in the ethyl ester form with no 
conclusions drawn from human data in relation to triacylglycerols or 
phospholipids. Other factors such as matrix effects (capsule ingestion 
with simultaneous intake of food, food fat content) or galenic form 
(i.e., emulsification, microencapsulation) can also influence the 
bioavailability of O3LC-PUFA (38).

Personal choice

There are an array of reasons why populations may not 
be obtaining suitable daily intakes of oily fish and omega-3 fatty acids. 

TABLE 2 Summary of O3LC-PUFAs recommendations.

Organization Recommendation

EFSA (25) Dietary recommendations for EPA and 

DHA based on cardiovascular risk 

considerations for European adults are 

between 250 and 500 mg/day

EFSA (25) Supplemental intakes of DHA alone up to 

about 1 g/day do not raise safety concerns 

for the general population

EFSA (2012) (25) Supplemental intakes of EPA alone up to 

1.8 g/day, do not raise safety concerns for 

adults

EFSA (25) Supplemental intakes of EPA and DHA 

combined at doses up to 5 g/day do not 

raise safety concerns for adults

Burns-Whitmore et al. (26) Vegans should have separate AIs for LA 

and ALA than omnivores and utilize 

recommendations of between 2.2–4.4 g/g 

of ALA d (or 1.1 g/day/1000 Kcals)

ISFAAL (17) Supplementation with a total of about 

1,000 mg of DHA plus EPA is effective at 

reducing risk of early birth, preferably with 

supplementation commencing before 

20 weeks’ gestation

https://doi.org/10.3389/fnut.2024.1325099
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Derbyshire et al. 10.3389/fnut.2024.1325099

Frontiers in Nutrition 05 frontiersin.org

Amongst pregnant mothers, risk aversion, availability, cost, smell/
taste, family preferences and confusions over the number of advised 
weekly portions and finer details of public health guidance have all 
been found to act as barriers to fish consumption (31). Research 
undertaken with older Australian adults (n = 854, 51 years+) found 
that cost was the most frequently reported barrier to fresh finfish 
consumption (reported by 37%) (39). When sampling fish oils 
unpleasant after tastes have also been reported (40). In trials with 
oxidized fish oils, even when added at low levels to yogurt, they could 
be  identified by consumers who reported negative impacts on 
acceptability. However, they remained interested in consuming such 
products if there were known health benefits (41). Alongside this, 
unfavorable aftertastes and challenges swallowing supplements may 
act as further barriers to suitable omega-3 intakes (42).

Dietary preferences such as vegetarianism or veganism can also 
impact on O3LC-PUFA intakes. A cross-sectional study of meat-
eaters, vegetarians and vegans in the United Kingdom has shown that 
O3LC-PUFA intakes in non-fish-consumers were 57–80% that of fish-
eaters (43). Similarly, the exclusion of oily fish has been has been 
associated with lower EPA and DHA status in vegetarian women, 
including the breast milk and infants of vegetarian mothers (44). The 
bioconversion of the omega-3 parent fatty acid ALA into EPA and 
then DHA is also inefficient therefore limiting the potential effects of 
ALA supplementation from vegetarian sources such as flaxseed oil 
(45, 46).

Fish source

The EPA and DHA profiles of oily fish can depend on where these 
are sourced from. For example, in farmed salmon the profile of 
saturated, monounsaturated and polyunsaturated fatty acids has been 
found to be 15.0, 55.4, and 29.6%, respectively and 26.3, 47.4, and 
26.3% in wild salmon (47). A study feeding fish reared in sea cages 
with an average start weight of 275 g four diets containing different 
amounts of EPA and DHA found that fish fed on the higher 3.5% EPA 
and DHA diet had improved growth, filet visual color and quality 
compared with those on the three lower EPA and DHA diets (48). A 
study analyzing the DPA and EPA content of 39 Indian food dishes 
containing fish recognized that fish biodiversity can affect their 
nutritional (EPA/DHA) profile and found that Tenualosa ilisha, 
Sardinella longiceps, Nemipterus japonicus, and Anabas testudineus 
were some of the most abundant sources of DHA and EPA (49).

Sustainability

Over the past few decades fish has been regarded as key human 
health asset, contributing to more than 20% of animal protein intake 
for approximately 3 billion people, with this set to rise with growing 
populations (50). The promotion of oily fish consumption for health 
may be viewed as a somewhat ‘antagonistic policy’ where nutrition 
policies, i.e., eat more oily fish for health has subsequent environmental 
ramifications such as declining fish stocks. For example, over-fishing 
is responsible for the decline in freshwater fish and natural marine 
populations, so much so that since 1995 fishing has been banned for 
2–3 months in specific periods of the year in China, to help replenish 
fish populations (51). Along the African coast near to the equator the 

dual effects of industrial fisheries and climate change have been 
hampering fish stocks and ecosystems (52). Concerningly, marine 
ecologists have projected that fish stocks could collapse by 2050 and 
emphasize that fishing restrictions and ‘no-take’ zones are of central 
importance to restore marine ecosystem health (50).

Contaminants

Oily seafood alongside providing O3LC-PUFAs, and 
micronutrients may also contain polychlorinated dibenzo-p-dioxins/
polychlorinated dibenzofurans (PCDD/Fs), dioxin-like-
polychlorinated biphenyls (dl-PCBs) and dioxin-like compounds 
(DLCs) which are known to pose health risks (53). For some 
populations, such as pregnant women balancing the benefits of fish 
consumption against mercury intake can be challenging (54). Rather 
concerningly, pollutants (erythrocyte mercury and urinary 
arsenobetaine) have been found to be an affective marker of seafood 
intake amongst pregnant women, more so than O3LC-PUFAs (55). 
Projected models have shown that methylmercury levels, a renowned 
neurotoxicant increased by up to 23% between the 1970s and 2000s, 
due to dietary shifts initiated by overfishing and are estimated to rise 
by 56% in Atlantic bluefin tuna due to temperatures rises which can 
increase organic-matter run off into ocean’s (56).

Microplastics

The amount of literature now available related to microplastic in 
fish has been accruing. It is now known that microplastic 
contamination can occur in nearly all types of aquatic habitats around 
the globe, with fish being very vulnerable to the ingestion of 
microplastics (57). Over 690 marine species appear to have been 
affected by plastic debris, with this number set to rise (58). It has been 
found that fish unintentionally ingest microplastics, sucking these 
passively in microfibers whilst breathing, with these being found in 
the gills and gastrointestinal tracts of fish and having an increase 
presence in food (59).

