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Italian Abstract

La biodisponibilita degli acidi grassi omega-3 a catena lunga é un fattore critico ma
spesso trascurato che ne influenza 1'efficacia. Questa revisione della letteratura
valuta la biodisponibilita di EPA e DHA sulla base di studi acuti (a singola dose) e
cronici sull’'uomo, concentrandosi su: (a) le forme chimiche, come i triacilgliceroli
(TAG, naturali e riesterificati, rTAG), gli acidi grassi non esterificati (NEFA) e i
fosfolipidi (PL), provenienti da fonti quali pesce, krill e microalghe, e (b) i metodi
di somministrazione, quali la microincapsulazione e I’emulsionificazione. La
biodisponibilita delle forme chimiche isolate segue I'ordine: NEFA > PL > rTAG >
TAG non modificati > esteri etilici (EE). Tuttavia, la variabilita nella composizione
degli oli complica le conclusioni sulla biodisponibilita specifica delle diverse fonti.
Le differenze significative osservate negli studi di biodisponibilita acuta (ad
esempio, un assorbimento piu rapido) spesso non si traducono in effetti a lungo
termine negli studi di integrazione cronica. Cio solleva interrogativi sulla rilevanza
clinica dei risultati ottenuti in acuto, soprattutto considerando che gli integratori
di n-3 PUFA sono generalmente assunti per periodi prolungati. Limiti
metodologici, come l'uso di biomarcatori inappropriati, finestre temporali di
campionamento troppo brevi e una caratterizzazione insufficiente dei prodotti,
compromettono l'affidabilita e la comparabilita degli studi. La revisione della
letteratura sottolinea la necessita di protocolli standardizzati e di studi cronici
rigorosi per chiarire le implicazioni cliniche delle differenze di biodisponibilita. La
ricerca futura dovrebbe privilegiare biomarcatori che riflettano uno stato
sostenuto di n-3 PUFA, al fine di comprendere meglio i benefici per la salute delle

diverse formulazioni di EPA e DHA.



English Abstract

The bioavailability of long-chain omega-3 fatty acids is a critical yet often
overlooked factor influencing their efficacy. This review evaluates the
bioavailability of EPA/DHA from acute (single-dose) and chronic human studies,
focusing on (a) chemical forms such as triacylglycerols (TAG, natural and re-
esterified, rTAG), non-esterified fatty acids (NEFA), and phospholipids (PL) from
sources like fish, krill, and microalgae, and (b) delivery methods like
microencapsulation and emulsification. Bioavailability for isolated chemically
forms followed the order: NEFA > PL > rTAG > unmodified TAG > ethyl esters (EE).
However, varying oil compositions complicate conclusions about source-specific
bioavailability. Significant differences observed in acute bioavailability studies
(e.g., faster absorption) often did not translate into long-term impacts in chronic
supplementation studies. This raises questions about the clinical relevance of
acute findings, especially given that n-3 PUFA supplements are typically consumed
long-term. Methodological limitations, such as inappropriate biomarkers, short
sampling windows, and inadequate product characterization, hinder the reliability
and comparability of studies. The review emphasizes the need for standardized
protocols and robust chronic studies to clarify the clinical implications of
bioavailability differences. Future research should prioritize biomarkers that
reflect sustained n-3 PUFA status to better understand the health benefits of

various EPA and DHA formulations.
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1 Introduction

Omega-3 (n-3) fatty acids, particularly eicosapentaenoic acid (EPA, C20:5n3) and
docosahexaenoic acid (DHA, C22:6n3), are essential for maintaining various
physiological functions, including cognitive functions, cardiovascular health, and the
regulation of inflammatory processes. Despite their well-known health benefits, a
significant portion of the world’s population does not consume sufficient amounts of
these fatty acids. The gastrointestinal bioavailability of EPA and DHA, the rate at which
they are absorbed into the bloodstream, varies with regard to many factors, from the
chemical form and dietary source to the method of consumption. These are important
factors for improving n-3 supplementation efficacy and to make dietary guidelines as
clear and accurate as possible for those individuals at risk of n-3 deficiency.

This thesis aims to fill the gaps in the present knowledge of EPA and DHA bioavailability,
focusing specifically on comparing different chemical forms, sources and delivery
methods on their gastro intestinal absorption. A comprehensive literature review was
conducted on clinical trials considering both acute and chronic studies. The analysis
included a diverse range of sources such as fish oil, krill oil, and algal oil, chemical forms
such as rTAG, EE, NEFA and delivery systems such as, soft capsules, emulsifications and
encapsulations. Additionally, this study critically assesses the methodologies in current
research, examining their reliability and providing guidelines and criteria for a well-
designed bioavailability study. The central part of this thesis is a systematic review
published as a peer-reviewed article (Alijani et al., 2025) in journal of “Progress in Lipid
Research”. This article is included in Chapter 3.

The structure of this thesis is as follows:

Chapter 1 introduces the problem statement, research objectives, methodology, and the
overall structure of the thesis.

Chapter 2 provides a brief background on n-3 fatty acids, covering their classification,
dietary sources, and biological functions.

Chapter 3 consists of the manuscript, offering a detailed review of the factors influencing
EPA and DHA bioavailability, the different delivery systems, and digestion mechanisms,
along with a critical evaluation of the study methodologies. The final section contains

references and supplementary materials used throughout the thesis.



2 Background on EPA and DHA

2.1 Structure and classification

Long chain polyunsaturated fatty acids (LC-PUFAs) consist of 18 or more carbon atoms
and include two or more double bonds. They are named as n-3 or n-6 (omega-6) based
on the carbon count from the terminal methyl end to the first double bond in the carbon
chain(Sublette et al., 2024). N-3 FAs are characterized by a double bond at the third
carbon atom from the methyl end. These fatty acids can be found in nature and are often
included in dietary supplements recognized as safe (GRAS) (Hathaway et al.,, 2020).
PUFAs are named according to the number of carbons and double bonds in the molecule.
The most common n-3 FAs are a-linolenic acid (ALA, C18:3n-3), eicosapentaenoic acid
(EPA,C20:5n-3) and docosahexaenoic acid (DHA, C22:6n-3). Other n-3 FAs are
stearidonic acid (SDA; C18:4n-3), docosapentaenoic acid (DPA; (C22:5n-3).

(Ponnampalam et al., 2021). The chemical structure is presented in figure 1.
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Figure 1 Chemical structures of n-3 polyunsaturated FAs (Shahidi & Ambigaipalan, 2018).
Abbreviations: ALA, a-linolenic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic

acid; SDA, stearidonic acid.



2.2 Dietary sources and chemical forms

EPA and DHA are mainly found in marine sources such as fatty fish like salmon, mackerel,
sardines, algae and krill. (Shahidi & Ambigaipalan, 2018; Swanson et al., 2012). These FAs
exist in various chemical forms some of which are, triglycerides (TAG), re-esterified
triglycerides (rTAG), phospholipids (PL), and ethyl esters (EE). The TAG is the natural
chemical bound found in fish while the EE form is enzymatically synthesized by molecular
distillation of fish oil for stability and is used in supplements. rTAG refers to a form of n-
3 PUFA where EPA and DHA are chemically re-esterified from EE to TAG form to make it
more concentrated and bioavailable. n-3 PUFA in PL form is the most abundant form in
krill oil, can cross the blood-brain barrier and is more resistant to oxidation compared to
TAG and EE (Ahmmed et al,, 2020). Wax esters (WE) are another chemical form of n-3
that are derived from some marine sources like Calanus finmarchicus. WEs are stable and
effective due to their resistance to oxidation and superior bioavailability compared to
TAG and EE (Gorreta et al., 2002). Algal oil is a sustainable and vegetarian source of EPA
and DHA. Algal oil from Nannochloropsis oculata contains EPA partly conjugated (15%)
to phospholipids and glycolipids, but no DHA (Kagan et al., 2015). However some other
algal oils are rich in both EPA and DHA. (Geoff Talbot, 2015). Recent advances in
agricultural biotechnology have enabled the development of transgenic plants capable of
producing EPA and DHA, offering sustainable alternatives to marine sources(Ruiz-Lopez

et al.). See Figure 4 for more information.
2.3 Metabolic pathways in the body

EPA and DHA go through several steps in their metabolic pathway, including
desaturation, elongation, and beta-oxidation. First, ALA, an essential n-3 fatty acid
obtained from the diet, undergoes a series of enzyme-catalyzed reactions and is
converted into SDA by the enzyme A6-desaturase but this enzyme has low activity in
human therefore this elongation step is limited (Gerster, 1998). Then, SDA is elongated
to eicosatetraenoic acid (ETA), which is then desaturated by A5-desaturase to produce
EPA (Whelan et al,, 2014). EPA can then be elongated to DPA, which is then converted by
another desaturation step and a limited beta-oxidation process in the peroxisomes to
DHA (P. C. Calder, 2017). Women seem to have higher ALA conversion efficiency than

men, most likely as a result of using dietary ALA for beta oxidation at lower rates. (Kapoor
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& Patil, 2011). This pathway is complex and involves the elongase and A6-desaturase
enzymes which are shared with n6 FA. This causes competition , further reducing the
overall conversion of ALA into EPA and DHA, which are already low in humans. (Skiba et

al, 2015).

n-3 n-6
Elongation . 18:3n-3  18:2n-6 Elongation
FADS2 (A6-desaturation) £ ALA ; LA
20:3n-3 -
, 18:4n-3  18:3n-6 20:2n-6
Elongation \
FADS2 + + FADS?
(A8-Desaturation) 20:4n-3  20:3n-6 (A8-Desaturation)
FADS1 (A5-desaturation) 4 +
20:5n-3 20:4n-6
Elongation EPA, +ARA
22:5n-3 22:4n-6
Elongation 4 +
24:5n-3  24:4n-6
FADS2 (A6-desaturation) ¥ +
24:6n-3  24:5n-6
Peroxisomal [Foxidation + +
22:6n-3 22:5n-6
DHA

Figure 2. Pathways of conversion of essential FAs (Rizzi et al, 2013).

EPA and DHA are incorporated in cell membranes after synthesis in the body or dietary
intake. DHA is mainly stored in the brain and retina and plays significant roles in cognitive
function and visual acuity (P. C. Calder, 2017). Another significant storage site for EPA
and DHA especially in the form of PL is the liver. This storage in the liver is used in
different metabolic processes, like the production of cell membranes and lipoproteins
(MARUHAMA etal., 1992). Adipose tissue is also a storage site for EPA and DHA. However,
the concentration of EPA and DHA is lower compared to liver and neural tissues but acts

as a long-term storage for these FAs, which can be used when needed (Sarr et al., 2017).

2.4 Roles in cellular function and structure

EPA and DHA are incorporated in cellular membrane phospholipids and replace other
FAs like n-6 Fas. This causes decreases in the membrane rigidity and increases in its
fluidity, which improves functioning of membrane-bound proteins(receptors, ion
channels, and enzymes) (Parris M. Kidd, 2007). DHA has a highly unsaturated and flexible
structure that helps it take more space in the membrane bilayer, leading to the formation

of microdomains that are important for cell signaling processes. (Hishikawa et al., 2017).
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Additionally, these structural roles of EPA and DHA modulate important physiological
processes like signal transduction, membrane fluidity, lipid oxidation, and cholesterol
domain formation. EPA is located in the hydrocarbon core of the bilayer and effectively
prevents lipid oxidation and free radical propagation, while DHA is essential for

neuroprotection and brain development, especially in neonates (Saini et al., 2021).

EPA and DHA interact synergistically with other nutrients and physiological systems,
affecting various cellular functions. For example, they interact with cholesterol within the
membrane to form lipid rafts, which are necessary for the proper placement and function
of signaling molecules. (Fournier et al., 2016). Furthermore, EPA and DHA modulate
enzymes such as cyclooxygenase and lipoxygenase, which are involved in the production
of eicosanoids, bioactive lipid mediators that play significant roles in inflammatory
processes (Komprda, 2012). The balance between n-3 and n-6 FAs in cell membranes
determines the inflammatory status of the organism(Philip C. Calder, 2010; Corsetto et
al, 2011). At a molecular level, EPA and DHA are needed for proper gene expression and
the synthesis of bioactive lipid mediators. These FAs are ligands for nuclear receptors,
such as peroxisome proliferator-activated receptors (PPARs), which regulate genes
involved in lipid metabolism, inflammation and cell differentiation (Allam-Ndoul et al.,
2017). EPA and DHA derivatives that regulate inflammation include specialized pro-
resolving lipid mediator (SPMs) products, like resolvins, protectins and maresin
intermediates provide a “stop signal” for the inflammation in the tissue (So et al,, 2019).
These mechanisms have demonstrated the importance of EPA and DHA in maintaining
cellular homeostasis and preventing chronic diseases. Their modulating capacities
concerning both pro-inflammatory and anti-inflammatory pathways ensure regulated

immune responses and healthy cells.

2.5 Blood status biomarkers

Several methods are available to measure EPA and DHA status. One of the primary
methods is through dietary intake assessments which involve the use of food frequency
questionnaires, 24-hour dietary recalls, or dietary records to assess the intake of foods
containing EPA and DHA, such as fatty fish. This method can be affected by reporting
biases or incorrect food composition databases (Fraser et al., 2016). Biomarkers offer a

more objective and direct measure of EPA and DHA levels in the body. Commonly used
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biomarkers include the levels of EPA and DHA in plasma, erythrocytes, and adipose
tissue. Each of these biomarkers provide different insights. Plasma levels of EPA and DHA
reflect short-term dietary intake and can vary significantly depending on recent
meals(Harris et al., 2013). The fatty acid composition of erythrocyte membranes, often
referred to as the n-3 index (03I), is a biomarker for long-term EPA and DHA status,
reflecting dietary intake in the past few months. It is considered a strong predictor of
cardiovascular health and other chronic conditions and an 03I of greater than 8% is
considered optimal(Harris & Schacky, 2004). Adipose tissue stores of EPA and DHA may
also reflect an even longer-term (several months to years) intake habbits of n-3.
However,adipose tissue samples are more invasive than blood sampling, which limits its
application in large-scale studies (L Kohlmeier & M Kohlmeier, 1995; Popp-Snijders &
Blonk, 1995).

There are several methods for measuring EPA and DHA levels in blood and tissue
samples. The most common method is Gas Chromatography (GC) to analyze the fatty acid
composition in plasma, erythrocytes, and adipose tissue. GC involves the extraction of
lipids from a sample, conversion to fatty acid methyl esters (FAMEs), and then separation
and quantification with gas chromatography. GC is highly accurate but also needs special
equipment and expertise to perform the analysis(Ostermann et al., 2014). Liquid
Chromatography-Mass Spectrometry (LC-MS) is another method that is commonly used
for the measuring FAs in biological samples because of its high sensitivity and specificity
(Kamphorst et al., 2011). Infrared spectroscopy, though less commonly used, allows a
quick and non-destructive assessment of the composition of FAs in tissues. It works by
measuring the absorption of infrared light by different chemical bonds in FAs(Cascant et

al, 2018).

2.6 Recommended dietary intake levels in different countries

Recommendations for the dietary intake of n-3 fatty acids are different between countries
and health organizations due to differences in nutritional strategies, cultural eating
patterns, and interpretations of scientific evidence. The International Society for the
Study of Fatty Acids and Lipids (ISSFAL) recommend a minimum daily intake of 500 mg
EPA+DHA For cardiovascular health which is achievable through regular consumption of

fatty fish or supplementation (International Society for the Study of Fatty Acids and
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Lipids [ISSFAL], 2004). The European Food Safety Authority (EFSA) recommends a daily
intake of 250 mg of combined EPA and DHA for healthy adults to support normal
cardiovascular function (EFSA Panel on Dietetic Products, Nutrition and Allergies [NDA],
2010). While most organizations provide intake recommendations for EPA and DHA,
some others, like the US Institute of Medicine's recommendations, are based on ALA (1.6
g/day for men and 1.1 g/day for women) (Institute of Medicine, 2005) however, as
mentioned before, the conversion rate of ALA to EPA and DHA in the human body is
limited. Countries like Japan have the highest national recommendations for EPA and
DHA, suggesting consumption of 2.1 g/d for men and 1.6 g/d for women. These values
are strongly correlated with traditional high fish consumption in the country(Ministry of
Health, Labour and Welfare, Japan, 2019). A few countries, like Italy, do not provide
general recommendations to healthy adults but instead focus on vulnerable groups like
pregnant women (Marangoni et al., 2016). This global inconsistency shows the need for
harmonized dietary recommendations that are both evidence-based and practically
applicable. An overview of these international recommendations, derived from the Global
Organization for EPA and DHA Omega-3s (GOED), is presented in Table 1. While several
organizations have set recommended intakes for EPA and DHA, no UL (upper limit) has
been set that has been widely accepted. The consensus is that up to 5 grams per day of
combined EPA and DHA is safe for adults. (EFSA Panel on Dietetic Products, Nutrition and
Allergies, 2012).