Recent studies by Ragusa et  al. (60, 61) have identified 
microplastics in human placental tissue including chorioamniotic 
membranes and within the syncytiotrophoblast, however, it is yet to 
be determined whether these microplastics derived from fish intake 
among pregnant females. These microplastics found in human 
placentas could contribute to the initiation of pathological processes, 
such as oxidative stress, apoptosis and inflammatory processes. In 
various environments globally microplastics (size around<5 mm) have 
been found to be present (59). From a human health stance certain 
microplastics such as bisphenol A (BPA), nonylphenol (NP), 
octylphenol (OP) and polybrominated diphenyl ethers (PBDE) may 
be potentially toxic to humans (62).

Potential ways forward

Fortification

Where there are nutritional shortfalls food fortification can be a 
cost-effective strategy that can also convey economic, health and 
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social benefits (63). Fortification per se has been defined by the 1987 
Codex General Principles for the Addition of Essential Nutrients to 
Foods as “the addition of one or more essential nutrients to a food 
whether or not it is normally contained in the food, for the purpose of 
preventing or correcting a demonstrated deficiency of one or more 
nutrients in the population or specific population groups” (64). There 
are two predominant forms of mainstream fortification – targeted 
fortification for subpopulations, e.g., infant cereals and market-driven 
mass fortification with iodine fortification of salt being one example 
of this (65). Providing that specific food vehicles are used and explicit 
consumer needs addressed voluntary fortification can play a central 
role in contributing to nutritional requirements, particularly where 
gaps are evident (65). Biofortification is another form of fortification 
that stems back to agronomic practices and has been defined by the 
World Health Organization as “the process by which the nutritional 
quality of food crops is improved through agronomic practices, 
conventional plant breeding, or modern biotechnology” (66). These 
methods therefore aims to improve nutrient levels using agronomic 
practices rather than manual measures (66).

When it comes to O3LC-PUFAs, food fortification appears to be a 
growing market sector. In the United States when the Food and Drug 
Administration first authorized O3LC-PUFA use in supplements the 
market for such ingredients expanded by 24%, demonstrating their 
potential for popularity (67). Several past studies have fortified a range 
of foods (milk, margarines, sausages, luncheon meat, French onion 
dips, yoghurts) with fish oils (68–72). The majority of these methods 
demonstrate beneficial changes in omega-3 intakes, EPA and DHA 
pools and the ω-3 index of erythrocyte membranes (68–70, 72) 
although a degree of masking using flavors may be needed to override 
fishy tastes and flavors (68). It is worth mentioning that some studies 
use the terminology “enriched” rather than fortified.

Bioengineered plants

Alongside marine and plant oils genetic modifications of plants is 
being explored as a novel ways to produce and supply EPA and DHA 
(73). Scientists are now able to modify endogenous genes involved in 
the biosynthesis pathways, enabling the modifications of edible plant 
oils to upregulate and increase the content of desired components 
(such as omega-3 fatty acids) or reduce the content of undesirable 
components (74).

In particular, the transfer of certain genes into plants (such as 
oilseeds) from microalgae is being viewed as a promising and 
potentially effective way to yield these fatty acids (73). Omega-3 fish 
oil crops have also been produced although a range of challenges have 
also been presented which include underlying metabolic engineering, 
crop performance, intellectual property, regulatory and consumer 
acceptance difficulties (75).

Microencapsulation

Microencapsulation is a novel technology that has been developed 
with the intention of protecting sensitive compounds from 
environmental elements which also includes protecting compounds 
from digestive enzymes for enhanced delivery to the gut with minimal 

degradation (76). This method has been well used in pharmaceutical 
sectors and there is now rising interest in its application in food 
systems (76). Microencapsulation may have many potential uses, for 
example, the entrapment of nutrients and natural compounds such as 
probiotics which could aid and potentially protect their passage 
through the gastrointestinal tract (77). In the case of unsaturated fatty 
acids, microencapsulation can also help to improve their quality and 
shelf-life (78).

The unique process of microencapsulation may help to counteract 
traditional problems of strong odors/flavors (particularly those related 
to O3LC-PUFA delivery), reactions of other food matrix components 
which could reduce bioavailability and help to provide a form of 
targeted and controlled delivery and release (79). It is well recognized 
that food fortification with O3LC-PUFAs may be difficult due to their 
tendency to rapidly oxidize, variable bioavailability and poor water-
solubility and encapsulation technologies may help to address some 
of these issues (80, 81). For example, research with flaxseed oil showed 
that the oxidative stability of encapsulated flaxseed oil was 13-fold 
higher than that in bulk oil form, demonstrating the stabilizing and 
protective effects of microencapsulation (82).

One mode of encapsulation involves integrating omega-3 oils into 
colloidal particles assembled from food-grade components such as 
emulsion droplets, liposomes, nanostructured lipid carriers, or 
microgels (80). Typical microencapsulation technologies can include 
approaches such as coacervation, extrusion, spray cooling and spray 
drying (78). Spray drying in particular is regarded as a flexible, simple 
and rapid microencapsulation method that is relatively easy to scale 
up (83). It is also regarded as a ‘clean technology’ as it does not utilize 
the use of organic solvents (83). Encapsulation has not been found to 
adversely affect the bioavailability of O3LC-PUFA compounds. In one 
double-blind trial 25 females were allocated to ingest 0.9 g n-3 PUFA/
day in a capsule or microencapsulated fish-oil enriched foods (84). 
The microencapsulated fish-oil enriched foods were found to be as 
bioavailable as administration via a capsule thus regarded as an 
effective means of improving n-3 PUFA intakes to align with dietary 
recommendations (84). Foods such as ice cream and Indian yoghurt 
have also been found to administer microencapsulated flaxseed oils 
successfully (85, 86).

Microalgae

It has previously been explained how seafood was traditionally 
exploited as a prime O3LC-PUFA source. However, other food 
derivates will be needed to meet expanding populations and growing 
global demands. Subsequently alternative sustainable non-animal 
derived sources of O3LC-PUFAs are being sought and algae is being 
recognized as one of these (87). It is now recognized that certain 
microalgae yields have significant levels of EPA and/or DHA (45). 
Subsequently, alternative microalgae sources could be a novel means 
to bridging gaps between supply and demand for EPA and DHA in 
relation to achieving human requirements (88).

Several clinical trials with micro-algae oil have led to significant 
increases in blood erythrocyte and plasma DHA (89–91). For example, 
Yang et  al. (90) found that lactating women ingesting algal oil 
(200 mg/d) over 8 weeks significantly improved DHA levels in breast 
milk compared with a placebo capsule. Arteburn et al. (89) found that 
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algal-oil capsules providing 600 mg/day DHA were bioequivalent in 
terms of providing similar levels of DHA to plasma and red blood cells 
when compared to cooked salmon. Earlier work by Geppert et al. (92) 
concluded that 0.94 g/d DHA over 8-weeks was well tolerated and 
could be a viable vegetarian O3LC-PUFA source. Sanders et al. (91) 
administered 1.5 g DHA + 0.6 g DPA to 79 healthy adults over 4 weeks 
finding that DHA and DPA erythrocyte phospholipid levels increased 
compared with the 4 g oil/d placebo.

Discussion

Given rising sustainability and toxicological concerns in the 
aquaculture sector research into possible alternative sources of O3LC-
PUFAs has become a priority, to help plug the gap between supply and 
demand (42, 88). Dietary intakes of O3LC-PUFAs largely remain to 
be insufficient in relation to the optimisation of health and cognitive 
outcomes (29, 30, 43). Historical evidence shows that fresh aquatic 
plants and seaweed were chewed such as red, green, and brown 
seaweeds and most likely consumed during Mesolithic and Neolithic 
time periods indicating that wild food resources were ingested before 
a switch to domesticated resources (93). These at the time were likely 
to have been an important source of nutrients, including omega-3 
fatty acids.

Giving the scale of aging populations and surging healthcare costs 
attributed to poor brain health, reflection on insufficient omega-3 
intakes and how to achieve these is needed (94). There is also growing 
evidence that DHA is an important neuroprotective agent potentially 
helping to enhance brain development, function, and maintenance 
(synaptic plasticity and cognition), particularly alongside exercise (95). 
Unfortunately, many supplements available do not enrich ‘brain’ DHA, 
although they may enrich most other body tissues (96). Intriguingly, 
research has found that DHA from triacylglycerol which is released as 
free DHA or monoacylglycerol during digestion and absorbed as 
triacylglycerol in chylomicrons is preferentially integrated into heart 
and adipose tissue but not the brain (96). In contrast, LPC 
lysophosphatidylcholine DHA has been found to enhance DHA uptake 
in the brain by up to 100% but does not affect adipose tissue (96).

Recently, findings from the REDUCE-IT trial remarkably found 
that EPA at a dose of 4 g/day in patients at high cardiovascular risk 
with hypertriglyceridemia had a 25% relative reduction in risk of 
cardiovascular-related events (97, 98). In terms of sources, omega-3 s 
from both dietary and supplementation sources may have positive 
health benefits, additionally, supplementation studies appear to 
demonstrate more consistent reductions in inflammatory markers 
including IL-6 and TNF-α amongst populations with mild cognitive 
impairment (99).

There has been some question regarding the bioavailability of 
O3LC-PUFAs from supplements which could have resulted in 
negative or neutral outcomes in some studies (38). Subsequently, this 
has led to the question as to whether novel models of delivery such as 
microencapsulation could improve omega-3 fatty acid bioavailability 
(38). Provisional science indicates that this could be a promising way 
forward, (76–79, 82). Ongoing research specifically focusing on 
O3LC-PUFAs is now needed.

Finally, it is important to consider that studies investigating 
novel methods to narrow omega-3 gaps should consider several 

factors. Firstly, studies measuring EPA and/or DHA status should 
recognize that plasma levels can change due to diurnal rhythm 
(100). Research with 21 adults aged 25 to 44 years found that 
rhythmicity was strongest for DHA which peaked in the evening at 
17:43 (100). Circulating levels of EPA and DHA fatty acids fell 
during the night and reached the lowest point in the morning (100). 
The wider implications of this research indicate that O3LC-PUFA 
consumption in the evenings could have a wider functional 
significance (100). Secondly, other work has found that there appear 
to be  O3LC-PUFAs “responders” and “non-responders” which 
could affect the results of human intervention studies (101). For 
example, it is speculated that certain epigenetic/genetic variants and 
differences in dietary and gut microbiota composition could 
be behind such variations (101). Finally, novel biomarkers such as 
brain derived neurotrophic factor (BDNF) could be more highly 
regarded than the omega-3 index when measuring omega-3 fatty 
acid brain enrichment as DHA is known to increase the synthesis 
of BDNF in the brain and there is bidirectional BDNF transport 
through the blood brain barrier (102).

Alongside this it should be considered that findings from studies 
investigating O3LC-PUFAs can vary due to short follow-up periods, 
small samples sizes, withdrawal rates, different types, timings, dosages, 
and forms of interventions. Baseline population characteristics also 
need to be  carefully controlled and considered when making 
comparisons between studies. Greater consistency is needed when 
reporting such components to synthesize future evidence more 
effectively. Greater standardization between studies would greatly 
improve and strength any future conclusions.

Conclusion

The present publication has identified modern-day challenges 
and shifting trends associated with inadequate O3LC-PUFA intakes 
and environmental challenges linked to meeting requirements for 
health via traditional means (oily fish consumption). The 
overarching conclusion is that novel models of EPA and DHA 
delivery could have a central role to play in helping to support 
future healthy and balanced diets whilst counteracting some of the 
sustainability and toxicological concerns that exist from present-day 
delivery methods.

Author contributions

ED: Conceptualization, Visualization, Writing – original draft. 
CB: Writing – review & editing. GB: Writing – review & editing. AE: 
Writing – review & editing. PM: Writing – review & editing. WL: 
Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. Authors have 
been awarded research funding from an Innovate UK, Better Food for 
All Innovation for improved nutrition grant.

https://doi.org/10.3389/fnut.2024.1325099
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Derbyshire et al. 10.3389/fnut.2024.1325099

Frontiers in Nutrition 08 frontiersin.org

Conflict of interest

ED was employed by Nutritional Insight Limited. CB and GB were 
employed by AgriFood X Limited. AE was employed by HTC Group 
Limited. PM was employed by Efficiency Technologies Limited.