Table 1. International Recommendations for EPA and DHA Intake (Global Organization for EPA and DHA Omega-3s,
2018)

Country/Organization Target Population Recommendation
WHO / FAO Adults 250-2000 mg EPA+DHA/day
Pregnant/Lactating Women 300 mg EPA+DHA/day, including 2200
mg DHA
EFSA (Europe) Adults 250 mg EPA+DHA/day
Pregnant/Lactating Women Additional 100-200 mg DHA/day
Children (2-18 yrs) 250 mg EPA+DHA/day
ISSFAL Adults 2500 mg EPA+DHA/day
Pregnant/Lactating Women 200 mg DHA/day
USA (AHA) Adults ~250 mg EPA+DHA/day from seafood
(8 oz/week)
AHA (Heart-Check labeling) 2500 mg EPA+DHA per 85 g cooked fish
Japan Adults (30-49 yrs) - Men 2.1 g total n-3/day
Adults (30-49 yrs) - Women 1.6 g total n-3/day
Pregnant/Lactating Women 1.8 g total n-3/day
Germany (DGE) Adults 250 mg EPA+DHA/day
CHD Patients 1 g LCPUFA/day
Pregnant/Nursing Women 2200 mg DHA/day
Vegan Population 250 mg EPA+DHA/day via supplements
or fortified foods
Italy Pregnant Women DHA emphasized, no specific dose
Children (22 yrs) 2250 mg EPA+DHA /day
Children (<2 yrs) 100 mg DHA + 250 mg EPA+DHA /day




2.7 Current intake status in various populations

Intake of EPA and DHA also varies widely among populations worldwide and is generally
below the adequate intake. Studies have shown that current intake in U.S. populations is
significantly lower than recommendations. For instance, U.S. childbearing-age and
pregnant women have an average daily intake of EPA and DHA with mean of 26.8 mg and
62.2 mg per day, respectively. Over 95% of this population do not meet the recommended
daily intake of 250 mg (Z. Zhang et al., 2018). Intake of EPA and DHA by the populations
particularly the younger adults of Europe is too low and does not meet health
recommendations since a majority of them consume less than 100 mg/day EPA and DHA.
In the UK, the average intake of n-3 among adults is about 244 mg/day. Northern
European countries have higher intakes of EPA and DHA, averaging 590 mg of EPA and
DHA per day, possibly due to easier access to seafood.(lan Givens & Gibbs, 2008). Dietary
intakes of EPA and DHA vary greatly among European populations due to complex
interactions between genetic background and diet. A genome-wide association study
(GWAS) among European populations has demonstrated genetic variants associated with
low fish intake suggesting that public health recommendations needs to consider genetic

background. (Mozaffarian et al., 2017).

In contrast, people in Japan and Korea who have a traditionally higher fish intake, report
average of 800-1000 mg intake per day, that meets and sometimes exceeds the national
recommendations (Tsuchiya et al.). However, even in these countries, younger
generations show a gradual decline in EPA and DHA consumption, likely because of

westernization of diet (Sugano & Hirahara, 2000).

Overall, the intake of EPA and DHA does not meet recommended levels in most countries,
particularly among vulnerable groups such as pregnant women and some ethnic
populations (Schuchardt et al, 2024). This shows the need for targeted dietary
interventions and public health strategies to increase the consumption of these important

nutrients.



2.8 Factors influencing EPA and DHA status

Dietary intake is the most direct and important determinant of the levels of EPA and DHA.
The levels of these two FAs are higher in countries whose diet contains a high amount of
seafood, like Japan and Mediterranean countries, compared to populations not regularly
consuming fatty fish, as generally observed in Western diets. (Miho Itomura et al., 2008;
Papanikolaou et al., 2014). However, cultural practices and regional cuisines, which often
rely more on vegetarian or vegan diets without fish, may also lead to relatively low EPA
and DHA status unless supplements are provided or alternative sources such as algae-
based oils consumed(Julie A. Conquer & Bruce ]. Holub, 1996). The second important
factor affecting the levels of EPA and DHA is age. It has been indicated through research
that EPA and DHA are inclined to increase with age, particularly in populations whose
intake of fish is sustained. This could be caused by consuming more fish and, in part, by
another age-related mechanism that may involve the well-known competition with ALA.
(Groot et al., 2009; Sands et al., 2005). On the contrary, smoking decreases EPA and DHA
status. Smoking increases oxidative stress and inflammation, which is capable of
depleting n-3 FAs; hence, smokers tend to have lower levels compared to non-smoking
individuals. (Jucara Xavier Zaparoli et al., 2015). Another important determinant will be
Body mass index (BMI). Generally speaking, a high BMI is usually associated with lower
levels of these two FAs. This could be due to a dilution effect, where the FAs are
distributed in a larger body mass or metabolic disturbances of obesity resulting in

disturbance in fatty acid metabolism (Sands et al., 2005).
2.9 Bioavailability

Bioavailability is an important concept in nutrition and pharmacology and refers to the
extent and rate at which a nutrient or bioactive compound is absorbed into the
bloodstream and is available for use or storage in the body(Caballero, 2005).
Bioavailability begins with digestion, which allows the nutrient to be released from the
food or supplement. Subsequently, the released nutrient is absorbed through the
intestinal wall into the bloodstream and then reaches the site of physiological activity.
The bioavailability of EPA and DHA is influenced by several factors, including their
chemical form, whether they are consumed as NEFAs, TAGs or EEs, the presence of other

dietary components in the gastrointestinal tract, and the efficiency of the digestive and
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absorption systems. The delivery form also influences the outcome, depending on
whether the supplement is taken as a softgel, liquid oil, powder, emulsion or in

encapsulated form.
2.10 Identification of gaps in current knowledge

This thesis was motivated by several key objectives, primarily focused on advancing
understanding of the bioavailability of EPA and DHA. Despite growing interest in these
essential fatty acids, a significant knowledge gap remains in about the optimal chemical
forms and delivery systems to achieve the highest bioavailability. A thorough
comprehension and evaluation and a summarized classification of the various sources,
chemical forms and delivery systems are necessary to understand this phenomenon to
maximize the therapeutic and nutritional advantages of n-3 supplementation.
Furthermore, since the previous literature review in this field (Ghasemifard et al., 2014;
Schuchardt & Hahn, 2013) new findings has been gained with novel delivery systems and
new alternative sources such as self-micro emulsification and Calanus oil, and it is
necessary to assess the effectiveness of these in enhancing bioavailability compared to
traditional sources such as fish oil. Additionally, the paper seeks to clarify whether the
differences in bioavailability arising from chemical forms or delivery methods result in
meaningful health outcomes. Another central aim is to address the current
methodological issues in present researches with the aim to establish comprehensive
guidelines for future bioavailability studies, with a focus on standardizing criteria for
well-designed research on EPA and DHA. This thesis offers a comprehensive, up-to-date
resource for researchers and clinicians. It can help to plan future studies on EPA and DHA

bioavailability.

2.11 Research question
Given the identified gaps in current knowledge, this review aims to answer following

research questions:

. Do different chemical forms, sources and delivery systems influence the

gastrointestinal bioavailability of EPA and DHA in humans?

. What are the methodological criteria for clinical studies to reliably assess

bioavailability of EPA and DHA?
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3 Paper manuscript: “Bioavailability of EPA and DHA”

3.1 Introduction to the Review Article

N-3 fatty acids (FAs), particularly EPA and DHA, are crucial for human health due to their
significant impact on various physiological processes. These long-chain polyunsaturated
FAs (LC n-3 PUFAs) are important for brain function (Dighriri et al., 2022) and have

cardioprotective (Kwak et al.) and anti-inflammatory effects (Vizia et al., 2003).

It is obvious that the actual clinical efficacy of LC n-3 PUFA consumption depends first on
their bioavailability. Bioavailability is the extent by which LC n-3 PUFAs from food,
supplements or pharmaceutical formulations are digested, absorbed and distributed
around the body. Several exogenous and endogenous factors influence the bioavailability
of EPA and DHA (Figure 3). It is well known that the chemical form of EPA and DHA (e.g.,
triacylglycerides [TAGs] vs. ethyl esters [EEs]) strongly impacts digestion and uptake.
The chemical form naturally varies between marine sources (i.e., fish, algal, krill, Calanus
finmarchicus) and can be influenced by the refining process (e.g., re-esterification).
Moreover, the food matrix in which they are consumed plays a role in the bioavailability
of EPA and DHA, whether these LC PUFAs are come from the foods themselves or from
supplements. Finally, delivery systems such as emulsification have a decisive influence

on the bioavailability of this class of FA.
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Figure 3. Exogenous and endogenous factors influencing the digestion and uptake of EPA and DHA.

Legend: Exogenous factors influencing the gastrointestinal digestion and uptake of EPA and DHA include the chemical
form of EPA and DHA which varies by source (e.g, fish, krill, algae). Food matrix effects also play a role: The concurrent
presence of dietary fat is important for triggering lipid digestion and absorption whereas drugs (e.g., antibiotics, H2
blockers, orlistat, proton pump inhibitors) or excessive dietary fiber can reduce the digestion in the gastrointestinal
tract. Food processing methods also play a role: For example, frying can lead to oxidation of EPA and DHA, reducing
their bioavailability. To reduce oxidation of LC n-3 PUFA in supplements, it is necessary to add antioxidants such as
tocopherol and ensure the impermeability of the gelatin capsule to oxygen. The different delivery systems used for LC
n-3 PUFA supplements, food ingredients and pharmaceutical preparations also affect digestion and absorption.
Endogenous factors also play an important role. These factors include the health of the gastrointestinal tract (especially
the intestines, pancreas and liver) to ensure adequate production of bile and digestive enzymes. With age, the
physiological integrity of the intestinal mucosa declines, reducing the absorption of nutrients in older people compared
to younger people. Whether this is also true for LC n-3 PUFA has not been conclusively established.

Abbreviations: DAG: Diacylglyceride; NEFA: Non-esterified fatty acids; EE; Ethyl Ester; MAG: Monoacylglyceride; PL:
Phospholipid; rTAG: re-esterified triacylglyceride; uTAG: unmodified triacylglyceride; WE: Wax Ester.
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Bioavailability is a multifaceted concept and must be viewed from various perspectives
for LC n-3 PUFAs. In pharmacology, the term "bioavailability" refers to both the rate of
gastrointestinal transit and the amount of a substance absorbed into the systemic
circulation. For EPA and DHA, this means that they need to be administered under defined
conditions in a single acute dose study with subsequent measurements of EPA and DHA
levels in the lymphatic fluid or blood using suitable biomarkers. If properly designed and
conducted, these studies can provide insights into the immediate absorption rates
(including maximum concentration [Cmax] and time to reach maximum concentration
Tmax) and kinetics (distribution, metabolism, and excretion) of EPA and DHA. These
processes are most commonly used to in pharmacological research where the drugs
being tested are not endogenously present (like nutrients are). Definitive statements
about bioavailability and kinetics can only be made if the administered substances (drugs
or nutrients) are labeled (e.g., carbon-13-labeling) and ideally if all metabolites are traced
(e.g., since FAs (including EPA and DHA) can be directly metabolized or oxidized (energy
expenditure). Consequently, in studies not using tracers, the term “bioavailability” means
the area under a time x concentration curve of EPA and DHA in the blood, and this is how

the term will be used in this review.

Unlike pharmacological agents, EPA and DHA do not have acute effects (like insulin or
digoxin) that require rapid availability in the blood. The health effects of LC n-3 PUFAs
(consumed either in foods or supplements) arise from increased tissue (membrane)
levels over the long-term. The overall efficacy of LC n-3 PUFAs is therefore primarily
tracked by measuring changes in tissue EPA and DHA levels, in practical terms, estimated
from RBC membrane incorporation since this is the most easily accessed cell type. For
this reason, we propose the term "long-term bioavailability." There is a large body of
evidence linking higher blood levels of EPA+DHA to various health outcomes in many
systems. Obviously, results from acute studies provide information about differences in
bioavailability between different n-3 formulations, but only long-term chronic studies are
meaningful for drawing conclusions about associations with health effects. For example,
differences in the speed of absorption of a single dose of one form of n-3 PUFA is probably
irrelevant compared to the differences between forms in their long-term effects on body
n-3 PUFA status. Hence, the focus of the present review is on the quantitative amount of

EPA and DHA that reaches the blood, not the speed.
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Our review focuses on studies that compare different sources (e.g., fish oil vs. krill oil),
chemical forms of EPA and DHA (e.g., lipid classes such as rTAG vs PL), or delivery forms
(e.g., emulsified vs. non-emulsified products) and assess gastrointestinal bioavailability
using various blood biomarkers in human subjects. The influence of exogenous factors on
the bioavailability of EPA and DHA is not our focus. We critically evaluated the study
methodology [e.g., suitability of the selected biomarkers, study design and conditions,
subject selection, characterization of the test products (composition, lipid classes) and
dosing] which must be taken into account, to assess both validity and generalizability of
the findings. Additionally, we outline the boundaries of our current knowledge and
propose future studies necessary to enhance our understanding of the factors that

together determine the bioavailability of EPA and DHA.

3.2 Sources and chemical forms of EPA and DHA

At present, the most common sources of LC n-3 PUFAs are oils of marine origin. The
various marine sources of LC n-3 PUFAs differ in terms of absolute amounts and chemical
forms. Figure 4 illustrates the primary and secondary lipid fractions containing EPA and
DHA, which vary based on the respective sources. The chemical composition is also
affected by processing methods and, in some marine species - specially krill - can be
significantly influenced by biological, environmental and geographical factors such as

subspecies, season of capture, and geographic location.
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Figure 4. Chemical form of EPA and DHA dependent on source and processing.
Legend: Glycerol carbon atoms are numbered according to a stereochemical system, positions sn-1 and sn-3 being the
outers, position sn-2 the central one.
Abbreviations: DAG, diacylglycerol; NEFA, non-esterified fatty acids; EE, ethyl ester; LC, long-chain; MAG,

monoacylglycerol; PL, phospholipid; rTAG, re-esterified triacylglycerol; uTAG, unmodified triacylglycerol; WE, wax
ester.
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1.1. Fish

Marine fish are the main source for EPA and DHA. The amount of LC n-3 PUFAs varies
considerably between fish species. Oily fish generally contains higher LC n-3 PUFA levels
compared to lean fish. The habitat of the fish also plays an important role. LC n-3 PUFAs
are primarily found in cold-water fish like cod, herring, mackerel, salmon, anchovy,
menhaden, and sardine. An exception is tuna (e.g., Albacore), which as a warm-water fish

also contains comparatively high LC n-3 PUFA contents.

FOs derived from these fishes are highly susceptible to oxidation and must be refined to
remove contaminants, and undesirable substances (such as non-esterified fatty acids,
oxidation products, and environmental toxins) to produce edible oils for the use as drug,
dietary supplement or additive to foods. This process typically includes steps such as
degumming, neutralization, bleaching, and deodorization (Figure 5). The refining process
is crucial for producing stable and safe oils, as it eliminates impurities while maintaining
the nutritional content of the LC n-3 PUFAs. Refined unconcentrated FOs make up the
majority of all n-3 oils for dietary supplements (Assadourian et al., 2023). These oils
contain approximately 18% EPA and 12% DHA relative to the total amount of FA. EPA
and DHA are primarily present as TAGs, with smaller amounts occurring as NEFA. With
around 30% EPA and DHA content, each TAG molecule typically contains one long-chain
(LC) n-3 PUFA. In natural “unmodified” TAGs (uTAGs), about 50% of EPA or DHA are
bound at the 2-position (sn-2), while two other short-chain or mid-chain FA are bound in
the 1- and 3-positions (sn-1/3)(Aursand et al., 1995; Brockerhoff et al., 1968). A smaller
proportion of EPA and DHA in uTAG is esterified in positions sn-1 and sn-3.
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Figure 5.Processing of fish, algal, krill, and calanus oil.

Legend: A) The processing of crude marine oils derived from fish and algae requires various technological steps to
obtain edible oils for the use as a drug, dietary supplement or additive to foods, which differ in the order and the
technology used. B) The components of Kkrill oil are very sensitive and cannot tolerate high heat during processing and
short path distillation. It is therefore not subjected to classical refining processes used for other edible oils. It is
extracted from the dry mass (krill meal) at room temperature where the product is filtered several times. It is then
subjected to a gentle refining process. C) After extraction, calanus oil is simply filtered followed by gentle heating and
centrifugation. No further refining processes are carried out. Due to the astaxanthin content in krill and calanus oil, the
addition of other antioxidants is not necessary. Moreover, wax esters - the main lipid form of EPA and DHA in calanus
oil - have a low degree of susceptibility to oxidation.

Abbreviations: EE; Ethyl Ester; rTAG: re-esterified triacylglyceride; uTAG: unmodified triacylglyceride.

For the production of concentrated FO preparations with up to 90% EPA and DHA, FA
bonds to TAG molecules are hydrolyzed, which gives rise to NEFA and glycerol. After
purification and concentration, free EPA and DHA are re-esterified. The largest
proportion of concentrated FO products are available as EEs (Xie et al., 2023), in which
LC n-3 PUFAs are reesterified with ethanol. The currently marketed pharmaceutical
forms of n-3 PUFAs are all EEs (The Global Organization for EPA and DHA Omega-3s
[GOED]. It should be noted that n-3 PUFA EE can be produced not only from FO but also

from other marine oils.