The remaining authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
 1. Shahidi F, Ambigaipalan P. Omega-3 polyunsaturated fatty acids and their health 

benefits. Annu Rev Food Sci Technol. (2018) 9:345–81. doi: 10.1146/annurev-
food-111317-095850

 2. Miles EA, Calder PC. Can early Omega-3 fatty acid exposure reduce risk of 
childhood allergic disease? Nutrients. (2017) 9:784. doi: 10.3390/nu9070784

 3. Bird JK, Calder PC, Eggersdorfer M. The role of n-3 long chain polyunsaturated 
fatty acids in cardiovascular disease prevention, and interactions with statins. Nutrients. 
(2018) 10:775. doi: 10.3390/nu10060775

 4. Burdge GC, Calder PC. Conversion of alpha-linolenic acid to longer-chain 
polyunsaturated fatty acids in human adults. Reprod Nutr Dev. (2005) 45:581–97. doi: 
10.1051/rnd:2005047

 5. Burdge GC, Wootton SA. Conversion of alpha-linolenic acid to eicosapentaenoic, 
docosapentaenoic and docosahexaenoic acids in young women. Br J Nutr. (2002) 
88:411–20. doi: 10.1079/BJN2002689

 6. Burr GO, Burr MM. A new deficiency disease produced by the rigid exclusion of 
fat from the diet. J Biol Chem. (1929) 31:248–9. doi: 10.1016/S0021-9258(20)78281-5

 7. Spector AA, Kim HY. Discovery of essential fatty acids. J Lipid Res. (2015) 56:11–21. 
doi: 10.1194/jlr.R055095

 8. Cholewski M, Tomczykowa M, Tomczyk M. A comprehensive review of chemistry, 
sources and bioavailability of Omega-3 fatty acids. Nutrients. (2018) 10:1662. doi: 
10.3390/nu10111662

 9. Bos DJ, van Montfort SJ, Oranje B, Durston S, Smeets PA. Effects of omega-3 
polyunsaturated fatty acids on human brain morphology and function: what is the 
evidence? Eur Neuropsychopharmacol. (2016) 26:546–61. doi: 10.1016/j.
euroneuro.2015.12.031

 10. Fang X, Sun W, Jeon J, Azain M, Kinder H, Ahn J, et al. Perinatal docosahexaenoic 
acid supplementation improves cognition and alters brain functional Organization in 
Piglets. Nutrients. (2020) 12:2090. doi: 10.3390/nu12072090

 11. Li D, Wahlqvist ML, Sinclair AJ. Advances in n-3 polyunsaturated fatty acid 
nutrition. Asia Pac J Clin Nutr. (2019) 28:1–5. doi: 10.6133/apjcn.201903_28(1).0001

 12. Innes JK, Calder PC. Marine Omega-3 (N-3) fatty acids for cardiovascular health: 
an update for 2020. Int J Mol Sci. (2020) 21:1362. doi: 10.3390/ijms21041362

 13. Jang H, Park K. Omega-3 and omega-6 polyunsaturated fatty acids and metabolic 
syndrome: a systematic review and meta-analysis. Clin Nutr. (2020) 39:765–73. doi: 
10.1016/j.clnu.2019.03.032

 14. Welty FK. Omega-3 fatty acids and cognitive function. Curr Opin Lipidol. (2023) 
34:12–21. doi: 10.1097/MOL.0000000000000862

 15. Byelashov OA, Sinclair AJ, Kaur G. Dietary sources, current intakes, and 
nutritional role of omega-3 docosapentaenoic acid. Lipid Technol. (2015) 27:79–82. doi: 
10.1002/lite.201500013

 16. Dyall SC. Long-chain omega-3 fatty acids and the brain: a review of the 
independent and shared effects of EPA, DPA and DHA. Front Aging Neurosci. (2015) 
7:52. doi: 10.3389/fnagi.2015.00052

 17. Best KP, Gibson RA, Makrides M. ISSFAL statement number 7 - Omega-3 fatty 
acids during pregnancy to reduce preterm birth. Prostaglandins Leukot Essent Fatty 
Acids. (2022) 186:102495. doi: 10.1016/j.plefa.2022.102495

 18. Middleton P, Gomersall JC, Gould JF, Shepherd E, Olsen SF, Makrides M. Omega-3 
fatty acid addition during pregnancy. Cochrane Database Syst Rev. (2018) 
2018:CD003402. doi: 10.1002/14651858.CD003402.pub3

 19. Gillies D, Leach MJ, Perez Algorta G. Polyunsaturated fatty acids (PUFA) for 
attention deficit hyperactivity disorder (ADHD) in children and adolescents. Cochrane 
Database Syst Rev. (2023) 2023:CD007986. doi: 10.1002/14651858.CD007986.pub3

 20. Appleton KM, Voyias PD, Sallis HM, Dawson S, Ness AR, Churchill R, et al. 
Omega-3 fatty acids for depression in adults. Cochrane Database Syst Rev. (2021) 
2021:CD004692. doi: 10.1002/14651858.CD004692.pub5

 21. Abdelhamid AS, Brown TJ, Brainard JS, Biswas P, Thorpe GC, Moore HJ, et al. 
Omega-3 fatty acids for the primary and secondary prevention of cardiovascular disease. 
Cochrane Database Syst Rev. (2020) 2020:1158–9. doi: 10.1002/14651858.CD003177.
pub5

 22. Watson H, Stackhouse C. Omega-3 fatty acid supplementation for cystic fibrosis. 
Cochrane Database Syst Rev. (2020) 4:CD002201. doi: 10.1002/14651858.CD002201.
pub6

 23. Dushianthan A, Cusack R, Burgess VA, Grocott MP, Calder PC. Immunonutrition 
for acute respiratory distress syndrome (ARDS) in adults. Cochrane Database Syst Rev. 
(2019) 2019:CD012041. doi: 10.1002/14651858.CD012041.pub2

 24. Downie LE, Ng SM, Lindsley KB, Akpek EK. Omega-3 and omega-6 
polyunsaturated fatty acids for dry eye disease. Cochrane Database Syst Rev. (2019) 
12:CD011016. doi: 10.1002/14651858.CD011016.pub2

 25. EFSA. Scientific opinion on the tolerable upper intake level of eicosapentaenoic 
acid (EPA), docosahexaenoic acid (DHA) and docosapentaenoic acid (DPA). EFSA J. 
(2012) 10:2815. doi: 10.2903/j.efsa.2012.2815

 26. Burns-Whitmore B, Froyen E, Heskey C, Parker T, San Pablo G. Alpha-linolenic 
and linoleic fatty acids in the vegan diet: do they require dietary reference intake/
adequate intake special consideration? Nutrients. (2019) 11:2365. doi: 10.3390/
nu11102365

 27. NHS. Fish and shellfish. London: NHS (2022).

 28. Roke K, Rattner J, Brauer P, Mutch DM. Awareness of Omega-3 fatty acids and 
possible health effects among young adults. Can J Diet Pract Res. (2018) 79:106–12. doi: 
10.3148/cjdpr-2018-005

 29. Neufingerl N, Eilander A. Nutrient intake and status in adults consuming plant-
based diets compared to meat-eaters: a systematic review. Nutrients. (2021) 14:29. doi: 
10.3390/nu14010029

 30. Derbyshire E. Oily fish and omega-3s across the life stages: a focus on intakes and 
future directions. Front Nutr. (2019) 6:165. doi: 10.3389/fnut.2019.00165

 31. Beasant L, Ingram J, Taylor CM. Fish consumption during pregnancy in relation 
to National Guidance in England in a mixed-methods study: the PEAR study. Nutrients. 
(2023) 15:3217. doi: 10.3390/nu15143217