17



The largest proportion of marketed FO supplements consists of re-esterified
triacylglycerol (rTAG), formed by converting EEs back into rTAGs. Increasing EPA and
DHA concentration causes steric changes in the TAG molecule. As EPA and DHA are
randomly placed within the glycerol, rTAGs can contain these fatty acids in all three
positions. However, in rTAGs with two long-chain n-3 PUFAs, it is more likely that EPA

and DHA occupy the sn-1/3 positions, a configuration that is sterically more favorable.
1.2. Microalgae

Algal oil (AO), derived from certain species of single-celled marine microalgae (e.g.,
crypthecodinium, schizochytrium/aurantiochytrium), is an alternative to FO suitable for
vegetarians and vegans. Initially, first-generation AO solely contained DHA; however,
there are now various AOs available that provide both EPA and DHA. Depending on the
microalgae species and extraction methods used, crude AO contains mainly uTAG,
besides polar lipids (e.g.,, PL), NEFA, and other lipid forms (Kim et al., 2021). Like FO,
NEFA are crucial in determining the stability and overall quality of AO. To meet the
quality standards for edible oils, crude AO must undergo a refining process (Sehl et al,,
2022). Refined AOs consist of EPA and DHA in uTAG molecules, alongside minor amounts
of NEFA and polar lipids (Sehl et al., 2022). There are also concentrated AOs in which EPA
and DHA are re-esterified and are therefore present as rTAG in the final product (Toumi

etal.,, 2022)
1.3. Antarctic krill

Antarctic krill (Euphausia superba) is a species of tiny crustaceans that are abundant in
Antarctic waters. The US Food and Drug Administration (FDA) approved krill oil (KO) as
GRAS in 2008. Additionally, it was authorized for sale as a new food additive in the EU in
2009 and China in 2014. KO contains a more diverse profile of chemical forms than FO or
AO including mainly PL, TAG and NEFA besides minor amounts of DAG, MAG, and other
lipids such as sterols and sterol esters (Phleger et al., 2002). Krill “oil” is in fact a
misnomer from the chemical point of view since it is actually lecithin - a mixture of
different PL classes and TAG. The amount of the different chemical forms in KO are
influenced by many factors (e.g., seasonal variation, interannual environmental changes,
capture stations, and sexual maturity of krill samples, storage conditions, transportation

process, pretreatment methods) (Xie et al., 2019).
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The PL content in KO ranges from 40% to 80% (of total lipids) depending on sample
variety (see above) and also analysis method (Xie et al., 2019). The separation of the
different PL fractions and subsequent selective analysis of LC n-3 PUFA content requires
a complex, multi-step process and only few data exist on the exact distribution of LC n-3

PUFA over the various types of lipids (Le Grandois et al., 2009; Winther et al., 2011).

A significant proportion of the chemical forms in KO are also made up of uTAG, with
contents ranging from <1% to 40% (of total lipids)(Xie et al., 2019). Analyses of
commercial KO have shown the proportion of NEFA in KO also varies considerably and
ranges from 2 to 13% (Fuller et al.,, 2020b). NEFA levels up to 29% in KO have also been
analysed (Schuchardt, Schneider, et al., 2011; Xie et al., 2019). However, due to the high
content of antioxidants in KO such as astaxanthin, NEFA do not seem to have a negative

impact on oxidative stability (Fuller et al., 2020a)

EPA and DHA molecules in KO are mainly associated with the PL fraction as opposed to
TAGs in FO (Xie et al.,, 2019). Analysis of KO showed that the PL fraction, especially
phosphatidylcholine (PC), contains 31-33% (by mass) of EPA+DHA, while only 3% of EPA
and 2% of DHA were present in the TAG fraction (Castro-Gémez et al., 2015; Gigliotti et
al., 2011). As a consequence, this means that a higher PL content in KO generally means
a higher level of EPA and DHA. In addition, nuclear magnetic resonance (NMR) analysis
of KO demonstrated that 98% of the sn-2 position in PC is occupied by either EPA or DHA
(usually in a 2 to 1 ratio) (Xie et al., 2019).

1.4. Calanus finmarchicus

A newer source for n-3 PUFA is Calanus finmarchicus, a lipid-rich small marine copepod
from the North Atlantic Ocean (Payton et al, 2022). In 2011, Calanus oil (CO) was
evaluated by an expert panel and found to comply to be GRAS in the USA. CO was then
approved as a novel food within the EU. The chemical form of LC n-3 PUFA in CO is
fundamentally different from other marine n-3 oils derived from fish, krill or algae. The
dry mass of CO contains up to 60% lipids. 80% - 90% of all FA contained in CO are bound
as wax esters (WE), while uTAG and PL play a minor role with about 1% - 10% and 5% -
10%, respectively (Falk-Petersen et al, 1987; Schots et al, 2020). In WEs, FA are
esterified with mostly mono-unsaturated, LC fatty alcohols or polycosanols (Pedersen et

al., 2014). Approximately 20% - 30% of the FA in WEs are n-3 PUFA, of which the main
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components are EPA, DHA, and SDA (Pedersen et al., 2014). WE have a low degree of
susceptibility to oxidation. Hence, CO for supplements is not refined, therefore the
composition and lipid fractions of the CO supplements are identical to crude oil is as it is

found in nature.
1.5. Transgenic plants

Transgenic plants including Camelina sativa (false flax) (Ruiz-Lopez et al,, 2014) and
Brassica napus (canola) (Petrie et al,, 2020) have been genetically engineered to produce
EPA and DHA by incorporating genes responsible for the biosynthesis of these fatty acids,
typically derived from microalgae or other marine organisms. However, such transgenic
plants are still largely in the research and development phase, and corresponding EPA-
and DHA-rich oils are not widely available as commercial dietary supplements. Moreover,
genetically modified organisms and their products must undergo rigorous safety
assessments and gain regulatory approval from food safety authorities (such as the FDA
in the USA or the EFSA in the EU) before they can be marketed as food ingredients or

dietary supplements.
1.6. Alternative sources (e.g., herring roe, cod liver, mussel)

There are some other marine sources of EPA and DHA rich oils. However, the products

have an insignificant market share.

Herring roe oil is obtained from the eggs of herring fish. The herring roe product MOPL30
(Arctic Nutrition) has about 45% LC n-3 PUFA (mg/g product basis), with a DHA:EPA
ratio of approximately 3:1. 30% of the lipids are PL of which most (75%) in the form of
PC (Bjgrndal etal.,, 2014). However, this herring roe product is mixed 50/50 with FO-TAG
to adjust viscosity (Cook, Hallardker, et al., 2016). It is therefore unclear what the exact

chemical composition and lipid fractions in herring roe oil are.

Cod liver oil (CLO) is a well-known source of EPA and DHA, particularly in regions with a
strong tradition of use, such as Northern Europe. The oil is typically extracted from the
livers of Atlantic cod (Gadus morhua) and is available in liquid form or encapsulated in
soft gels. Similar to FO, crude CLO must be refined. In unconcentrated CLO, EPA+DHA is
present as uTAG, which means that predominantly one LC n-3 PUFA per TAG is esterified
(mono-n-3). However, specific purification and refining process for CLO are described in

which EPA and DHA are enriched and enzymatically re-esterified (Lei et al., 2016). In
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these concentrated oils, EPA and DHA are present as rTAG with a random amount of di-

and tri-n-3.

Finally, several shellfish (mollusk) products that contain EPA and DHA are available.
Although the content of total lipids in mussels is relatively low with around 6% of the dry
weight (Chan et al,, 2004), particularly species like the New Zealand green-lipped mussel
(Perna canaliculus) are known for their high content of EPA and DHA. Green-lipped
mussels for example contain DHA and EPA in amounts of 38% and 18% (of total fatty
acids) in total lipids (Chan et al,, 2004). Although green-lipped mussel oils are also
described in the literature, powder preparations containing dried mussels are
predominantly available. Compared to traditional marine n-3 oils, however, the EPA and
DHA content in these powders is very low. Although lipid profile analysis has identified a
number of chemical forms including PLs and TAGs in green-lipped mussels (Taylor et al.,

2023), little is known about which chemical forms contain EPA and DHA.

3.3 Delivery systems
Specific technological and galenic formulations generally aim to improve tolerance
and/or increase availability. @ Moreover, technological formulations like
(micro)encapsulation and emulsification offer the possibility to enrich functional food

with LC n-3 PUFAs.
3.3.1 Soft capsules

Soft gel capsules are the most widely used delivery system for LC n-3 PUFAs in dietary
supplements. They offer several advantages, including ease of administration, protection
of the PUFAs from oxidation, and taste masking. The capsule shell, typically gelatin or
hypromellose, can be modified to control the release rate of the LC n-3 PUFAs. For
example, enteric-coated capsules can delay release until they reach the more alkaline
section of the digestive tract beyond the stomach, potentially improving intestinal
absorption. Depending on the material used the digestion and bioavailability of EPA and

DHA can be affected.

3.3.2 Emulsification
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Emulsifiers, such as lecithin or mono- and diglycerides, stabilize the emulsion and
prevent phase separation (Taboada et al., 2020). Emulsification improves the palatability
and tolerance of marine oils by reducing the 'fishy' flavor, making them suitable to be
used in fortified foods (Chen et al., 2024) such as functional foods, beverages and spreads.
By dispersing oil-soluble LC n-3 PUFAs in a water-based medium, emulsification
increases their surface area. This can help digestion and absorption, ultimately improving
the bioavailability of EPA and DHA (Bremmell et al., 2020). Further developments of
classic emulsions are Self-Emulsifying Formulation (SEF) and Self-Micro-Emulsifying
Formulation (SMEF), which are composed of lipids, surfactants, co-surfactants, and co-
solvents that create an emulsion when they come into contact with digestive fluids,

facilitating transport through the intestinal epithelium (Rani et al., 2019).
3.3.3 Microencapsulation

Encapsulation and microencapsulation involves the coating of LC n-3 PUFAs with
protective films such as biopolymers (e.g., proteins, carbohydrates or lipids) using spray
drying or coacervation methods (Samborska et al.,, 2021; Takashige et al., 2019). This
technique offers several advantages: protection against oxidation, controlled release and
targeted delivery (Venugopalan et al.,, 2021). It allows the incorporation of n-3s into a
wide range of food products. Microencapsulation also influences the digestibility of LC n-
3 PUFA. Smaller oil droplets provide a larger surface area for the enzyme lipase,

increasing the rate of lipolysis (Homroy et al., 2024).
3.3.4 Alternative Delivery Forms (e.g., tablets, powder, micelle formation)

Other delivery systems for LC n-3 PUFAs include tablets, powders and micelle formation.
Tablets and powders offer convenience (incorporation into various foods) but are less
effective in protecting LC n-3 PUFAs from environmental factors compared to emulsified
or microencapsulated systems. Powders in particular can be susceptible to oxidation and
agglomeration. Micelle formation involves complexing LC n-3 PUFAs with bile salts and
PLs to form micelles, which can enhance intestinal absorption and thus bioavailability

(Sehl etal., 2020).

3.4 Digestion, uptake and post-absorptive metabolism

3.4.1 Digestion and absorption mechanisms in the intestine
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The digestion of dietary fats includes the luminal, mucosal and secretory phases. In the
luminal phase, the lipids are prepared for enzymatic hydrolysis and subsequent
absorption. The luminal phase includes three stages: mechanical dispersion, enzymatic

hydrolysis and solubilization (micelle formation).

Once ingested, dietary fats, including LC n-3 PUFA-containing supplements, are dispersed
as fine droplets in the stomach as a result of contractions of the stomach wall (mechanical
dispersion). In the small intestine, peristaltic contractions further reduce the size of the
fat droplets. LC n-3 PUFA bound in TAG, PL, EE or WE must first be enzymatically cleaved

before they can be taken up by the enterocytes (enzymatic hydrolysis) (Figure 6).
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Figure 6. Digestion and uptake of LC n-3 PUFA bound in TAG, PL, EE or WE.
Abbreviations: CEL: Carboxyl ester lipase; DAG: Diacylglyceride; NEFA: Free Fatty Acid; EE; Ethyl Ester; MAG:
Monoacylglyceride; PL: Phospholipid; pPLA2: pancreatic phospholipase A2; PPAR: peroxisome proliferator-activated
receptors; SR-B2: scavenger receptor class B type 2; TAG: Triacylglyceride; WE: Wax Ester.

3.4.2 Triacylglyceride digestion

Before the pancreatic lipase (pancreatic TAG lipase) can hydrolyse TAG ester bonds,
dispersed fat droplets are emulsified by bile acids deriving from the gallbladder and liver.
This emulsification increases the surface area of the fat droplets, making them more
accessible to digestive enzymes. Because of its amphiphilic nature, PL has emulsification

qualities. Consequently, PL affects the fat droplets' surface composition, which may
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facilitate the binding of hydrolyzing enzymes and, ultimately, digestion. (Taylor et al.,
2023).The pancreatic lipase, along with its coenzyme colipase, favors cleaving FA from
the sn-1/3 position of TAG to form MAG with FA bound at the sn-2 position of glycerol
(2-MAG) and small amounts of DAG (Borgstrom, 1974; Tso & Hayashi, 1989), while a

complete cleavage into glycerin and FA occurs only to a small extent.

3.4.3 Ethyl ester digestion

Pancreatic lipase can hydrolyze FA-ethyl esters (EE) of EPA or DHA, although at a rate
10-50 times slower than the hydrolysis of TAGs (Yang et al., 1990). Pancreatic lipase has
a strong preference for acylglycerides over PL, cholesterol esters, and galactolipids
(Lowe, 2002). Carboxyl ester lipase (CEL) is more efficient than pancreatic lipase at
hydrolyzing EE (Hui & Howles, 2002). However, CEL requires activation by bile salts to
effectively break down water-insoluble substrates like EE. A sufficient fat content in a
meal promotes EE hydrolysis by increasing bile salt secretion, thereby enhancing CEL

activity (Bisschop et al., 2004) and facilitating the formation of mixed micelles.

3.4.4 Phospholipid digestion

The cleavage of FA esterified as PL is carried out mainly by pancreatic phospholipase A2
(pPLA2) and other pancreatic lipases. pPLA2 interacts with PL at the sn-2 position
yielding NEFA and lyso-phosphatidylcholine (Carlier et al., 1991). Another enzyme
expressed in the human intestinal brush border is phospholipase B (PLB). PLB is an
enzyme that can cleave fatty acids from both the sn-1 and sn-2 position of
glycerophospholipids (Eric Maury et al., 2002). Despite these enzymatic activities, some
studies on rats suggests that a portion of PL-bound n-3 PUFA can be absorbed intact,
without complete hydrolysis, particularly in the form of lysophospholipids (Hosomi et al.,
2019; Murota et al., 2017).

3.4.5 Wax ester digestion

WE-bound n-3 PUFAs have long been considered poorly digestible by mammals,
including humans (Place, 1992). WEs cannot be absorbed intact and must first be
hydrolised (Gorreta et al., 2002). No mammalian specific digestive lipases are known to

digest WEs (Gorreta et al., 2002). In vitro studies indicate that the hydrolysis rate of WE
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by purified porcine pancreatic lipase is 10-50 times slower than that of TAG (Savary,
1971). The hydrolysis rate of WE is therefore comparable to that of EE. However, a study
in rats has shown that n-3 PUFA WEs are more effectively hydrolyzed and absorbed than
n-3 PUFA EEs when consumed orally (Gorreta et al.,, 2002). The reason for the lower
hydrolysis rate may be partly due to product inhibition and the hydrophobicity of WE
(Savary, 1971), which makes emulsification difficult, and the inhibition of lipase by the
hydrolysis products (Pedersen, 2016). As a result, WE may have longer residence time to

helps hydrolysis and absorption.

3.4.6 Mucosal uptake

LC n-3 PUFAs are taken up by enterocytes via two different mechanisms: NEFA, MAG and
DAG enter enterocytes in the form of mixed micelles which are mainly formed with bile
acids (micelle formation). These micelles also include lysophosphatidylcholine and other

lipids (Carlier et al,, 1991).

In form of the water-soluble micelles, hydrophobic lipid molecules can pass through the
aqueous environment of the intestinal lumen to the enterocyte surface (mucosal phase).
As soon as the micelles come into contact with the microvilli of the brush border

membrane, they disintegrate and release their components into the enterocytes.

Additionally, several specific transport proteins, such as membrane proteins like the fatty
acid translocase (FAT)/CD36 (now officially designated as scavenger receptor class B
type 2 (SR-B2)) and the family of transcription factors designated peroxisome
proliferator-activated receptors (PPARa, PPARg, and PPARb/d) help the uptake of LC n-
3 FAs into the enterocytes (Glatz & Luiken, 2017). SR-B2 helps to traffic LC n-3 PUFAs
across the lipid bilayer membrane, but also to regulate the intracellular trafficking and
processing of absorbed FAs (Glatz & Luiken, 2017). On the other hand, FAs, especially LC
PUFAs, are considered to be the natural ligands for PPARs (Grimaldi et al., 1999).
Activated PPARs upregulate the expression of genes encoding various proteins and

enzymes involved in cellular FA utilization including CD36/SR-B2.

3.4.7 Post-absorptive metabolism
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Inside the enterocytes, free and MAG-bound LC n-3 PUFA are transported to the
endoplasmic reticulum, where they are re-esterified to form TAG, a process that is also
controlled by CD36/SR-B2 (Glatz & Luiken, 2017). In this process, NEFA are activated
with acyl-CoA via acyl-CoA synthetase and then esterified with glycerol, MAG or DAG.

In the last step, TAG, cholesteryl esters, PL and apolipoproteins are assembled to
chylomicrons, which are released into the lymphatic system through the basolateral
membrane of the enterocytes via exocytosis (secretory phase). Via these lipoproteins
absorbed EPA and DHA enter systemic circulation. The blood transports LC n-3 PUFA to
the target tissues, where they are primarily incorporated in membranes. Important target

tissues of LC n-3 PUFA include the myocardium, brain and retina.

3.5 Review methodology
3.5.1 Search strategy

To compile relevant studies, a comprehensive literature search was conducted in
September 2024. The search was performed utilizing multiple electronic databases
including PubMed and the Clinical Database from the Global Organization for EPA and
DHA N-3s (GOED)(Bernasconi et al., 2022).

3.5.2 Inclusion and exclusion criteria

Inclusion Criteria:

J Published in English.

J Full-text availability.
o Human subjects aged 16 years or older.
o Comparison on LC n-3 PUFA gastrointestinal bioavailability in different chemical

forms, food matrixes and delivery systems.

° Quantitative data on blood LC n-3 PUFA biomarker levels (e.g., plasma, RBC, PL).
o Quantitative data on DHA, EPA, or their sum (DHA+EPA).

o Specification of LC n-3 PUFA sources in studies comparing bioavailability across
different sources or chemical forms. This criterion was not applied to studies focusing on
the impact of various delivery systems on bioavailability within the same LC n-3 PUFA

oil.
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Exclusion Criteria:

) Conference abstracts, reviews, and editorials without original data.
. Studies conducted on populations with specific health conditions affecting
nutrient absorption.

3.5.3 Initial screening and data extraction

Initially, retrieved articles were screened based on titles and abstracts to assess their
relevance to the review's objective. Subsequently, full-text articles were screened for
inclusion and exclusion criteria. Relevant data on study design (such as study type,
number of subjects, intervention duration, EPA+DHA dosage, and biomarker), details
about the LC n-3 PUFA test products (including source, chemical form, and delivery
system) and key findings were extracted. In studies where the source of EE was not
specified, it was assumed to be derived from FO. Likewise, in studies which described

“concentrated TAG”, we assumed that it was rTAG.

3.5.4 Search results

The initial searches yielded 508 references (Figure 7). Of these, 454 were excluded due
to a failure to meet all inclusion/exclusion criteria. The two most common reasons for
excluding articles were: duplicates (between searches from PubMed and GOED), no
original data (reviews, editorials), incompatibility with inclusion criteria (no or
insufficient characterization of the test substances and/or delivery systems, test
substances did not contain EPA and/or DHA, no human studies). Some articles had
multiple reasons for being excluded. In total, 54 articles with 61 controlled human
intervention studies (some articles contained multiple studies) met all inclusion criteria
and were examined. Among the 61 studies, 35 were acute intervention and the 26 were
chronic studies. These 61 studies were comparative bioavailability studies according to
the criteria mentioned above. However, it should be noted that additional literature is

also cited in the review.
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Figure 7. Flow chart of inclusion and exclusion process.

3.6 Human studies on the bioavailability of EPA and DHA

A fundamental criterion in which studies on the bioavailability of EPA and DHA differ is
the duration of the studies. Basically, studies can be divided into acute studies and chronic
studies. In this review, all studies in which subjects were supplemented for at least one

week are referred to as chronic studies.

3.6.1 Methodological considerations

3.6.1.1 Requirements for all studies

There are some methodological requirements for the design of human bioavailability
studies of EPA and DHA that apply regardless of the duration of the studies. Moreover,

specific aspects that apply to acute studies and continued studies are discussed.
3.6.1.2 Number of cases and study power

As in clinical studies in general, to gain reliable results, it is crucial to have a sufficiently

high number of cases to ensure the study's power. A sufficiently large sample size reduces
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the margin of error and increases the likelihood of detecting true differences or effects,
thereby enhancing the study's validity. Adequate study power minimizes the risk of Type
I errors, where real effects might go undetected due to insufficient data. Moreover, a
robust sample size ensures that the findings are generalizable to a broader population,
allowing for more accurate and applicable conclusions. Without enough participants, the
results may lack statistical significance, leading to unreliable or inconclusive outcomes.
However, the existing studies on n-3 bioavailability show a great heterogeneity in the
number of participating subjects. Many studies also did not provide any information on

sample size calculation or study power.

3.6.1.3 Characterization of the test products

For studies comparing bioavailability across different sources or chemical forms, it is
essential to adequately characterize the test products (Table 2), including their chemical
forms - such as uTAG, rTAG, EE, PL, NEFA - as these forms significantly affect absorption

and metabolism.

Very few studies have provided specific information on the lipid classes present in the n-
3-rich oils examined (Cook, Hallaraker, et al., 2016; Schuchardt, Schneider, et al.,, 2011;
Yurko-Mauro et al., 2015). All other studies either lack this information or offer
incomplete details about the lipid species in which EPA and DHA are bound. Moreover,
the distribution of EPA and DHA across the various lipid classes in the used test oils is
also unknown. Some studies provide vague information on the composition of the test
products, such as "PL-enhanced" (Guarneiri etal., 2023), "mostly” TAG (Sung et al., 2018),
"high” PL (Ramprasath et al.,, 2015), "rich in” PL, “greater amount” of glycolipids (Kagan
et al.,, 2013), “highly purified” EPA-EE (Mori et al., 2023).

Due to the known high variability of PL, TAG and NEFA in the composition of KO (see
chapter 2.3.), information on the lipid classes in KO is particularly important in order to
interpret results on differences in EPA+DHA bioavailability of KO. Most bioavailability
studies in which KO was compared with n-3 test products from other species did not
provide any information on the composition of the KO in relation to the lipid classes
(Guarneiri et al., 2023; Kagan et al.,, 2013; Kohler et al., 2015; Laidlaw et al., 2014; Maki et
al,, 2009; Sung et al., 2018; Ulven et al., 2011; Vosskotter et al., 2023).
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For studies investigating the effect of delivery systems on bioavailability, basic
information on the formulation of delivery systems, such as unmodified oil, soft gel
capsules, gastric-acid-resistant gelatin capsules, emulsions, gel emulsions, and

(micro)encapsulation, should be documented.

Without comprehensive characterization of both the chemical forms and delivery
systems, it becomes difficult to accurately compare and interpret study results. Proper
characterization ensures that any differences in bioavailability are attributed to the
specific properties of the test products rather than external variables, leading to more
reliable and valid study outcomes. Consequently, thorough product characterization is

vital for the validity, reproducibility, and interpretability of study outcomes.

It should be noted that the analytical capabilities to differentiate between lipid classes
were not available in several older studies (el Boustani et al., 1987; Lawson & Hughes,

1988a, 1988b; Nordgy et al., 1991; Reis et al., 1990).

Table 2. Methodological criteria for conducting bioavailability studies with LC n-3 PUFA.

All studies

Characterization of test products

. Sources of EPA and DHA . Fish, Algae, Krill, Calanus finmarchicus, other

. Chemical forms of EPA and DHA e Relative proportion of the chemical forms (e.g., uTAG, rTAG, NEFA, PL)
. Relative distribution of EPA and DHA in the chemical forms

. Delivery system . Liquid oil
. Capsules - standard gelatin, gastric-acid-resistant, emulsions
. Gel emulsions, liquid emulsions
. Microencapsulated oil

° Detailed information of . EPA, DHA

administered n-3s 3 Total n-3 PUFA, other n-3 PUFA

Dosing o Adjusted EPA and DHA dose
. Comparable EPA and DHA ratio

Homogeneous study cohorts . Age, sex, health status, fish intake, LC n-3 PUFA status

Sufficient wash-out phase (= 3 m) For n-3 supplement users prior study involvement

Randomized administration . Reduced risk of bias and carry-over effects
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Acute bioavailability studies

Study design in cross-over studies

Administration condition

Sampling time points

. Sufficiently long washout period between study phases (dependent on

duration of dosing period, dose, and biomarkers)

. Together with a meal with standardizing fat content

. For accurate kinetics: 0 (baseline), 1, 2, 4, 6, 8, 12-, 24-, 48-, and 72-

hours post-dose

N-3 blood status biomarkers . Short-term biomarkers: PPL, PTAG or PTL

Relevant parameters 3 Cmax, Tmax, iIAUC
. Optional: Calculation of EPA and DHA half-lives (e.g., via Decay
modeling)

Chronic bioavailability studies

Dosing . Continuous daily dosing

Administration condition . Instruction to ingest test products together with a meal

N-3 blood status biomarkers o Long-term status biomarker: RBC

PUFA intake in background diet . Clear guidelines to standardize dietary n-3 PUFA intake (e.g., oily fish,

Study (intervention) duration

n-3-rich plants)

. Depending on the used biomarker to reach its steady state (see Table
3)

Abbreviations: NEFA, free fatty acid; iAUC, incremented area under the curve; PL, phospholipid; PPL, plasma

phospholipid; PTAG, plasma triacylglycerol, PTL, plasma total lipids; RBC, red blood cell; rTAG, re-esterified

triacylglycerol; uTAG, unmodified triacylglycerol (natural form).

3.6.1.4 Comparable EPA and DHA dose and ratio

Ensuring consistent EPA and DHA doses and ratios between different n-3 test products is

essential for accurate interpretation and comparison of study outcomes. Numerous

studies have compared n-3 test products with different EPA and DHA (individual and

total) contents (Dunbar et al., 2020; Laidlaw et al., 2014; Sung et al., 2018) which makes
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an interpretation of the results practically impossible. Whether a dosage of EPA and DHA
adjusted to the body weight of the subjects is necessary, as suggested by Ghasemifard et
al,, 2014, is to be discussed in the future. None of the studies have carried out the EPA and
DHA dosage based on body weight. Instead, in all studies, people were given a fixed dose

of EPA and DHA.

The ratio of EPA to DHA should also be kept within a similar range across products, as
variations in this ratio can significantly affect the absorption and metabolism of these EPA
and DHA. If the EPA to DHA ratios differ, it may lead to skewed results, making it difficult
to determine whether observed differences are due to the product's formulation or the
imbalance in EPA to DHA ratios. This could result in misleading conclusions about the

relative bioavailability of the n-3 product's being tested.

Continuous daily dosing in chronic studies tends to result in higher incorporation rates
into mononuclear cells and platelets compared to intermittent dosing (e.g., twice a week)
(Browning et al., 2014). This suggests that dosing regimen should also be considered to

be able to compare the results between studies.

Many studies were excluded from this review due to lack of detailed EPA and DHA dosing
information which should be clearly defined and consistent across the study period to

ensure accurate measurement of bioavailability and incorporation.

3.6.1.5 Study cohorts

It is crucial to have a homogeneous study cohort to minimize variability in EPA and DHA
blood levels and ensure reliable comparisons of EPA and DHA bioavailability. Selecting
participants within a narrow age and body mass index range helps reduce metabolic

differences that could affect n-3 bioavailability.

It is important to ensure a homogenous basal EPA and DHA status before the start of the
intervention. The EPA and DHA levels in blood are mainly influenced by dietary intake,
especially via (oily) fish. For instance, participants with high fish consumption might
already have elevated baseline EPA and DHA levels, making it harder to observe the
effects of supplementation. Conversely, those with low n-3 PUFA intake may show a more
pronounced response, leading to inconsistent findings across participants. Including only

subjects with low and clearly defined fish consumption ensures that participants have a
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similar baseline EPA and DHA blood status. Ideally, participants should be screened for
their baseline EPA and DHA blood levels before being included in the study. However,
none of the studies conducted a n-3 status screening prior to inclusion. Instead, some
studies assessed participants' previous dietary habits or n-3 supplement consumption
before inclusion (Cook, Larsen, et al, 2016; Guarneiri et al., 2023; Stonehouse et al,

2022).

Additionally, participants should avoid n-3 supplements prior study involvement or
undergo a sufficient wash-out phase (= 3 m) before the study to eliminate any residual
effects on their n-3 levels. By maintaining a homogeneous study population, the results
will more accurately reflect differences in bioavailability attributable to the test products,
rather than individual variability. Some studies included only men (Kagan et al,, 2013;
Lawson & Hughes, 1988a, 1988b; Mori et al., 2023; Schneider et al., 2011; Schuchardyt,
Schneider, et al.,, 2011; Stonehouse et al., 2022; Vestland et al.,, 2017) or only women
(Harris et al., 2007; Sung et al, 2018)to minimize hormonal influences on the n-3

metabolism . However, the omission of women reduces generalizability of the findings.

3.6.1.6 Study design

Besides a parallel-group design, many bioavailability studies were carried out in a cross-
over design, which has several advantages: it increases statistical power by using each
participant as his or her own control. It also reduces the required sample size, improves
precision by minimizing inter-individual variability, and reduces bias by ensuring
exposure to both treatments. To avoid a potential for carryover effects, where the
administration of an LC n-3 PUFA test product influences the subsequent absorption of
the other, there should be a sufficiently long period of time between the two study
periods. The length of the washout period depends on the type of study and the dose used.
In acute administration studies, a wash-out phase of 7-10 days seems to be sufficient to
prevent any carry-over effects (Cuenoud et al., 2020; Mariko Hayashida et al., 2022; Qin
et al,, 2017). The length of the washout period in continuous dosing studies cannot be
generalized. It depends on the duration of the study, the dose level of EPA+DHA and the

biomarkers used.

The administration of test products in cross-over studies was carried out either in a

sequential (block) or randomized order. Consistency in baseline circumstances (e.g.,
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metabolic rate, health status, and environmental factors) and a decrease in data noise are
two advantages of sequential delivery. A randomized administration of EPA and DHA
reduces the risk of bias and carryover effects, ensuring that any observed differences are
due to the bioavailability of the test products themselves rather than the order of
administration. This method enhances the study's validity and can provide more reliable

comparative data.

Randomized administration of test products in long-term bioavailability studies of EPA

and DHA is obligatory to minimize bias and ensure the validity of the study results.

3.6.1.7 Bioavailability biomarkers

Various biomarkers are utilized to assess the bioavailability of EPA and DHA. These
include the “levels” (concentrations or relative percent of total FA) of EPA and DHA in red
blood cells (RBC), plasma non-esterified fatty acids (NEFA), plasma phospholipids (PPL),
plasma phosphatidylcholine (PPC), plasma triacylglycerides (PTAG), plasma total lipids
(PTL), and platelets (to name the most frequent used markers). The Omega-3 Index (03I)
- defined as the relative level of sum EPA+DHA on total FA in RBC - has become the most
commonly used n-3 status marker (Schuchardt et al., 2024). Due to a combination of
biological and analytical variability, not all biomarkers are equally suitable for every type

of bioavailability study.

With regard to the biology of the different blood fractions, the biological half-life and the
steady state play an important role. The biological half-life also largely determines when
the steady state is reached in an n-3 status biomarker. As discussed in chapter 4, after
uptake, EPA and DHA are integrated into tissue membranes, metabolized, energetically
utilized (beta-oxidation) and eventually eliminated from the body. The concept of steady
state in n-3 blood levels refers to the point at which the absorption into the bloodstream
and their elimination are balanced, resulting in a stable concentration in the blood over
time. Hence, the steady state in EPA and DHA blood biomarkers is a dynamic equilibrium
where intake equals elimination. However, it should be mentioned that this does not
necessarily apply in the same way to the EPA+DHA levels in different tissues. Ultimately,
the steady state also depends on the EPA and DHA baseline level of the respective
biomarker before the intervention starts. Achieving steady state is important for

understanding the bioavailability (and health effects) of supplemental n-3 intake. Hence,
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the duration of chronic studies should be long enough for a steady state to be reached for

the respective biomarker.

The biological half-life of different biomarkers varies according to the biology of distinct
blood fractions. LC n-3 PUFAs, for example, disappear from plasma NEFA (PNEFA) within
hours, from PPL within days, but remain in RBC for weeks to months. These varying half-
lives highlight the importance of selecting appropriate biomarkers based on the time
frame and specific aspect of n-3 bioavailability being studied. PPL levels of EPA and DHA
have a relatively short biological half-life, typically around 1-2 weeks. EPA and DHA PTAG
levels also have a short biological half-life, generally less than a week. The plasma half-
life of 13C-DHA in PTL is 4-5 days (Plourde et al., 2014). Platelet EPA+DHA levels have a
biological half-life of approximately 10 days, aligning with the average lifespan of
platelets (7-10 d). The life of RBCs is approximately 120 days. However, the half-life of
RBC cannot be applied 1:1 to EPA or DHA RBC or the O3I. It has long been known that
RBCs exchange PLs with plasma (Calvert & Scott, 1974; Reed, 1968; Renooij & van Golde,
1976). In this way, EPA and DHA are also taken up from plasma and incorporated into

RBC membranes.

The steady state of a n-3 biomarker can be calculated (estimated) from the half-life or
determined in (long-term) studies (Table 3). The determination of the steady state
requires several measurement points during the intervention period. Not many studies
are available that meet these criteria (Browning et al., 2014; Browning et al., 2012; Katan
et al., 1997; Rogers et al., 2008; Salmon et al., 2024; Schacky & Weber, 1985). Resulting
from the described differences in the half-lifes, there are major differences in the steady
state between different biomarkers. For plasma biomarkers (NEFA, PPL, PPC, PTAG, PTL)
and platelets, a steady state is reached within 14-30 d (EPA) or 14-60 d (DHA). In
contrast, for RBCs, a steady state is reached after app. 130 days (EPA) and 154 days
(DHA). For O3], a steady state of 196 days was determined (Salmon etal., 2024). However,
in a 6-month study involving TAG and EE, the O3I after three months showed little

difference compared to the levels after six months (Neubronner et al., 2011).

Since plasma biomarkers rapidly reach steady state, they reflect more recent dietary
intake making this marker sensitive to short-term dietary variations. Therefore PPL,
PTAG or PTL are suitable short-term biomarkers to study the changes of LC n-3 PUFAs in

the blood in acute studies. The 031 has become the most widely recognized long-term
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status biomarker because a) it is unaffected by recent dietary intake or acute
physiological changes, and b) it is strongly correlated with EPA and DHA levels in tissues
like the heart, brain, and liver (Harris et al., 2004) . However, it should be noted that at
steady state, plasma (and PPL) EPA+DHA levels correlate strongly with those in RBCs
(Harris, 2008). Therefore, theoretically also plasma n-3 biomarkers can be used in long-
term dosing studies. However, the O3l exhibits the lowest intra-individual variability
compared to plasma biomarkers, which are subject to a rapid turnover and sensitivity to
recent meals (Harris & Thomas, 2010). Thus, the 03I should be preferred as a stable
indicator for continuous LC n-3 PUFA bioavailability studies to assess the long-term
EPA+DHA body status. When using markers such as PTAG, PPL, PPC, and PTL to measure
LC n-3 PUFA status in chronic studies, particular consideration should be given to dietary

LC n-3 PUFA intake in the days before blood draw.