 32. Lanier K, Wisseman B, Strom C, Johnston CA, Isler C, DeVente J, et al. Self-
reported intake and circulating EPA and DHA concentrations in US pregnant women. 
Nutrients. (2023) 15:1753. doi: 10.3390/nu15071753

 33. Childs CE. Sex hormones and n-3 fatty acid metabolism. Proc Nutr Soc. (2020) 
79:219–24. doi: 10.1017/S0029665119001071

 34. Zou R, El Marroun H, Voortman T, Hillegers M, White T, Tiemeier H. Maternal 
polyunsaturated fatty acids during pregnancy and offspring brain development in 
childhood. Am J Clin Nutr. (2021) 114:124–33. doi: 10.1093/ajcn/nqab049

 35. Murphy RA, Devarshi PP, Ekimura S, Marshall K, Hazels Mitmesser S. Long-chain 
omega-3 fatty acid serum concentrations across life stages in the USA: an analysis of 
NHANES 2011-2012. BMJ Open. (2021) 11:e043301. doi: 10.1136/bmjopen-2020-043301

 36. Walker CG, Browning LM, Mander AP, Madden J, West AL, Calder PC, et al. Age 
and sex differences in the incorporation of EPA and DHA into plasma fractions, cells 
and adipose tissue in humans. Br J Nutr. (2014) 111:679–89. doi: 10.1017/
S0007114513002985

 37. Ghasemifard S, Turchini GM, Sinclair AJ. Omega-3 long chain fatty acid 
"bioavailability": a review of evidence and methodological considerations. Prog Lipid Res. 
(2014) 56:92–108. doi: 10.1016/j.plipres.2014.09.001

 38. Schuchardt JP, Hahn A. Bioavailability of long-chain omega-3 fatty acids. 
Prostaglandins Leukot Essent Fatty Acids. (2013) 89:1–8. doi: 10.1016/j.plefa.2013.03.010

 39. Grieger JA, Miller M, Cobiac L. Knowledge and barriers relating to fish 
consumption in older Australians. Appetite. (2012) 59:456–63. doi: 10.1016/j.
appet.2012.06.009

 40. Yaxley A, Miller MD, Fraser RJ, Cobiac L, Crotty M. Testing the acceptability of 
liquid fish oil in older adults. Asia Pac J Clin Nutr. (2011) 20:175–9.

 41. Rognlien M, Duncan SE, O'Keefe SF, Eigel WN. Consumer perception and sensory 
effect of oxidation in savory-flavored yogurt enriched with n-3 lipids. J Dairy Sci. (2012) 
95:1690–8. doi: 10.3168/jds.2011-5010

 42. Lane KE, Derbyshire EJ. Omega-3 fatty acids  - a review of existing and 
innovative delivery methods. Crit Rev Food Sci Nutr. (2018) 58:62–9. doi: 
10.1080/10408398.2014.994699

https://doi.org/10.3389/fnut.2024.1325099
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1146/annurev-food-111317-095850
https://doi.org/10.1146/annurev-food-111317-095850
https://doi.org/10.3390/nu9070784
https://doi.org/10.3390/nu10060775
https://doi.org/10.1051/rnd:2005047
https://doi.org/10.1079/BJN2002689
https://doi.org/10.1016/S0021-9258(20)78281-5
https://doi.org/10.1194/jlr.R055095
https://doi.org/10.3390/nu10111662
https://doi.org/10.1016/j.euroneuro.2015.12.031
https://doi.org/10.1016/j.euroneuro.2015.12.031
https://doi.org/10.3390/nu12072090
https://doi.org/10.6133/apjcn.201903_28(1).0001
https://doi.org/10.3390/ijms21041362
https://doi.org/10.1016/j.clnu.2019.03.032
https://doi.org/10.1097/MOL.0000000000000862
https://doi.org/10.1002/lite.201500013
https://doi.org/10.3389/fnagi.2015.00052
https://doi.org/10.1016/j.plefa.2022.102495
https://doi.org/10.1002/14651858.CD003402.pub3
https://doi.org/10.1002/14651858.CD007986.pub3
https://doi.org/10.1002/14651858.CD004692.pub5
https://doi.org/10.1002/14651858.CD003177.pub5
https://doi.org/10.1002/14651858.CD003177.pub5
https://doi.org/10.1002/14651858.CD002201.pub6
https://doi.org/10.1002/14651858.CD002201.pub6
https://doi.org/10.1002/14651858.CD012041.pub2
https://doi.org/10.1002/14651858.CD011016.pub2
https://doi.org/10.2903/j.efsa.2012.2815
https://doi.org/10.3390/nu11102365
https://doi.org/10.3390/nu11102365
https://doi.org/10.3148/cjdpr-2018-005
https://doi.org/10.3390/nu14010029
https://doi.org/10.3389/fnut.2019.00165
https://doi.org/10.3390/nu15143217
https://doi.org/10.3390/nu15071753
https://doi.org/10.1017/S0029665119001071
https://doi.org/10.1093/ajcn/nqab049
https://doi.org/10.1136/bmjopen-2020-043301
https://doi.org/10.1017/S0007114513002985
https://doi.org/10.1017/S0007114513002985
https://doi.org/10.1016/j.plipres.2014.09.001
https://doi.org/10.1016/j.plefa.2013.03.010
https://doi.org/10.1016/j.appet.2012.06.009
https://doi.org/10.1016/j.appet.2012.06.009
https://doi.org/10.3168/jds.2011-5010
https://doi.org/10.1080/10408398.2014.994699


Derbyshire et al. 10.3389/fnut.2024.1325099

Frontiers in Nutrition 09 frontiersin.org

 43. Welch AA, Shakya-Shrestha S, Lentjes MA, Wareham NJ, Khaw KT. Dietary intake 
and status of n-3 polyunsaturated fatty acids in a population of fish-eating and non-fish-
eating meat-eaters, vegetarians, and vegans and the product-precursor ratio [corrected] 
of alpha-linolenic acid to long-chain n-3 polyunsaturated fatty acids: results from the 
EPIC-Norfolk cohort. Am J Clin Nutr. (2010) 92:1040–51. doi: 10.3945/ajcn.2010.29457

 44. Burdge GC, Tan SY, Henry CJ. Long-chain n-3 PUFA in vegetarian women: a 
metabolic perspective. J Nutr Sci. (2017) 6:e58. doi: 10.1017/jns.2017.62

 45. Doughman SD, Krupanidhi S, Sanjeevi CB. Omega-3 fatty acids for nutrition and 
medicine: considering microalgae oil as a vegetarian source of EPA and DHA. Curr 
Diabetes Rev. (2007) 3:198–203. doi: 10.2174/157339907781368968