Table 3. Steady state levels of EPA and DHA blood biomarkers and suitability for bioavailability

Biomarker Steady state Author
03I 196 d (Salmon et al., 2024)
EPA
RBC 90-180d (Browning et al., 2012)
112-140d (Katan et al., 1997)
Platelets 14-30d (Browning et al., 2014; Browning et al., 2012)
PNEFA 14d (Browning et al,, 2012)
PPC 14d (Browning et al., 2014)
30d (Browning et al., 2012)
PTAG 14d (Browning et al., 2012)
PTL 28d (Rogers et al., 2008)
DHA
RBC 90-180d (Browning et al., 2012)
154-192d (Katan et al., 1997)
Platelets 30d (Browning et al,, 2014; Browning et al., 2012)
PNEFA 14d (Browning et al,, 2012)
PPC 60d (Browning et al., 2014; Browning et al.,, 2012)
PTAG 14d (Browning et al,, 2012)
PTL 28d (Rogers et al., 2008)

Abbreviations: NEFA, free fatty acid; PNEFA, plasma free fatty acid; PL, phospholipid; PPC, plasma
phosphatidylcholine; PTAG, plasma triacylglycerol, PTL, plasma total lipids; 031, omega-3 index.
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Moreover, it should be considered that FA are not evenly distributed across all blood lipid
fractions (Hodson et al.,, 2008) . For instance, RBCs and platelets are rich in membrane
PLs, which are in turn enriched with PUFA like EPA, DHA and AA. TAGs on the other hand
predominantly contain saturated and monounsaturated fatty acids (SFAs and MUFAs.
The FA composition of PTL represents a comprehensive snapshot of the body's lipid

status, including contributions from all lipid classes.

Another point which warrants attention is the analytical methodology used. Different
laboratory methods can yield varying results. FAs esterified in membrane glycerol-PLs
under particular assay circumstances (e.g., reagents, solvents, temperatures, times) are
the subject of the initially created HS-Omega-3 Index®. Other approaches that
concentrate on sphingolipids and FAs esterified in glycerol-PLs consistently report lower
amounts of n-3 PUFAs and larger levels of sphingolipid FAs. This disparity emphasizes
the necessity of a consistent, ideally standardized methodology for assessing various

EPA+DHA indicators in addition to the O3I. (William S. Harris et al., 2013).

3.6.1.8 Ingestion of test products

The conditions under which the test products were administered were different among
the studies. In particular, the fat content of the meals consumed with the test products
plays an important role in the release of lipase and thus in the digestion of fat. This also
has an important role in the cleavage of bound LC PUFA, especially in EE (cf. chapter
4.1.2).

In some acute studies, the test products were administered without a meal (Conus et al.,
2019; Cuenoud et al., 2020; Fisk et al.,, 2021; Guarneiri et al,, 2023; Maki et al.,, 2018;
Mariko Hayashida et al., 2022; Qin et al., 2017; Wakil, Mackenzie, et al., 2010) or together
with a fat-free meal (el Boustani et al., 1987), a low-fat meal (2g-14g) (Bremmell et al,,
2020; Chevalier et al., 2021; Dunbar et al., 2020; Lawson & Hughes, 1988b; Lopez-
Toledano et al,, 2017; Ottestad et al., 2016; Raatz et al., 2016), a high-fat meal (33g-55g)
(Kagan et al., 2013; Lawson & Hughes, 1988a; Vestland et al., 2017). It should be noted
that the differences in fat content were partly the topic of the research question. Some
studies did not report the composition of the meal (Raatz et al., 2016; Vestland et al,,
2017). Under non-standardized conditions, the results of different studies are therefore

hardly comparable. Standardizing the fat content of meals in acute studies is critical to
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ensure consistent and comparable results. Without controlled conditions, variations in
fat intake could lead to inconsistent absorption rates and potentially confound the

interpretation of bioavailability data.

Study participants of chronic studies should be clearly instructed to consume the test
products together with a meal containing a “sufficient” amount of fat (approx. 25 g fat in
a meal of 800 kcal and a fat content of 30%). Ultimately, however, participant compliance

with intake guidelines cannot be fully ensured.

3.6.2 Design for Acute studies

Acute studies are carried out to compare the kinetics of EPA and DHA after
administration of different test products. This allows conclusions to be drawn about the
digestion and uptake and thus the bioavailability of different chemical forms or delivery

systems of n-3 PUFA. 91% of acute studies were carried out as cross-over studies.

3.6.2.1 Labeled vs unlabeled n-3 PUFA

As already discussed in the introduction, only studies in which labeled EPA and DHA were
administered allow clear interpretations of the absorption rate and bioavailability. Only
one of the studies that compared the bioavailability of different n-3 PUFA forms was
conducted under these conditions (Hachem et al., 2020). However, studies using labeled
EPA and DHA (Hachem et al., 2020; Léveillé et al.,, 2017; Metherel et al., 2019; Plourde et
al, 2014) have shown similar kinetics with unlabeled studies (Chevalier et al., 2021;
Dunbar et al, 2020; Schuchardt, Schneider, et al, 2011) indicating that the two
approaches yield comparable results. In addition, they offer the advantage of direct
analytical measurement. Thus, results from studies with unlabeled EPA and DHA can
potentially provide reliable results for bioavailability and kinetic assessments, especially

when coupled with an adequate study design and established analytical techniques.

3.6.2.2 Post-dosing time points

In an acute study, the fatty acid patterns in various blood biomarkers are measured
before the acute administration (baseline) and at different time points post-dose. The
time periods vary from study to study. Studies reported sampling times between 5 hours

(Sung et al., 2018), 8 hours (Lawson & Hughes, 1988b), 10 hours(Kagan et al., 2013),12
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hours (Cook, Hallardker, et al.,, 2016; Cuenoud et al., 2020; Fisk et al., 2021; Lawson &
Hughes, 1988a), 24 hours (Bremmell et al.,, 2020; Chevalier & Plourde, 2021; Dunbar et
al., 2020; el Boustani et al., 1987; Guarneiri et al., 2023; Lopez-Toledano et al., 2017; Maki
et al,, 2018; Nordgy et al., 1991; Offman et al., 2013; Stonehouse et al., 2022; Vestland et
al., 2017; Wakil, Mackenzie, et al., 2010), 48 hours (Miller et al., 2020; Qin et al,, 2017;
Raatz et al,, 2016; Sanguansri et al., 2015)72 hours (Cook, Larsen, et al.,, 2016; Kohler et
al,, 2015; Schneider et al,, 2011; Schuchardt, Schneider, et al.,, 2011), 144 hours (Hachem
et al., 2020), which makes a comparison of numerous study results impossible. It is
difficult to establish a sufficiently long period of time to investigate the difference
between the test products’ bioavailability after a single-dose intake. A time frame, which
is used in several acute studies with n-3 PUFA was 0 (baseline), 0.5, 1, 2, 4, 6, 8, 12-, 24-,
48-, and 72-hours post-dose. It is debatable if a 72-hour follow-up period is sufficient to
examine the absorption, distribution, metabolism, and initial excretion phases of EPA and
DHA, as well as if it offers a balanced time frame to produce a meaningful kinetic profile.
In a recent study in which 2 g of EPA vs. DHA were administered (Schmieta et al., 2024)
it was shown that plasma concentrations of both EPA and DHA were still significantly
above baseline concentrations after 72 hours. DHA takes significantly longer time to
return to baseline plasma levels (at least 100 hours), than EPA(about 50 hours). After
that, significantly longer periods of time are required to return to baseline levels. Only,
few studies have longer follow-up periods of 72 hours or more (Cook, Hallaraker, et al.,
2016; Hachem et al., 2020; Kohler et al.,, 2015; Schneider et al.,, 2011; Schuchardt,
Schneider, et al,, 2011).

However, extending the follow-up period to four or more days may inevitably result in
decreased subject compliance and may add variability due to external factors such as
diet, lifestyle changes or other medications. Therefore, a 72-hour follow-up period is a
reasonable time frame that represents a compromise between methodological and
compliance issues for human studies. A post-dose period of 24 or 48 hours is in any case

too short to obtain accurate results.

3.6.2.3 Relevant parameters

In addition to the immediate absorption rates (Cmax, Tmax) and the course of the curves

(kinetic profiles), the area under the curve (AUC) should be calculated from the individual
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values according to the trapezoidal rule. The units of AUC are typically concentration x
time (e.g., pg-hr/mL or ng- min/mL). Only AUCs can indicate the extent of the change in
an LC n-3 PUFA blood status marker following a single acute dose of a n-3 test product.
Consequently, most acute studies have calculated AUCs (Bremmell et al., 2020; Chevalier
& Plourde, 2021; Chevalier et al.,, 2021; Conus et al., 2019; Cook, Hallardker, et al., 2016;
Cook, Larsen, et al.,, 2016; Cuenoud et al.,, 2020; Dunbar et al., 2020; Fisk et al., 2021;
Guarneiri et al., 2023; Hachem et al,, 2020; Kagan et al., 2013; Kohler et al., 2015; Lopez-
Toledano et al., 2017; Maki et al., 2018; Maki et al., 2009; Mariko Hayashida et al., 2022;
Miller et al., 2020; Offman et al., 2013; Ottestad et al., 2016; Qin et al., 2017; Raatz et al.,,
2016; Schneider et al., 2011; Schuchardt, Schneider, et al., 2011; Stonehouse et al., 2022;
Sung et al., 2018; Vestland et al., 2017; Wakil, Mackenzie, et al., 2010; Wakil, Mir, et al,,
2010; Westetal., 2016). AUCs for the respective blood biomarkers should be determined
separately for EPA and DHA, as well as for the combined EPA+DHA. To measure the net
response over baseline, the incremental AUC (iAUC) should be calculated by subtracting
the baseline area from the total AUC. However, only a few acute studies calculated an
iAUC (Conus et al,, 2019; Cook, Hallardker, et al., 2016; Cook, Larsen, et al., 2016; Fisk et
al,, 2021; Guarneiri et al,, 2023; Kagan et al., 2013; Kohler et al., 2015; Maki et al.,, 2018;
Mariko Hayashida et al., 2022; Raatz et al., 2016; Stonehouse etal., 2022; Sung et al., 2018;
West et al,, 2016). Calculating reliable iAUCs also requires a sufficient number of post-
dosing time points. Because EPA and DHA return to baseline levels only after several
days, studies in which the last measurement point is only 24 or 48 hours after dosing will

not provide reliable results.

Decay modeling can be used to calculate the half-lives of EPA and DHA in acute studies by
fitting an appropriate model to the concentration-time data. This information, along with
other kinetic parameters like absorption rate, elimination rate constant, and volume of
distribution, can be obtained to better understand the pharmacokinetics of EPA and DHA.
Only one of the studies provided information about half-life or steady state (Sung et al.,

2018).

3.6.3 Design for chronic studies

3.6.3.1 Duration of the intervention
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As discussed in Section 6.1.1.6, the biological half-life and steady state of different
biomarkers vary. Therefore, to accurately measure the effect of EPA and DHA
supplementation on these biomarkers, the duration of the intervention must be tailored
to their respective Kinetics to ensure that sufficient time is allowed for the biomarkers to
reach a new equilibrium reflecting the dietary intervention. Most studies involving
plasma or platelet biomarkers were of sufficient duration for the markers to reach a
steady state (Dunbar et al.,, 2020; Harris et al., 2007; Hinriksdottir et al., 2015; Laidlaw et
al,, 2014; Maki et al,, 2009; Minton et al., 2023; Ramprasath et al., 2015; Reis et al., 1990;
Sanguansri et al,, 2015; Ulven et al., 2011; Visioli et al.,, 2003; Wallace et al., 2000; West et
al,, 2016; Yurko-Mauro et al,, 2015). Some studies with an intervention period of more
than 3 months did not use RBC as markers (Reis et al., 1990; West et al., 2016), which are
much more representative of a stable long-term EPA+DHA status because they are less
variable and are not influenced by (LC n-3 PUFA-rich) meals before blood sampling like
plasma biomarkers. Few of those using RBC as a biomarker had an intervention time of

at least 6 months, where a steady state can be expected (Neubronner etal., 2011).

3.6.3.2 PUFA intake in background diet

The pre-existing dietary intake during a n-3 PUFA intervention phase can affect the EPA
and DHA levels in blood and increase the inter-individual variability. Together, it can
confound the efficacy of EPA and DHA supplementation studies. Especially, oily fish can
contain large amounts of LC n-3 PUFA. To accurately assess the impact of
supplementation, itis essential to consider the background dietary intake. Controlling the
entire diet of subjects for weeks or month is impractical in human studies. Therefore, it
is essential to establish at least clear guidelines for background diet during such studies,
aiming to standardize n-3 PUFA intake as much as possible. This approach minimizes
confounding effects and ensures that changes in blood EPA and DHA levels more
accurately reflect the impact of the supplementation rather than dietary variability.
Without controlling for background dietary intake, it becomes difficult to attribute
changes in blood EPA and DHA levels solely to supplementation. Numerous studies have
not provided any information on this issue(Bremmell et al., 2020; Chevalier & Plourde,
2021; Chevalier et al,, 2021; Cook, Larsen, et al., 2016; el Boustani et al., 1987; Hachem et
al., 2020; Kagan et al.,, 2013; Mariko Hayashida et al., 2022; Miller et al., 2020; Nordgy et
al,, 1991; Offman et al., 2013; Reis et al,, 1990; Stiefvatter et al., 2021; Ulven et al,, 2011).
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3.7 Studies on effect of sources and chemical form

Several studies compared the bioavailability of EPA and DHA from various sources as well
as chemical forms (Table 4 and 5). Distinguishing studies based on sources and chemical
forms can be challenging since various lipid classes are present in different sources (see
Chapter 2). The following section compares the results of studies examining the
differences in EPA+DHA bioavailability between TAG (uTAG or rTAG), DAG, MAG, EE, and

NEFA, which are all based on FO as the primary source.

3.7.1 Fish oil-based triacylglycerides, ethyl esters, and non-esterified fatty acids

Most acute as well as chronic studies reported a higher bioavailability of EPA and DHA
from TAG (el Boustani et al., 1987; Lawson & Hughes, 1988a, 1988b), especially rTAG
(Dyerberg et al., 2010; Maki et al.,, 2022; Neubronner et al., 2011; Schuchardt, Schneider,
et al., 2011), but also MAG (Chevalier & Plourde, 2021; Cuenoud et al., 2020), a mixture
of MAG, DAG and TAG (Fisk etal,, 2021), NEFA (el Boustani et al., 1987; Lawson & Hughes,
1988b; Maki et al., 2022; Offman et al., 2013) compared to EE. In contrast, Dunbar et al.,
2020 found no significant differences between NEFA and EE EPA and DHA in a 4-week
supplementation study. A fish meal also led to higher EPA+DHA levels in plasma than FO
EE with a similar EPA+DHA amount (Visioli et al., 2003). Only a few studies have found
no difference (Harris et al., 2007; Nordgy et al., 1991; Reis et al., 1990; West et al., 2016;
Yurko-Mauro et al,, 2015). As already discussed in chapter 4.1.2, EE-bound FA are not
commonly found in natural foods. The body's enzymatic system is naturally adapted to

cleave TAGs as the major form of fat in dietary sources (Bermudez et al., 2004).
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Table 4. Acute bioavailability studies on the influence of the source and chemical form of n-3 fatty acid formulations on the bioavailability.