 46. Lane K, Derbyshire E, Li W, Brennan C. Bioavailability and potential uses of 
vegetarian sources of omega-3 fatty acids: a review of the literature. Crit Rev Food Sci 
Nutr. (2014) 54:572–9. doi: 10.1080/10408398.2011.596292

 47. Molversmyr E, Devle HM, Naess-Andresen CF, Ekeberg D. Identification and 
quantification of lipids in wild and farmed Atlantic salmon (Salmo salar), and salmon 
feed by GC-MS. Food Sci Nutr. (2022) 10:3117–27. doi: 10.1002/fsn3.2911

 48. Lutfi E, Berge GM, Baeverfjord G, Sigholt T, Bou M, Larsson T, et al. Increasing 
dietary levels of the n-3 long-chain PUFA, EPA and DHA, improves the growth, welfare, 
robustness and fillet quality of Atlantic salmon in sea cages. Br J Nutr. (2023) 129:10–28. 
doi: 10.1017/S0007114522000642

 49. Mohanty BP, Ganguly S, Mahanty A, Sankar TV, Anandan R, Chakraborty K, et al. 
DHA and EPA content and fatty acid profile of 39 food fishes from India. Biomed Res 
Int. (2016) 2016:4027437. doi: 10.1155/2016/4027437

 50. Brunner EJ, Jones PJ, Friel S, Bartley M. Fish, human health and marine ecosystem 
health: policies in collision. Int J Epidemiol. (2009) 38:93–100. doi: 10.1093/ije/dyn157

 51. Li D, Hu X. Fish and its multiple human health effects in times of threat to 
sustainability and affordability: are there alternatives? Asia Pac J Clin Nutr. (2009) 
18:553–63.

 52. Ramirez F, Shannon LJ, Angelini R, Steenbeek J, Coll M. Overfishing species on 
the move may burden seafood provision in the low-latitude Atlantic Ocean. Sci Total 
Environ. (2022) 836:155480. doi: 10.1016/j.scitotenv.2022.155480

 53. Nostbakken OJ, Rasinger JD, Hannisdal R, Sanden M, Froyland L, Duinker A, et al. 
Levels of omega 3 fatty acids, vitamin D, dioxins and dioxin-like PCBs in oily fish; a new 
perspective on the reporting of nutrient and contaminant data for risk-benefit 
assessments of oily seafood. Environ Int. (2021) 147:106322. doi: 10.1016/j.
envint.2020.106322

 54. Cai H, Zhu Y, Qin L, Luo B, Liu H, Wu C, et al. Risk-benefit assessment of 
methylmercury and n-3 polyunsaturated fatty acids through fish intake by pregnant 
women in Shanghai, China: findings from the Shanghai diet and health survey. Food 
Chem Toxicol. (2023) 174:113668. doi: 10.1016/j.fct.2023.113668

 55. Stravik M, Gustin K, Barman M, Levi M, Sandin A, Wold AE, et al. Biomarkers of 
seafood intake during pregnancy - pollutants versus fatty acids and micronutrients. 
Environ Res. (2023) 225:115576. doi: 10.1016/j.envres.2023.115576

 56. Schartup AT, Thackray CP, Qureshi A, Dassuncao C, Gillespie K, Hanke A, et al. 
Climate change and overfishing increase neurotoxicant in marine predators. Nature. 
(2019) 572:648–50. doi: 10.1038/s41586-019-1468-9

 57. Wang W, Ge J, Yu X. Bioavailability and toxicity of microplastics to fish species: a 
review. Ecotoxicol Environ Saf. (2020) 189:109913. doi: 10.1016/j.ecoenv.2019.109913

 58. Carbery M, O'Connor W, Palanisami T. Trophic transfer of microplastics and 
mixed contaminants in the marine food web and implications for human health. Environ 
Int. (2018) 115:400–9. doi: 10.1016/j.envint.2018.03.007

 59. Li B, Liang W, Liu QX, Fu S, Ma C, Chen Q, et al. Fish ingest microplastics 
unintentionally. Environ Sci Technol. (2021) 55:10471–9. doi: 10.1021/acs.
est.1c01753

 60. Ragusa A, Matta M, Cristiano L, Matassa R, Battaglione E, Svelato A, et al. Deeply in 
Plasticenta: presence of microplastics in the intracellular compartment of human placentas. 
Int J Environ Res Public Health. (2022) 19:11593. doi: 10.3390/ijerph191811593

 61. Ragusa A, Svelato A, Santacroce C, Catalano P, Notarstefano V, Carnevali O, et al. 
Plasticenta: first evidence of microplastics in human placenta. Environ Int. (2021) 
146:106274. doi: 10.1016/j.envint.2020.106274

 62. Alberghini L, Truant A, Santonicola S, Colavita G, Giaccone V. Microplastics in 
fish and fishery products and risks for human health: a review. Int J Environ Res Public 
Health. (2022) 20:789. doi: 10.3390/ijerph20010789

 63. Olson R, Gavin-Smith B, Ferraboschi C, Kraemer K. Food fortification: the 
advantages, disadvantages and lessons from sight and life programs. Nutrients. (2021) 
13:1118. doi: 10.3390/nu13041118

 64. Codex Alimentarius Commission (CAC). General principles for the addition of 
essential Nutrients to Foods CAC/GL 09–1987. Rome, Italy: Joint FAO/WHO Food 
Standards Programme, Codex Alimentarius Commission (1991).

 65. Detzel P, Klassen-Wigger P. Market-driven food fortification to address dietary 
needs. World Rev Nutr Diet. (2020) 121:81–8. doi: 10.1159/000507522

 66. WHO. Biofortification of staple crops. Geneva: WHO (2023).

 67. Ganesan B, Brothersen C, McMahon DJ. Fortification of foods with omega-3 
polyunsaturated fatty acids. Crit Rev Food Sci Nutr. (2014) 54:98–114. doi: 
10.1080/10408398.2011.578221

 68. Murage MW, Muge EK, Mbatia BN, Mwaniki MW. Development and sensory 
evaluation of Omega-3-rich Nile perch fish oil-fortified yogurt. Int J Food Sci. (2021) 
2021:8838043. doi: 10.1155/2021/8838043

 69. Martucci M, Conte M, Bucci L, Giampieri E, Fabbri C, Palmas MG, et al. Twelve-
week daily consumption of ad hoc fortified Milk with omega-3, D, and group B vitamins 
has a positive impact on Inflammaging parameters: a randomized cross-over trial. 
Nutrients. (2020) 12:3580. doi: 10.3390/nu12113580

 70. Petrova D, Bernabeu Litran MA, Garcia-Marmol E, Rodriguez-Rodriguez M, 
Cueto-Martin B, Lopez-Huertas E, et al. Cyrillicffects of fortified milk on cognitive 
abilities in school-aged children: results from a randomized-controlled trial. Eur J Nutr. 
(2019) 58:1863–72. doi: 10.1007/s00394-018-1734-x

 71. Kohler A, Heinrich J, von Schacky C. Bioavailability of dietary Omega-3 fatty acids 
added to a variety of sausages in healthy individuals. Nutrients. (2017) 9:629. doi: 
10.3390/nu9060629

 72. Metcalf RG, James MJ, Mantzioris E, Cleland LG. A practical approach to 
increasing intakes of n-3 polyunsaturated fatty acids: use of novel foods enriched with 
n-3 fats. Eur J Clin Nutr. (2003) 57:1605–12. doi: 10.1038/sj.ejcn.1601731

 73. Amjad Khan W, Chun-Mei H, Khan N, Iqbal A, Lyu SW, Shah F. Bioengineered 
plants can be  a useful source of Omega-3 fatty acids. Biomed Res Int. (2017) 
2017:7348919. doi: 10.1155/2017/7348919

 74. Zhou XR, Liu Q, Singh S. Engineering nutritionally improved edible plant oils. 
Annu Rev Food Sci Technol. (2023) 14:247–69. doi: 10.1146/annurev-food-052720-104852

 75. Napier JA, Haslam RP, Tsalavouta M, Sayanova O. The challenges of delivering 
genetically modified crops with nutritional enhancement traits. Nat Plants. (2019) 
5:563–7. doi: 10.1038/s41477-019-0430-z

 76. Dhakal SP, He J. Microencapsulation of vitamins in food applications to prevent 
losses in processing and storage: a review. Food Res Int. (2020) 137:109326. doi: 
10.1016/j.foodres.2020.109326

 77. Nazzaro F, Orlando P, Fratianni F, Coppola R. Microencapsulation in food science and 
biotechnology. Curr Opin Biotechnol. (2012) 23:182–6. doi: 10.1016/j.copbio.2011.10.001

 78. Yan C, Kim SR, Ruiz DR, Farmer JR. Microencapsulation for food applications: a 
review. ACS Appl Bio Mater. (2022) 5:5497–512. doi: 10.1021/acsabm.2c00673

 79. Dias MI, Ferreira IC, Barreiro MF. Microencapsulation of bioactives for food 
applications. Food Funct. (2015) 6:1035–52. doi: 10.1039/C4FO01175A

 80. Venugopalan VK, Gopakumar LR, Kumaran AK, Chatterjee NS, Soman V, Peeralil 
S, et al. Encapsulation and protection of Omega-3-rich fish oils using food-grade 
delivery systems. Foods. (2021) 10:1566. doi: 10.3390/foods10071566

 81. Ruiz Ruiz JC, Ortiz Vazquez EL, Segura Campos MR. Encapsulation of vegetable 
oils as source of omega-3 fatty acids for enriched functional foods. Crit Rev Food Sci 
Nutr. (2017) 57:1423–34. doi: 10.1080/10408398.2014.1002906

 82. Menin A, Zanoni F, Vakarelova M, Chignola R, Dona G, Rizzi C, et al. Effects of 
microencapsulation by ionic gelation on the oxidative stability of flaxseed oil. Food 
Chem. (2018) 269:293–9. doi: 10.1016/j.foodchem.2018.06.144

 83. Perez-Palacios T, Ruiz-Carrascal J, Solomando JC, De-La-Haba F, Pajuelo A, 
Antequera T. Recent developments in the microencapsulation of fish oil and natural 
extracts: procedure, quality evaluation and food enrichment. Foods. (2022) 11:3291. doi: 
10.3390/foods11203291

 84. Wallace JM, McCabe AJ, Robson PJ, Keogh MK, Murray CA, Kelly PM, et al. 
Bioavailability of n-3 polyunsaturated fatty acids (PUFA) in foods enriched with 
microencapsulated fish oil. Ann Nutr Metab. (2000) 44:157–62. doi: 10.1159/000012839

 85. Goyal A, Sharma V, Sihag MK, Singh AK, Arora S, Sabikhi L. Fortification of dahi 
(Indian yoghurt) with omega-3 fatty acids using microencapsulated flaxseed oil 
microcapsules. J Food Sci Technol. (2016) 53:2422–33. doi: 10.1007/s13197-016-2220-1

 86. Gowda A, Sharma V, Goyal A, Singh AK, Arora S. Process optimization and 
oxidative stability of omega-3 ice cream fortified with flaxseed oil microcapsules. J Food 
Sci Technol. (2018) 55:1705–15. doi: 10.1007/s13197-018-3083-4

 87. Rizzo G, Baroni L, Lombardo M. Promising sources of plant-derived 
polyunsaturated fatty acids: a narrative review. Int J Environ Res Public Health. (2023) 
20:1683. doi: 10.3390/ijerph20031683

 88. Tocher DR, Betancor MB, Sprague M, Olsen RE, Napier JA. Omega-3 long-chain 
polyunsaturated fatty acids, EPA and DHA: bridging the gap between supply and 
demand. Nutrients. (2019) 11:89. doi: 10.3390/nu11010089

 89. Arterburn LM, Oken HA, Bailey Hall E, Hamersley J, Kuratko CN, Hoffman JP. 
Algal-oil capsules and cooked salmon: nutritionally equivalent sources of docosahexaenoic 
acid. J Am Diet Assoc. (2008) 108:1204–9. doi: 10.1016/j.jada.2008.04.020

 90. Yang Y, Li G, Li F, Xu F, Hu P, Xie Z, et al. Impact of DHA from algal oil on the 
breast Milk DHA levels of lactating women: a randomized controlled trial in China. 
Nutrients. (2022) 14:3410. doi: 10.3390/nu14163410

 91. Sanders TA, Gleason K, Griffin B, Miller GJ. Influence of an algal triacylglycerol 
containing docosahexaenoic acid (22:6n-3) and docosapentaenoic acid (22:5n-6) on 
cardiovascular risk factors in healthy men and women. Br J Nutr. (2006) 95:525–31. doi: 
10.1079/BJN20051658