Design n Duration | Source, chemical form of n3 FA Ingestion | Dose [g/d] Sample time Biomarker Result* Reference
of test
products
Randomized, 24 24h FO: “PL-enhanced” vs KO: PL (no Without FO 0,1,2,3,4,5,6,8,10, | AUC of: No difference (Guarneiri
double-blind, information on lipid class meal EPA: 0.2 and 24 h PTL EPA etal, 2023)
Cross-over composition and EPA+DHA DHA: 0.1 PTL DHA
distribution) Total n3: 0.4 PTL EPA+DHA
KO
EPA: 0.1
DHA: 0.1
Total n3: 0.2
Randomized, 22 24h FO: MAG vs EE vs rTAG Low fat MAG 0,1,2,4,5,6,89,10, | AUC of: PTL EPA: (Chevalier et
double-blind, meal EPA: 0.9 12, and 24 PTL EPA MAG > EE al, 2021)
cross-over DHA: 0.3 PTL DHA MAG > rTAG
Total n3: 1.2 PTL EPA+DHA EE =rTAG
EE Other Markers:
EPA: 0.9 No differences
DHA: 0.3
Total n3: 1.2
rTAG
EPA: 0.9
DHA: 0.3
Total n3: 1.2
Randomized, 20 24h FO: MAGvsEE Meal MAG 0,1,2,4,56,89,10, | AUC of: For all markers: (Chevalier &
double-blind, EPA: 1.8 12,and 24 h PTL EPA MAG > EE Plourde,
cross-over DHA: 1.2 PTL DHA 2021)
Total n3: 3.0 PTL EPA+DHA
EE
EPA: 1.8
DHA: 1.2
Total n3: 3.0
Double-blind, 20 12h FO: Mixture of MAG, DAG and Without Mix 0,1,2,3,4,5,6,8and | AUC of: For all markers: (Fisk et al,
randomized, TAG meal EPA: 2.0 12h PTL EPA Mix > EE 2021)
cross-over vs EE DHA: 0.8 PTL DHA
Total n3: N/A PTL EPA+DHA
EE
EPA: 2.0
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DHA: 0.8
Total n3: N/A

Double-blind, 3 6d “Lab synthesized” re-structured “on a | Re-structured PL 0,1,3,6,24,72,and | AUC of: PPL DHA: (Hachem et
Cross-over, PL vs AO rTAG piece of Labeled- DHA: 0.05 144 h PPL DHA Re-structured PL al,, 2020)
randomized bread” rTAG RBC-PC DHA >rTAG
Labeled- DHA: 0.05 RBC-PE DHA
Randomized, 21 24h FO: MAG vs FFA vs EE Without MAG 0,1,2,3,4,5,6,7,8 | AUCof: For all markers: (Cuenoud et
cross-over, meal EPA: 1.6 10and 12 h PTL EPA MAG > EE al,, 2020)
single-blind DHA: 1.3 PTL DHA FFA > EE
Total n3: 3.3 PTL EPA+DHA MAG = FFA
EE
EPA: 1.7
DHA: 1.4
Total n3: 4.0
FFA
EPA: 1.7
DHA: 1.5
Total n3: 4.0
Cross-over, 29 24h FO: MAG vs TAG (no information Without MAG 0,1,2,3,4,5,6,7,8 | AUCof: PTL EPA: (Cuenoud et
randomized, if uTAG or rTAG) meal EPA: 0.2 10and12h PTL EPA MAG > EE al,, 2020)
single-blind DHA: 0.2 PTL DHA Other Markers:
Total n3: 0.9 No differences
TAG
EPA: 0.3
DHA: 0.2
Total n3: 1.3
Randomized, 15 24 h FO: FFA vs EE Low fat FFA 0,1,2,3,4,5,6,7,8, AUC of: PTL EPA: (Dunbar et
open-label, meal EPA: 2.2 9,10,12and 24 h PTL EPA FFA > EE al,, 2020)
cross-over DHA: 0.8 PTL DHA Other Markers:
Total n3: 4.0 PTL EPA+DHA No differences
EE
EPA: 1.9
DHA: 1.5
Total n3: 4.0
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Randomized, 10 5h KO “mostly” TAG vs FO TAG (no Low fat | KO 0,1,2,3,4and5h AUC of: No difference (Sung et al,
cross-over information if uTAG or rTAG) meal EPA: 0.5 PTL EPA 2018)
DHA: 0.3 PTL DHA
Total n3: 0.9 PTL total n3
FO
EPA:0.8
DHA:0.5
Total n3: 1.4
Randomized, 32 12h Herring roe oil mixed 50/50 with Meal Herring roe oil -0.5,4,8,10and 12h | AUC of: For all markers: (Cook,
single-blind, FO (30% PL, 70% TAG) vs FO TAG EPA: 0.6 PPC EPA Herring roe oil > Hallaraker,
cross-over (no information if uTAG or rTAG) DHA: 1.8 PPC DHA FO etal, 2016)
Total n3: 2.6 PPC EPA+DHA
FO
EPA: 0.6
DHA: 1.8
Total n3: 2.7
Randomized, 9 6h FO: uTAG vs rTAG vs FFA vs EE High fat | uTAG 0,05,1,2,2.5,3,4,5 | AUCof: PTAG DHA: (West et al,
cross-over meal EPA: 1.4 and 6 h PPC EPA FFA >uTAG 2016)
DHA: 0.4 PPC DHA uTAG =rTAG
Total n3: 2.0 PTAG EPA MAG = FFA
rTAG PTAG DHA MAG =rTAG
EPA: 1.2 PFFA EPA FFA =rTAG
DHA: 0.4 PFFA DHA EE = uTAG
Total n3: 1.7 Other markers:
FFA No differences
EPA 1.3
DHA 0.4
Total n3: 1.7
EE
EPA 1.2
DHA 0.4
Total n3: 1.6
Randomized, 18 72h CO (80-90% WE, 1-10% TAG, 5- Meal co -0.5,1,2,4,6,8,10, | AUCof: PTL EPA: (Cook,
cross-over 10% PL) vs EE EPA: 0.2 12,24,48,and 72 h PTL EPA CO > EE Larsen, et
DHA: 0.1 PTL DHA Other Markers: al, 2016)
SDA: 0.3 PTL EPA+DHA No differences
Total n3: 0.7
EE
EPA: 0.4
DHA: 0.3
Total n3: 0.8
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Randomized, 15 72h KO vs Krill meal vs FO (no Meal KO 0,2, 4, 6,8 12, 24- | AUC of: PPL EPA+DHA: (Kohler et
single-blind, information on lipid class EPA: 0.9 25,48-50and 72-74 | PPL EPA KO > Krill meal al, 2015)
cross-over composition and EPA+DHA DHA: 0.5 h PPL DHA KO > FO
distribution) Total n3: 1.7 PPL EPA+DHA FO = Krill meal
Krill meal PTAG EPA Other Markers:
EPA: 0.7 PTAG DHA No differences
DHA: 0.4 PTAG EPA+DHA
Total n3: 1.7
FO
EPA: 0.9
DHA: 0.6
Total n3: 1.7
Randomized, 10 10h AO  (“greater amount” of high fat | AO 0,0.5,1,1.5,2,2.5,3, | AUCof: PTL EPA: (Kagan etal,,
cross-over glycolipids, “some” PL) vs KO meal EPA: 1.5 4,5,6,8and 10 h PTL EPA AO >KO 2013)
(“rich in” PC and other PL, no Total n3: N/A PTL DHA Other Markers:
glycolipids) KO No differences
no information on lipid class EPA: 1.0
composition and EPA+DHA DHA: 0.5
distribution Total n3: N/A
Open-label, 52 24 h FO FFA vs EE Meal FFA 0,1,2,3,4,56,7,8 | AUC of: For all markers: (Offman et
parallel-group EPA: 2.2 9,10,12and 24 h PTL EPA FFA > EE al, 2013)
DHA: 0.8 PTL DHA Other Markers:
Total n3: N/A PTL EPA+DHA No differences
EE
EPA: 1.8
DHA: 1.5
Total n3: N/A
Randomized, 12 72h FO rTAG vs EE vs KO (22% of EPA Meal rTAG 0, 2, 4, 6,8, 24, 48, | AUC of: For all markers: (Schuchardt,
double-blind, and 21% of DHA was FFA (no EPA: 1.0 and 72 h PPL EPA+DHA KO >rTAG > EE Schneider,
cross-over exact information on lipid class DHA: 0.7 etal, 2011)
composition and  EPA+DHA Total n3: 2.0
distribution) EE
EPA: 1.0
DHA: 0.7
Total n3: 2.0
KO
EPA: 1.0
DHA: 0.6
Total n3: 2.1
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Randomized,
double-blind,
cross-over

24h

FO: uTAG vs rTAG (mixed with
DAG, MAG, exact composition
unclear) vs DAG vs MAG vs
enzymatic  synthesized TAG
(esTAG)

Low fat
meal

uTAG
EPA: 0.9
DHA:0.3
Total n3: 1.5
rTAG
EPA: 0.9
DHA:0.3
Total n3: 1.5
DAG
EPA: 0.9
DHA:0.3
Total n3: 1.5
MAG
EPA: 0.9
DHA:0.3
Total n3: 1.5
esTAG
EPA: 0.9
DHA:0.3
Total n3: 1.5

0,2,4,6,8and 24 h

AUC of:
PTL EPA

For all markers:
rTAG > esTAG
rTAG > MAG
uTAG > esTAG
MAG = esTAG
MAG = uTAG
DAG =rTAG
DAG = uTAG
uTAG =rTAG

(Wakil, Mir,
etal, 2010)

Cross-over,
placebo-
controlled

24h

FO: TAG (no information if uTAG
or rTAG) vs EE

Meal

rTAG
EPA: 20.6
DHA: 11.8
Total n3: 40.0
EE:
EPA: 14.6
DHA: 11.0
Total n3: 28.0

0,2,4,6,8and 24 h

PPL EPA
PPL DHA
PTAG EPA
PTAG DHA
PTL EPA
PTL DHA

No difference

(Nordgy et
al, 1991)

cross-over

8h

FO: TAG (no information if uTAG
or rTAG) vs FFA vs EE

Low fat
meal

TAG
EPA: 1.0
DHA: 0.7
Total n3: N/A
FFA
EPA: 1.0
DHA: 0.7
Total n3: N/A
FF
EPA: 1.0
DHA: 0.7
Total n3: N/A

0,2,3,45,6,7and 8
h

PTAG EPA
PTAG DHA

For all markers:
FFA > TAG > EE

(Lawson &
Hughes,
1988b)
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parallel-group

16

12h

FO: TAG (no information if uTAG
or rTAG) vs EE

High fat
meal

TAG

FFA

FF

EPA: 1.0
DHA: 0.7
Total n3: N/A

EPA: 1.0
DHA: 0.7
Total n3: N/A

EPA: 1.0
DHA: 0.7
Total n3: N/A

0,3,56,7,8,10and
12h

PTAG EPA
PTAG DHA

For all markers:
TAG > EE

(Lawson &
Hughes,
1988a)

Open-label,
cross-over

24h

FO: TAG (no information if uTAG
or rTAG) vs FFA vs EE

Fat free
meal

TAG

FFA

EE

EPA: 1.0

EPA: 1.0

EPA: 1.0

0,1,2,3,4,56,9,12
and 24 h

PTAG EPA

For all markers:
FFA > TAG > EE

(el Boustani
etal, 1987)

w_n,

* “>”: Significant differences in bioavailability blood biomarkers. “=": no differences

Abbreviations: AO, algal oil; CO, calanus oil; DAG, diacylglycerol; DHA, docosahexaenoic acid; EE, ethyl ester; EPA, eicosapentaenoic acid; NEFA, free fatty acid; FO, fish oil; KO, krill oil; MAG,

monoacylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PL, phospholipid; PFA, plasma non-esterified fatty acid; PPC, plasma phosphatidylcholine; PPL, plasma phospholipid; PTAG, plasma
ylgly phosp y phosp y phospholip p ty p phosp y p phospholip: p

triacylglycerol; PTL, plasma total lipids; RBC-PC, red blood cell - phosphatidylcholine; RBC-PE, red blood cell - phosphatidylethanolamine; rTAG, re-esterified triacylglycerol; TAG, triacylglycerol; uTAG,

unmodified triacylglycerol (natural form); WE, wax ester.
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Table 5 Chronic bioavailability studies on the influence of the source and chemical form of n-3 fatty acid formulations on the bioavailability.

Design n Duration Source, chemical form of n3 FA Ingestion of | Dose [g/d] Sample Biomarker Result* Reference
test time
products
Open-label, 62 12 wk CO (80-90% WE, 1-10% TAG, 5-10% Meal cCO 0,12 wk RBC EPA No difference (Vosskotter et
randomized, parallel- PL) vs FO rTAG vs KO (no exacts EPA: 0.1 RBC DHA al, 2023)
group information on lipid class DHA: 0.1 03I
composition and EPA+DHA SDA: 0.2
distribution) Total n3: 0.5
FO
EPA: 0.1
DHA: 0.1
Total n3: 0.3
KO
EPA: 0.2
DHA: 0.1
Total n3: 0.3
Randomized, Double- | 60 16 wk FO: >95% rTAG vs <70% rTAG (no Meal >95% rTAG: 0, 4, 16, 24 | PPLEPA RBC PL EPA and (Minton et al,
blind, parallel-group information on lipid class EPA: 1.6 wk PPL DHA RBC PL DHA: 2023)
composition and EPA+DHA DHA: 1.1 RBC PL EPA >95% rTAG >
distribution) Total n3: 2.7 RBC PL DHA <70% rTAG
<70% rTAG: Other markers:
EPA: 1.5 no
DHA: 1.0 differences
Total n3: 3.0
Open-label, 100 28d FO: FFA vs EE Meal FFA -7,1,22and | PTLEPA PTL EPA (Maki et al,
randomized, cross- EPA+DPA: 29d PTL DHA PTL DPA 2022)
over 2.0 PTL DPA PTL
Total n3: 2.0 PTL EPA+DHA+DPA:
EE EPA+DHA+DPA FFA > EE
EPA: 2.0 Other Markers:
Total n3: 2.0 no differences
Randomized, single- | 25 2 wk AO vs FO vs Fish meal (no Meal IAO 0,1,2wk PTL EPA PTL EPA (Stiefvatter et
blind, cross-over information on lipid class EPA: 0.3 PTL DHA Fish  meal> al, 2021)
composition and EPA+DHA DHA: 0.0 PTL total n3 AO
distribution) Totaln3: 0.3 Fish meal>FO
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FO
EPA: 0.2
DHA: 0.1
Totaln3: 0.3
Fish meal
EPA: 0.2
DHA: 0.1
Totaln3: 0.6

AO=FO
PTL total n3:
Fish meal >
AO
Fish meal> FO
AO=FO
Other Markers:
No
differences

Randomized, open-
label, cross-over

15

4 wk

FO: FFAvs EE

Low fat meal

FFA
EPA: 2.2
DHA: 0.8
Total n3: 4.0
EE
EPA: 1.9
DHA: 1.5
Total n3: 4.0

0, 4 wk

PTL EPA
PTL DHA
PTL EPA+DHA

No difference

(Dunbar et al,

2020)

Randomized, single-
blind, cross-over

32

2 wk

Herring roe oil mixed 50/50 with FO
(30% PL,

70% TAG) vs FO TAG (no
information if uTAG or rTAG)

Meal

Herring roe oil
EPA: 0.6
DHA: 1.8
Total n3: 2.6

FO
EPA: 0.6
DHA: 1.8
Total n3: 2.7

-0.5,4,8,10
and 12 h

PPC EPA
PPC DHA
PPC EPA+DHA

No difference

(Cook,
Hallaraker,
al,, 2016)

et

Double-blinded

45

3wk

FO: TAG (no information if uTAG or
rTAG) vs MAG

Meal +
Orlistat

TAG
EPA: 0.5
DHA: 0.3
Totaln3: 0.8
MAG
EPA: 0.5
DHA: 0.3
Totaln3: 0.8

0, 7, 14 and
21d

PTL EPA
PTL DHA
RBC EPA
RBC DHA

For all markers:
MAG> TAG

(Cruz-
Hernandez
al, 2016)

et

Double-blinded

45

3wk

FO: TAG (no information if uTAG or
rTAG)vs MAG

Meal

TAG

EPA: 0.5
DHA: 0.3
Totaln3: 0.8
MAG

EPA: 0.5
DHA: 0.3

0, 7, 14 and
21d

PTL EPA
PTL DHA
RBC EPA
RBC DHA

No difference

(Cruz-
Hernandez
al, 2016)

et
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Totaln3: 0.8
Double-blinded, 20 12 wk FO: uTAG vs rTAG vs FFA vs EE Meal uTAG 0,12, 4 8 PPC EPA No difference (West et al,
parallel-group EPA: 1.2 and 12 wk PPC DHA 2016)
DHA: 0.4 PTAG EPA
Total n3: 2.0 PTAG DHA
rTAG PFFA EPA
EPA: 1.2 PFFA DHA
DHA: 0.4
Totaln3: 1.7
FFA
EPA: 1.3
DHA: 0.4
Totaln3: 1.7
EE
EPA: 1.2
DHA: 0.4
Totaln3: 1.6
Double-blind, 66 4 wk EE vs FO uTAG vs KO (44 % PL, 40 % High fat meal [KO 0, 4, 8, 12, PTL EPA No difference (Yurko-Mauro
randomized, parallel- TAG, 10 % DAG, 5 % sterol ester and EPA: 0.8 48, 72, 336, | PTL DHA etal, 2015)
group 2 % FFA) DHA: 0.4 and 672 h PTL EPA+DHA
Total n3: RBC EPA
N/A RBC DHA
FO-EE 03I
EPA: 0.8
DHA: 0.5
Total n3:
N/A
FO-uTAG
EPA: 0.8
DHA: 0.5
Total n3:
N/A
Semi-randomized, 20 4 wk KO “high” PL vs KO “low” PL (no N/A High PL 0, 4 wk PTL EPA RBC EPA, (Ramprasath et
Cross-over, single- information on lipid class EPA: 0.3 PTL DHA RBC DHA, al, 2015)
blind composition and EPA+DHA DHA: 0.2 PTL EPA+DHA RBC total n3 and
distribution) Total n3: 0.6 PTL total n3 03LI:
low PL RBC EPA High PL > low
EPA: 0.3 RBC DHA PL
DHA: 0.2 RBC total n3 Other markers:
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Totaln3: 0.6

03I

No differences

Randomized,
over

Cross-

35

4 wk

FO rTAG vs EE vs Salmon oil TAG (no
information if uTAG or rTAG) vs KO
(no information on lipid class
composition and EPA+DHA
distribution)

N/A

rTAG
EPA: 0.6
DHA: 0.4
Total n3:
N/A
EE
EPA: 0.8
DHA: 0.2
Total n3:
N/A
KO
EPA: 0.1
DHA: 0.1
Total n3:
N/A
uTAG
EPA: 0.2
DHA: 0.2
Total n3:
N/A

0 and 4 wk

PTL EPA

PTL DHA

PTL EPA+DHA
PTL total n3

PTL EPA

PTL DHA

PTL EPA+DHA:
rTAG > EE >
TAG > KO

Other Markers:
no
differences

(Laidlaw et al,,
2014)

Open-label, parallel-
group

52

2 wk

FO FFA vs EE

Meal

FFA

EPA: 2.2

DHA: 0.8

Total n3:
N/A

EE

EPA: 1.8

DHA: 1.5

Total n3:
N/A

0, 11, 12,
13,14d

PTL EPA
PTL DHA
PTL EPA+DHA

PTL EPA+DHA:
FFA > EE

(Offman et al,
2013)

Randomized, double-
blind, placebo-
controlled

129

24 wk

FO rTAG vs EE

Meal

rTAG

EPA: 1.0
DHA: 0.7
Total n3: 2.0
EE

EPA: 1.0
DHA: 0.7
Total n3: 2.0

0,3and 6m

RBC EPA
RBC DHA
031

For all markers:
rTAG > EE

(Neubronner et
al, 2011)
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Randomized, double- | 113 7 wk KO vs FO (no information on lipid N/A KO 0,7 wk PTL EPA No difference (Ulven et al,
blind class composition and EPA+DHA EPA: 0.3 PTL DHA 2011)
distribution) DHA: 0.2 PTL total
Total n3: 0.6
FO
EPA: 0.4
DHA: 0.4
Total n3: 1.0
parallel-group, 72 2wk Fish body 0il uTAG vs FO rTAG vs FO Meal uTAG 0,2 wk “Bioavailability rTAG > EE (Dyerberg et al.,
randomized, double- FFA vs EE vs CLO uTAG EPA: 1.0 index” sum of: Fish body oil > EE 2010)
blind, placebo- DHA: 0.8 PTAG EPA+DHA EE =CLO
controlled Total n3: PCE EPA+DHA EE = FFA
N/A PPL EPA+DHA rTAG > FFA
rTAG rTAG > CLO
EPA: 1.0 rTAG = Fish body
DHA: 0.8 oil
Total n3: CLO =FFA
N/A Fish body oil =
FFA CLO
EPA: 1.0 Fish body oil =
DHA: 0.8 FFA
Total n3:
N/A
EE
EPA: 1.0
DHA: 0.8
Total n3:
N/A
CLO
EPA: 0.5
DHA: 1.3
Total n3:
N/A
parallel-group, 76 4 wk KO vs FO (no information on lipid Meal KO 0, 1 and 4 | PTLEPA For all markers: (Maki et al,
randomized, double- class composition and EPA+DHA EPA: 0.2 wk PTL DHA KO > FO 2009)
blind, placebo- distribution) DHA: 0.1
controlled Total n3:
N/A
FO
EPA: 0.2
DHA: 0.2
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Total n3:
N/A
Randomized 23 16 wk Fish meal uTAG and PL (no Meal Fish 0,2,46,8, PTL EPA No difference (Harris et al,
information on lipid class EPA: 0.1 10, 12, 14, | PTLDHA 2007)
composition) vs EE DHA: 0.4 and 16 wk PTL EPA+DHA
Total n3: RBC EPA
N/A RBC DHA
EE 03I
EPA: 0.1
DHA: 0.4
Total n3:
N/A
parallel-group, 16 6 wk Fish meal uTAG vs FO (no Meal Fish -2, 0 and 6 | PTLEPA For all markers: (Visioli et al,
randomized, open- information if uTAG or rTAG) EPA: 0.4 wk PTL DHA Fish > FO 2003)
label DHA: 0.5
Total n3: 1.0
FO
EPA: 0.4
DHA: 0.3
Total n3: 0.9
parallel-group 40 2wk FO uTAG vs EE Meal uTAG 0,8and15d | PTLEPA PTL DHA (Krokan et al,
EPA: 2.2 PTL DHA PPL DHA: 1993)
DHA: 1.4 PPL EPA EE > uTAG
Total n3: PPL DHA Other Markers:
N/A No
EE differences
EPA: 4.4
DHA: 2.4
Total n3:
N/A
parallel-group, 89 24 wk FO TAG (no information if uTAG or N/A rTAG 0,6d,6m PPL EPA No difference (Reis et al,
randomized, double- rTAG) vs EE EPA: 3.7 1990)
blind, placebo- DHA: 2.5
controlled Totaln3: 7.0
EE
EPA: 3.4
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DHA: 1.4
Total n3: 6.0

w_n,

* “>”: Significant differences in bioavailability blood biomarkers. “=": no differences

Abbreviations: AO, algal oil; CO, calanus oil; CLO, cod Liver oil; DAG, diacylglycerol; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EE, ethyl ester; EPA, eicosapentaenoic acid; NEFA,
free fatty acid;FO, fish oil; KO, krill oil; MAG, monoacylglycerol; 031, omega-3 index; PNEFA, plasma free fatty acid; PL, phospholipid; PPC, plasma phosphatidylcholine; PPL, plasma phospholipid; PTAG, plasma
triacylglycerol;PTL, plasma total lipids; rTAG, re-esterified triacylglycerol; TAG, triacylglycerol; uTAG, unmodified triacylglycerol (natural form); WE, wax ester.
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The ability to cleave EE-bound EPA and DHA is very low, which explains the low
bioavailability compared to non-EE-bound lipid forms. It is known that the digestibility
and thus bioavailability of EEs can be significantly increased by simultaneous
consumption with a meal (Davidson et al.,, 2012; Lawson & Hughes, 1988a). Moreover,
the fat content of the meal plays an important role. Lawson and Hughes demonstrated
that the bioavailability of can be significantly enhanced when EE capsules were consumed
with a high-fat meal (44 g total) compared to a low-fat meal (8 g total) (Lawson & Hughes,
1988a). However, fat initiates lipid digestion itself and consequently triggers the
breakdown of TAG. In acute studies, where subjects ingested the test products together
with a meal nevertheless found a significantly better availability of TAG compared to EE
(el Boustani et al., 1987; Lawson & Hughes, 1988a, 1988b; Schuchardt, Schneider, et al,,
2011).

Despite the significant difference, the differences in EPA and/or DHA levels achieved
between rTAG and EE-bound EPA and DHA were small in most of the studies (Laidlaw et
al, 2014; Neubronner et al., 2011). Especially in long-term intervention studies, EE
formulations led to a significant increase in EPA+DHA status (Dyerberg et al., 2010;
Neubronner et al.,, 2011; Offman et al., 2013). It is therefore questionable whether the
observed "n-3 biostatus differences” are biologically or even clinically relevant. This

question has not yet been addressed in any study.

There are very few studies that have compared uTAG and rTAG oils. Wakil et al. 2010
observed equivalent bioavailability between rTAG and uTAG in an acute study using PTL
EPA as a marker. Similarly, a 12-week study by West et al. 2016 also resulted in
equivalent bioavailability for uTAG and rTAG using various plasma markers. Both study
results are in contrast to the 2-week chronic study by Dyerberg et al. 2010, which found
a higher bioavailability for rTAG (FO) over uTAG from CLO but not uTAG from Fish body
oil in total plasma markers including PTAG, PCE and PPL EPA+DHA. The authors
explained that the reason for higher bioavailability in rTAG could be the presence of MAG
and DAG in rTAG that help the digestion in intestine. An explanatory model for a better
bioavailability of EPA+DHA from rTAG oils vs uTAG oils is the position of fatty acids in
the glycerol backbone. In natural uTAG oils, EPA and DHA are often esterified in the sn-2
position. For steric reasons, long-chain fatty acids in concentrated rTAG oils are more

likely to be esterified at positions sn-1 and -3. It is assumed that EPA and DHA, which are
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esterified at positions sn-1 and sn-3, can be better cleaved by lipase(West et al., 2016).
However, an acute study by (West et al.,, 2019) resulted in similar bioavailability for
transgenic Camelina sativa oil vs a mixture of FO and CLO. Both oils contained a similar
amount of EPA and DHA. In the FO/CLO mixture, DHA and EPA are mainly esterified at
the sn-2 position, while in the transgenic Camelina sativa oil, they are predominantly

esterified at the sn-1 and sn-3 positions.

Wakil and co-workers showed that rTAG and uTAG both had a higher bioavailability than
enzymatically synthesized TAG, which contained pure TAG molecules. uTAG and also
rTAG often contain a mixture of DAGs and MAGs (Bogevik et al., 2008; Dyerberg et al,,
2010),which help cleavage by pancreatic lipases. Moreover, MAG and DAG can be taken

up via mixed micelles in enterocytes without cleavage.

Although NEFAs are highly susceptible to oxidation and lead to gastrointestinal side
effects - particularly heartburn and regurgitation (Beckermann et al., 1990; Hamed et al,,
2021) NEFA containing supplements are available. While some acute and chronic studies
have shown significantly higher bioavailability for NEFA compared to TAG (el Boustani
et al., 1987; Lawson & Hughes, 1988a; West et al,, 2016) and EE (Cuenoud et al., 2020;
Dunbar et al,, 2020; Offman et al., 2013) other studies observed no difference between
NEFA and MAG (Cuenoud et al,, 2020; West et al,, 2016), MAG and rTAG (Wakil, Mir, et
al., 2010; Westetal., 2016), and EE, CLO and fish body oil (Dyerberg etal., 2010). A reason
for a higher bioavailability observed in some studies could be that NEFAs can be absorbed
without the need for enzymatic cleavage, in contrast to TAG, PL and EE. They are also less
dependent on bile for emulsification (see chapter 4.1.5.), which further helps their

absorption and may result in faster and more efficient uptake.

3.7.2 Algal oil

Similar to FO, the primary chemical form of EPA and DHA in refined AOs is rTAG (Gayoso
et al., 2019). There is no physiological basis for expecting a difference in bioavailability
between AO and FO. Additionally, few studies have directly compared AO with oils from
other sources. In a 10-hour acute study comparing KO (1.0 g EPA and 0.5 g DHA) with AO
(1.5 g EPA), Michael L Kagan et al. 2013 found significantly higher plasma EPA levels with
AO compared to KO, with no changes in DHA levels. However, these findings are not

conclusive due to inadequate characterization of the test products, differing EPA:DHA
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ratios, and the insufficient 10-hour timeframe for reliable AUC calculations of plasma
levels. Stiefvatter et al. 2021 reported no difference between AO and FO, but a higher
bioavailability of fish meal compared to AO based on plasma biomarkers. This study,
however, is limited by its short duration of 2 weeks and non-comparable total n-3 levels
between the fish meal and AO products. Long-term bioavailability studies comparing AO

with other sources remain unavailable.

3.7.3 Kirill oil

In Krill oil (KO), EPA+DHA are mainly bound in PL and to a lesser extent in TAG or as
NEFA. Two acute studies demonstrated a higher bioavailability of KO vs FO rTAG and EE
(Schuchardt, Schneider, et al.,, 2011) or krill meal and FO (Kohler et al., 2015), while other
studies found not difference with FO (Sung et al,, 2018)or “PL-enhanced” FO (Guarneiri
et al.,, 2023). Both studies showed methodological flaws such as a lack of comprehensive
chemical characterization of the test products, and unmatched doses between the test
products. Moreover, the study by Sung had a 5-hour observation period, which was

insufficient to accurately assess post-absorptive levels of n-3 PUFAs.

The studies on chronic mostly showed no differences between KO and other sources such
as FO (uTAG and EE)(Yurko-Mauro et al,, 2015), FO (rTAG) and CO (Vosskotter et al.,
2023), or FO (Ulven et al,, 2011). Only Maki et al. 2009 observed a higher bioavailability
for KO compared to FO in a four-week study. In contrast, a four-week study by Laidlaw et
al. 2014 showed that KO had the lowest bioavailability compared to FO rTAG, EE and
salmon oil. Some of the studies conducted had methodological flaws. For example, in the
study by Ulven et al. 2011, subjects in the KO group received 62.8% of the total amount
of n-3 PUFAs received by subjects in the FO group. In addition, most studies did not
adequately characterize the test substances, which is particularly important for KO
(Guarneiri et al., 2023; Kagan et al.,, 2013; Kohler et al., 2015; Laidlaw et al., 2014; Maki et
al., 2009; Ramprasath et al., 2015; Sung et al., 2018; Ulven et al., 2011; Vosskétter et al,,
2023).

The authors of studies reporting higher bioavailability of KO compared to other sources
often attribute this effect to the high content of PL-bound EPA and DHA, an explanation
commonly cited in the scientific literature on n-3s. PLs have emulsifying qualities

enhancing the capability of lipase to cleave and thus improving the digestion and

58



absorption of lipids (Mun et al., 2007). PLs can be absorbed without digestion in their
intact form, or as lysophosphatidylcholine after digestion by enzymes in the small
intestine (K. Zhang). However, the question of whether a possible improved
bioavailability of KO compared to other sources can be attributed solely to PLs cannot be
answered conclusively, since many studies did not provide information on the
composition of the lipid classes in the KO used (Guarneiri et al., 2023; Kagan et al., 2013;
Kohler et al., 2015; Laidlaw et al., 2014; Maki et al., 2009; Ramprasath et al., 2015; Sung
et al.,, 2018; Ulven et al., 2011; Vosskotter et al., 2023). In a 4-week study by Ramprasath
et al. 2015 it was shown that "high PL" KO had a significantly better bioavailability
(biomarkers: RBC EPA, RBC DHA, RBC total n-3 and 03I) compared to "low PL" KO.
However, the authors did not provide any specific information on the lipid classes in
which EPA and DHA were present. Other studies have used PL-enriched test products
that were not based on KO. An acute study by Hachem et al. 2020 over 6 days compared
labeled laboratory synthesized re-structured PL-AO DHA to rTAG-AO DHA and found that
PL-AO DHA was more bioavailable. Cook et al. 2016 showed that herring roe oil ina 50:50
blend with FO resulted in significantly higher levels of PPL EPA and DHA compared to FO.
The authors stated that approximately 30% of the EPA and DHA present in the herring
roe 0il-FO mixture was esterified to PL (mainly phosphatidylcholine), while the rest was
TAG. The results of these studies therefore suggest a bioavailability enhancing effect of

PL.

In studies where KO demonstrated better bioavailability compared to other sources,
factors beyond PL may have also contributed to this outcome. Another possible
explanation for the improved bioavailability of EPA and DHA from KO is that some KOs
contain significant amounts of EPA and DHA in the form of NEFAs (Schuchardt, Schneider,
et al., 2011), which do not require cleavage and can be directly absorbed. Finally, KO
contains antioxidants such as astaxanthin. This does not directly increase bioavailability

but rather improves oxidative stability.

Current data do not convincingly show that KO inherently offers better bioavailability
than other sources. The effects observed in some acute studies were not consistently
replicated in chronic studies using reliable long-term status markers. Potential

bioavailability-enhancing effects of KO could be attributed to the specific composition of
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individual KO products. Additionally, there is no definitive evidence that any

bioavailability benefits of KO are solely attributable to its PL content.

3.7.4 Calanus oil

There are only two studies that compared CO with other sources in view of its
bioavailability. In an acute study, Cook et al. found no differences between CO and FO EE
in the AUC of PTL DHA and EPA+DHA. Although the content of total n-3 PUFA was almost
the same between FO and CO, the EPA and DHA content in the CO was significantly lower
at 0.3 gvs 0.7 gin FO. This fact is due to the difficulty that CO contains other LC n-3 PUFA,
especially SDA, in addition to EPA and DHA. SDA can be easily metabolized to EPA (Dey
et al.,, 2012). Therefore, the proportion of WE-derived SDA can at least partially explain
the comparable bioavailability of CO to FO. Cook et al. 2016 found significantly higher
AUCs for PTL EPA after CO administration compared to FO. Similarly, a 12-week
intervention study by Vosskotter et al. 2023 showed no significant difference in the 03I
increase between CO, FO (rTAG), and KO, suggesting that the bioavailability of n-3 PUFAs
from CO is equivalent to that from FO and KO. However, the study was limited since the
total daily amount of LC n-3 PUFA was higher in the CO group compared to the FO and
KO group. Although the two studies suggest similar bioavailability of EPA and DHA from
CO compared to FO and KO, the limited number of studies and the methodological
constraints mentioned above prevent a definitive conclusion. To make definitive
statements about the bioavailability of WE-bound LC n-3 PUFAs from CO, studies would
need to be conducted that a) use labeled LC n-3 PUFAs in CO compared to other sources
and b) ensure comparable EPA:DHA:SDA ratios.

3.8 Studies on effect of formulation and delivery systems

The majority of studies on the effect of delivery systems on the bioavailability of n-3
PUFAs have been conducted in the last 10 years (78% of studies), indicating that many of
these technologies have been applied only recently to n-3 products (Table 6 and 7). Most
of the studies conducted were acute studies (72% of studies), which predominantly
showed positive effects of the test products with a specific delivery formulation
compared to the reference formulation (mainly liquid oil in soft capsules) (Bermudez et
al., 2004; Bremmell et al., 2020; Conus et al., 2019; Maki et al., 2018; Mariko Hayashida et
al., 2022; Ottestad et al., 2016; Qin et al., 2017; Vestland et al., 2017; Wakil, Mackenzie, et
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al., 2010) Overall, only a few chronic studies were conducted (28% of studies), and these
predominantly did not find any differences between the formulations. None of the long-

term studies used valid long-term biomarkers such as RBCs.

3.8.1 Emulsions

Generally emulsified LC n-3 PUFA products showed a better bioavailability than non-
emulsified in acute studies (Conus et al., 2019; Ottestad et al.,, 2016; Raatz et al., 2016).
For example, Ottestad et al. 2016 showed that emulsified CLO had a higher bioavailability
compared to non-emulsified liquid CLO. Raatz et al. 2016 showed that EPA absorption
into PPL is higher in emulsions of FO (both oil-in-water and gel forms) as compared to
reference soft capsules. The effects can be attributed to emulsions having smaller
particles, which increases the surface area for enzymatic activity and helps absorption in
the Gl tract (Dey etal., 2012). Acute studies with SEF have shown an enhanced absorption
of EPA and DHA (EE) compared to reference formulations (soft capsules), especially
during fasting (Maki et al., 2009; Mariko Hayashida et al., 2022) or when consumed with
a low-fat meal (Bremmell et al., 2020; Miyoshi et al., 2023). SMEF formulations even led
to significantly higher AUCs (PTL EPA+DHA) compared to reference formulations at
lower EPA+DHA concentrations (Maki et al, 2018; Qin et al, 2017). This offers an
advantage for n-3 EE supplements, as they could be taken independently of meals. The
beneficial effect of SEF bioavailability has also been shown in a chronic study (Mori et al.,
2023). However, the intervention period of only two weeks is too short to detect

differences in long-term EPA+DHA status.
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Table 6. Acute bioavailability studies on the influence of the delivery system on the bioavailability of n-3 fatty acids.