 92. Geppert J, Kraft V, Demmelmair H, Koletzko B. Microalgal docosahexaenoic acid 
decreases plasma triacylglycerol in normolipidaemic vegetarians: a randomised trial. Br 
J Nutr. (2006) 95:779–86. doi: 10.1079/BJN20051720

https://doi.org/10.3389/fnut.2024.1325099
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.3945/ajcn.2010.29457
https://doi.org/10.1017/jns.2017.62
https://doi.org/10.2174/157339907781368968
https://doi.org/10.1080/10408398.2011.596292
https://doi.org/10.1002/fsn3.2911
https://doi.org/10.1017/S0007114522000642
https://doi.org/10.1155/2016/4027437
https://doi.org/10.1093/ije/dyn157
https://doi.org/10.1016/j.scitotenv.2022.155480
https://doi.org/10.1016/j.envint.2020.106322
https://doi.org/10.1016/j.envint.2020.106322
https://doi.org/10.1016/j.fct.2023.113668
https://doi.org/10.1016/j.envres.2023.115576
https://doi.org/10.1038/s41586-019-1468-9
https://doi.org/10.1016/j.ecoenv.2019.109913
https://doi.org/10.1016/j.envint.2018.03.007
https://doi.org/10.1021/acs.est.1c01753
https://doi.org/10.1021/acs.est.1c01753
https://doi.org/10.3390/ijerph191811593
https://doi.org/10.1016/j.envint.2020.106274
https://doi.org/10.3390/ijerph20010789
https://doi.org/10.3390/nu13041118
https://doi.org/10.1159/000507522
https://doi.org/10.1080/10408398.2011.578221
https://doi.org/10.1155/2021/8838043
https://doi.org/10.3390/nu12113580
https://doi.org/10.1007/s00394-018-1734-x
https://doi.org/10.3390/nu9060629
https://doi.org/10.1038/sj.ejcn.1601731
https://doi.org/10.1155/2017/7348919
https://doi.org/10.1146/annurev-food-052720-104852
https://doi.org/10.1038/s41477-019-0430-z
https://doi.org/10.1016/j.foodres.2020.109326
https://doi.org/10.1016/j.copbio.2011.10.001
https://doi.org/10.1021/acsabm.2c00673
https://doi.org/10.1039/C4FO01175A
https://doi.org/10.3390/foods10071566
https://doi.org/10.1080/10408398.2014.1002906
https://doi.org/10.1016/j.foodchem.2018.06.144
https://doi.org/10.3390/foods11203291
https://doi.org/10.1159/000012839
https://doi.org/10.1007/s13197-016-2220-1
https://doi.org/10.1007/s13197-018-3083-4
https://doi.org/10.3390/ijerph20031683
https://doi.org/10.3390/nu11010089
https://doi.org/10.1016/j.jada.2008.04.020
https://doi.org/10.3390/nu14163410
https://doi.org/10.1079/BJN20051658
https://doi.org/10.1079/BJN20051720


Derbyshire et al. 10.3389/fnut.2024.1325099

Frontiers in Nutrition 10 frontiersin.org

 93. Buckley S, Hardy K, Hallgren F, Kubiak-Martens L, Miliauskiene Z, Sheridan A, 
et al. Human consumption of seaweed and freshwater aquatic plants in ancient Europe. 
Nat Commun. (2023) 14:6192. doi: 10.1038/s41467-023-41671-2

 94. Derbyshire E. Brain health across the lifespan: a systematic review on the role of 
Omega-3 fatty acid supplements. Nutrients. (2018) 10:1094. doi: 10.3390/nu10081094

 95. Wu A, Ying Z, Gomez-Pinilla F. Docosahexaenoic acid dietary supplementation 
enhances the effects of exercise on synaptic plasticity and cognition. Neuroscience. (2008) 
155:751–9. doi: 10.1016/j.neuroscience.2008.05.061

 96. Sugasini D, Yalagala PCR, Goggin A, Tai LM, Subbaiah PV. Enrichment of brain 
docosahexaenoic acid (DHA) is highly dependent upon the molecular carrier of dietary 
DHA: lysophosphatidylcholine is more efficient than either phosphatidylcholine or 
triacylglycerol. J Nutr Biochem. (2019) 74:108231. doi: 10.1016/j.jnutbio.2019.108231

 97. Watanabe Y, Tatsuno I. Prevention of cardiovascular events with Omega-3 
polyunsaturated fatty acids and the mechanism involved. J Atheroscler Thromb. (2020) 
27:183–98. doi: 10.5551/jat.50658

 98. Bhatt DL, Steg PG, Brinton EA, Jacobson TA, Miller M, Tardif JC, et al. Rationale 
and design of REDUCE-IT: reduction of cardiovascular events with Icosapent ethyl-
intervention trial. Clin Cardiol. (2017) 40:138–48. doi: 10.1002/clc.22692

 99. Singh JE. Dietary sources of Omega-3 fatty acids versus Omega-3 fatty acid 
supplementation effects on cognition and inflammation. Curr Nutr Rep. (2020) 
9:264–77. doi: 10.1007/s13668-020-00329-x

 100. Jackson PA, Husberg C, Hustvedt SO, Calder PC, Khan J, Avery H, et al. Diurnal 
rhythm of plasma EPA and DHA in healthy adults. Prostaglandins Leukot Essent Fatty 
Acids. (2020) 154:102054. doi: 10.1016/j.plefa.2020.102054

 101. Serini S, Calviello G. Omega-3 PUFA responders and non-responders and the 
prevention of lipid Dysmetabolism and related diseases. Nutrients. (2020) 12:1363. doi: 
10.3390/nu12051363

 102. Sugasini D, Yalagala PCR, Subbaiah PV. Plasma BDNF is a more reliable 
biomarker than erythrocyte omega-3 index for the omega-3 fatty acid enrichment of 
brain. Sci Rep. (2020) 10:10809. doi: 10.1038/s41598-020-67868-9

https://doi.org/10.3389/fnut.2024.1325099
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1038/s41467-023-41671-2
https://doi.org/10.3390/nu10081094
https://doi.org/10.1016/j.neuroscience.2008.05.061
https://doi.org/10.1016/j.jnutbio.2019.108231
https://doi.org/10.5551/jat.50658
https://doi.org/10.1002/clc.22692
https://doi.org/10.1007/s13668-020-00329-x
https://doi.org/10.1016/j.plefa.2020.102054
https://doi.org/10.3390/nu12051363
https://doi.org/10.1038/s41598-020-67868-9

	Optimal omegas – barriers and novel methods to narrow omega-3 gaps. A narrative review
	Introduction
	Human recommendations
	Intakes of O3LC-PUFAs
	Omega barriers
	Endogenous synthesis & bioavailability
	Personal choice
	Fish source
	Sustainability
	Contaminants
	Microplastics

	Potential ways forward
	Fortification

	Bioengineered plants
	Microencapsulation
	Microalgae
	Discussion
	Conclusion
	Author contributions

	References