Design n Duration Source, chemical Delivery system Ingestion [Dose [g/d] Sample time Biomarker Result* Reference
form of n3 FA of test
products
Randomized, 15 9h FO TAG (no SEF soft caps vs unformulated Without SEF 0,15,3,57,9h AUC of: For all markers: (Mariko
double-blind, information if | softcaps (reference) meal DHA: 0.9 PTL EPA SEF > Hayashida et
cross-over uTAG or rTAG) EPA: 0.1 PTL DHA reference al, 2022)
Total n3: N/A
Reference
DHA: 0.9
EPA: 0.1
Total n3: N/A
Open-label, 27 24h “high DHA” AO (no Soup enriched with cauliflower- Meal Soup 0,2, 4,6,8 and | AUCof: No difference (Stonehouse
randomized, information on encapsulated AO vs extruded rice DHA: 0.4 24h PTL EPA etal,, 2022)
controlled, lipid class snack enriched with cauliflower- Total n3: 0.4 PTL DHA
Cross-over, composition  and encapsulated AO vs soft caps Snack PTL total n3
single-blind EPA+DHA (reference) DHA: 0.4
distribution) Total n3: 0.4
Reference
DHA: 0.4
Total n3: 0.4
Randomized, 60 24h EE SEF soft caps vs unformulated Low fat [SEF 0,2,4,6,8,24h AUC of: For all markers: (Bremmell et
double-blind soft caps (reference) meal EPA: 0.3 PTL EPA SEF > | al, 2020)
DHA: 0.2 PTL DHA reference
Total n3: N/A PTL EPA+DHA
Reference
EPA: 0.3
DHA: 0.2
Total n3: N/A
Randomized, 8 48 h Greenshell mussel Powder vs food ingredient meal Powder 0,2 4,6,8 12, | AUCof: PTL EPA: (Miller et al,
open label, (no information on (“activated powder”) vs half- EPA: 0.3 24,30,34and 48 | PTL EPA powder > oil 2020)
cross-over lipid class shell unprocessed whole mussel DHA: 0.2 h PTL DHA half-shell > oil
composition  and vs liquid oil (refrence) Total n3: 0.6 PTL total n3 powder = food
Food ingredient ingredient
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EPA+DHA EPA: 0.3 powder = half-
distribution) DHA: 0.2 shell
Total n3: 0.6 food ingredient
Half-shell = half-shell
EPA: 0.3 food ingredient
DHA: 0.3 =oil
Total n3: 0.8
0il Other Markers:
EPA: 0.4 No differences
DHA: 0.3
Total n3: 0.7
Randomized, 47 24h Mixture of 10% Emulsion liquid oil vs liquid oil Without Emulsion 0, 2, 4, 6,8, 10, | AUC of: For all markers: (Conus et al,
Cross-over CLO+ 10% Cod oil (reference) meal EPA: 0.5 and 12 h PTL EPA emulsion > 2019)
(no information on DHA: 0.4 24 h in fasted | PTL DHA reference
lipid class Total n3: N/A state PTL EPA+DHA
composition  and Reference
EPA+DHA EPA: 0.5
distribution) DHA: 0.4
Total n3: N/A
Randomized, 23 24h EE SMEF caps vs unformulated soft Without SMEF 0, 0.25, 0.5, 0.75, | AUC of: For all markers: (Maki et al,
open label caps (reference) meal EPA: 0.3 1,2,3,4,6,8,12, | PTLEPA SMEF > 2018)
cross-over DHA: 0.2 16 and 24 h PTL DHA reference
Total n3: N/A PTL EPA+DHA
Reference
EPA: 0.5
DHA: 0.4
Total n3: N/A
Randomized, 10 24h FO rTAG Tablets vs soft caps (reference) High fat [Tablets 0,2 35, 8 and | AUCof: PTL DHA: (Vestland et
cross-over (maximum  10% meal EPA: 1.6 24h PTL EPA tablet > al, 2017)
EE) DHA: 1.3 PTL DHA reference
Total n3: N/A Other Markers:
Reference no differences
EPA: 1.6
DHA: 1.3

Total n3: N/A
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Randomized, 23 24h EE SC401 soft caps (Micelle Low fat [SC401 0,0.5,1,2,3,3.5 | AUCof: For all markers: (Lopez-
open-label, Formation in Water Without Bile meal EPA+DHA: 1.5 4, 45, 5, 5.5, 6, | PTLEPA SC401 > Toledano et
cross-over Salts) vs soft caps (reference) Total n3: 1.5 6.5, 7, 8, 10, 12, | PTL DHA reference al, 2017)
Reference and 24 h PTL EPA+DHA
EPA+DHA: 3.6
Total n3: 3.6
Cross-over 20 48 h EE SMEF caps vs unformulated soft Without SMEF 0, 0.25, 0.5, 0.75, | AUC of: For all markers: (Qin et al,
caps (reference) meal EPA: 1.0 1,2,3,4,6,8,12, | PTL EPA+DHA SMEF > 2017)
DHA: 0.8 16,24 and 48 h reference
Total n3: N/A
Reference
EPA: 1.8
DHA: 1.5
Total n3: N/A
Randomized, 9 6h FO rTAG Enteric coated (gastric acid High fat [Enteric coated soft | 0,05,1,2,25,3, | AUCof: No difference (West et al,
cross-over resistant) soft caps vs soft caps meal caps 4,5and 6 h PPCEPA 2016)
(reference) EPA: 1.2 PPC DHA
DHA: 0.4 PTAG EPA
Total n3: 1.6 PTAG DHA
Reference PFFA EPA
EPA: 1.2 PFFA DHA
DHA: 0.4
Total n3: 1.6
Randomized, 10 48 h FO TAG (no Liquid Emulsion S (oil-in-water) Low fat [Liquid Emulsion S 0,2,4,8 24, and | AUCof: PPL EPA: (Raatz et al,
cross-over information if | vs liquid Emulsion N (gel) vs meal EPA: 0.7 48 h PPL EPA S > reference 2016)
uTAG or rTAG) liquid Emulsion B (gel with DHA: 0.4 PPL DHA S>B
higher DHA content) vs soft caps Total n3: 1.2 PPL total n3 N > reference
(reference) Liquid Emulsion N Plasma N>B
EPA: 0.7 chylomicron S=N
DHA: 0.4 EPA B = reference
Total n3: 1.3 Plasma Other Markers:
Liquid Emulsion B chylomicron no differences
EPA: 0.7 DHA
DHA: 0.4 Plasma
Total n3: 1.3 chylomicron
Reference Total n3
EPA: 0.7
DHA: 0.4
Total n3: 1.4
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Randomized, 24 6h CLO (no Emulsion liquid oil in yogurt vs Low fat [Emulsion inyogurt 0,2,4and6h TAG-rich For all markers: (Ottestad et
cross-over information on | emulsionliquidoilinjuicevsnon | meal EPA: 0.7 lipoproteins EPA emulsion > non | al,2016)
lipid class emulsified liquid oil DHA: 0.9 TAG-rich emulsified
composition  and Total n3: 1.7 lipoproteins
EPA+DHA Emulsion in juice DHA
distribution) EPA: 0.7
DHA: 0.9
Total n3: 1.7
Non emulsified
EPA: 0.7
DHA: 0.9
Total n3: 1.7
Randomized, 14 48 h FO (no information Milk protein-sugar encapsulated | With milk [Encapsulated n3 | 0,2,4,6,24and | AUCof: No difference (Sanguansri
cross-over on lipid class n3 powder sachet vs Milk lpowder 48 h PTL EPA etal, 2015)
composition  and protein-sugar-resistant starch EPA+DHA: 1.0 PTL DHA
EPA+DHA encapsulated powder sachet vs Total n3: N/A PTL total n3
distribution) soft caps (reference) Resistant starch
lencapsulated
lpowder
EPA+DHA: 1.0
Total n3: N/A
Reference
EPA+DHA: 1.0
Total n3: N/A
Cross-over, 12 72h FO rTAG Enteric coated (gastric acid meal Enteric coated soft | 0, 2, 4, 6, 8, 24, | AUC of: No difference (Schneider et
double-blind resistant) soft caps vs soft caps caps 48,72 h PPL EPA al, 2011)
(reference) EPA: 1.0 PPL DHA
DHA: 0.7 PPL EPA+DHA
Total n3: N/A PPL total n3
Reference
EPA: 1.0
DHA: 0.7
Total n3: N/A
Open-labelled, 6 24h EE Microencapsulated oil vs liquid Without 4.6 g of fish oil | 0,2,4,6,824h AUC of: Microencapsulated (Wakil,
Cross-over oil (reference) meal containing 20% of PTL EPA oil > oil Mackenzie, et
EPA al., 2010)
*“>”: Significant differences in bioavailability blood biomarkers. “=": no differences

65




Abbreviations: CLO, cod liver oil; DHA, docosahexaenoic acid; EE, ethyl ester; EPA, eicosapentaenoic acid; FO, fish oil; PNEFA, plasma free fatty acid; PCE, plasma cholesterol
ester; PPL, plasma phospholipid; PTL, plasma total lipids; rTAG, re-esterified triacylglycerol; SEF, self-emulsifying formulation; SMEF, self-micro-emulsifying formulation; TAG,
triacylglycerol; uTAG, unmodified triacylglycerol (natural form).
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Table 7 Chronic bioavailability studies on the influence of the delivery system on the bioavailability of n-3 fatty acids.

Design n Duration Source, chemical Delivery system Ingestion [Dose [g/d] Sample Biomarker Result* Reference
form of n3 FA of test time
products
Randomized, 40 11d “highly purified” SEF vs unformulated Meal SEF 0,1,2, 3,4, | PTLEPA 1.0, 2.0 and 4.0 g (Mori etal,, 2023)
open-label EPA-EE (reference) EPA: 0.5, 1.0, 2.0, 4.0 567,809, SEF > 18 g
No information on form Total n3: N/A 10 1,12, reference
of administration Reference 13d
EPA: 1.8 No differences
Total n3: N/A between lower
doses and reference
Randomized, 16 1wk 96% purified EPA- SEF vs unformulated Meal SEF 0, 3, 24, | PTLEPA PTL EPA and (Miyoshi et al,
open-label, EE (reference) EPA: 2.0 147, and | RBCEPA neutrophils EPA 2023)
parallel-group No information on form Total n3: N/A 168 h Peripheral SEF > reference
of administration Reference blood Other Markers:
EPA: 1.8 mononuclear no differences
Total n3: N/A cells EPA
Neutrophils
EPA
Open-label, 47 4 wk FO (no information Milk protein-sugar | Withmilk [Encapsulated n3 powder | 0, 4w PTL EPA No difference (Sanguansri et al,
parallel-group, on lipid class encapsulated n3 EPA+DHA: 1.0 PTL DHA 2015)
composition  and powder sachet vs milk Total n3: N/A PTL total n3
EPA+DHA protein-sugar-resistant Resistant starch RBC EPA
distribution) starch encapsulated lencapsulated powder RBC DHA
powder sachet vs soft EPA+DHA: 1.0 RBC total n3
caps (reference) Total n3: N/A 031
Reference
EPA+DHA: 1.0
Total n3: N/A
Randomized, 99 4 wk FO (no information Microencapsulated FO Meal Powder 0,4 wk Whole blood | No difference (Hinriksdottir et al.,
double-blind, on lipid class powder sachet vs meals EPA: 1.2 EPA 2015)
composition  and enriched with liquid FO DHA: 0.5 Whole blood
EPA+DHA Total n3: 1.9 DHA
distribution) Liquid
EPA: 1.2
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DHA: 0.5
Total n3: 1.9

Open-label

25

4 wk

FO (no information
on lipid class
composition  and
EPA+DHA
distribution)

Food enriched with
microencapsulated
liquid FO vs soft caps
(reference)

Meal

No information on EPA
and DHA dose of test
products

Total n3: 0.9

0, 4w

Platelet EPA
Platelet DHA

No difference

(Wallace
2000)

et

al.,

* “>”: Significant differences in bioavailability blood biomarkers.

Abbreviations: DHA, docosahexaenoic acid; EE, ethyl ester; EPA, eicosapentaenoic acid; FO, fish oil; 03], omega-3 index; PCE, plasma cholesterol ester; PTAG, plasma

“_n,

no differences

triacylglycerol; PTL, plasma total lipids; RBC, red blood cell; rTAG, re-esterified triacylglycerol; SEF, self-emulsifying formulation; SMEF, self-micro-emulsifying formulation; TAG,

triacylglycerol; uTAG, unmodified triacylglycerol (natural form).
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3.8.2 Microencapsulation

Studies on the effect of microencapsulated fish oil (FO) formulations on EPA and DHA
bioavailability have yielded inconsistent results. One acute study found positive effects
(Wakil, Mackenzie, et al., 2010), two others did not (Sanguansri et al., 2015; Stonehouse
etal., 2022). Wakil et al. 2010 showed that FO EE microencapsulated in exines,protective
shells derived from pollen grains, significantly increased plasma levels of EPA (in PTL)
compared to liquid oil as a reference under fasting conditions. The authors suggested that
the potential reason for this could be the protective structure of FO-enriched exines,
which allows the whole unit to migrate intact through the mucosal cell without releasing
its inner core until it enters the circulation. If this is the case, then EPA and DHA EE would
have to be broken down after uptake in the body. In a recent acute study Stonehouse et
al. (2022) evaluated the effect of a vegetable-based delivery system (cauliflower as the
coating material) on the bioavailability of a DHA-rich AO. The encapsulated DHA-AO was
tested in different test products (soup and extruded rice snack) compared to soft caps
and no difference in bioavailability was found. In another acute study, no difference in
EPA and DHA bioavailability was observed between two different encapsulated powders
- milk protein-sugar and milk protein-sugar-resistant starch - compared with soft
capsules as a reference (Sanguansri et al, 2015). The study showed that both
encapsulated groups reached peak plasma n-3 PUFA levels faster than the reference
group, but the total absorption (AUC) over 48 hours showed no significant differences. In
the study by Sanguansri et al. (2015), the intervention was extended to four weeks, yet
no significant group differences were observed.. In addition to PTL, RBC (including 03I)
were used as markers. Two further studies with an intervention over 4 weeks also found
no differences between microencapsulated FO and the references (Hinriksdottir et al.,

2015; Wallace et al,, 2000) .

3.8.3 Other formulations

Some recent delivery systems focus on enhancing the emulsification and solubility of n-3
oils to improve their bioavailability. One study used fish oil (rTAG) tablets as a reference
in an acute administration and observed improved bioavailability for PTL-DHA, but not

for PTL-EPA. These tablets were formulated using -cyclodextrin to increase solubility.
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The authors suggest that the altered solubility makes the tablets less dependent on the
bile acid, resulting in faster absorption. Lopez-Toledano et al. 2017 used a formulation
called Advanced Lipid Technologies™ (SC401), which forms oil micelles in situ in an
aqueous medium (Lopez-Toledano et al.,, 2017). In an acute bioavailability study, they
found that SC401 significantly improved the bioavailability of EPA+DHA EE soft capsules
compared to reference soft capsules, which were ingested together with a low-fat meal.
The AUCs of PTL EPA, DHA and EPA+DHA were significantly higher after ingestion of the
micelle-forming EE soft caps compared to the reference soft caps, even though the dose
of EPA and DHA was less than half as high. The authors attribute the increased availability
to the micelle formation and improved solubility, which makes the test product
independent of the presence of bile salts and ultimately improves the bioavailability of
EPA and DHA under low-fat feeding conditions. Enteric coating of capsules does not seem
to affect the bioavailability of rTAG oils (Schuchardt, Schneider, et al., 2011; West et al,,
2016).

3.9 Limitations of the review

Our review has several limitations that should be noted. The studies primarily focused on
adults, excluding children, adolescents, and the elderly. Additionally, our literature search
was restricted to the GOED and PubMed databases, potentially missing relevant studies
from other sources. The lack of age and sex-specific data in many studies prevented
detailed demographic analysis. Furthermore, we exclusively assessed EPA and DHA,
overlooking other n-3 forms like ALA and DPA. The inclusion of studies with unadjusted
dose differences adds inconsistency and may affect the reliability of bioavailability

assessments.

Potential publication bias and geographical and ethnic variability further restrict the
generalizability of our findings. By acknowledging these limitations, we aim to provide a
clear context for interpreting our findings and to guide future research toward

addressing these gaps.

3.10 Clinical implications and future directions
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Methodological inconsistencies between studies highlight the need for standardized
research protocols to assess bioavailability and ensure reliable comparisons. With regard
to the significance of the results, a distinction must be made between acute bioavailability
and long-term chronic bioavailability studies. If a significant difference in blood
EPA+DHA levels is found between two formulations in an acute study, it can be concluded
that the product has better acute bioavailability, but this may not be true in the long-term.
It is crucial for authors of papers reporting significant differences in n-3 bioavailability to
remain mindful that these variations may not necessarily have physiological significance.
The question depends on the concentration at which a significant difference in a
bioavailability marker between two test products can be considered “biologically
relevant”. Only a few studies investigated the clinical significance of bioavailability
differences between n-3 products. Although some studies have indicated that the lower
bioavailability of EE compared to rTAG also results in a reduced effect on lowering fasting
serum TAG levels (Schuchardt, Neubronner, et al., 2011), the effectiveness of EE has still
been demonstrated in numerous clinical studies (Wong et al., 2013). Due to the clear
evidence for an association between the 031 and various clinical events, the question of
the biological significance of n-3 bioavailability can only be addressed with chronic
administration studies combining long-term n-3 status and clinical markers. Future
research should focus on the effects of new products on long-term tissue enrichment
metrics like the 03I, and those products and technologies that routinely produce
“optimal” status levels should be considered effective in providing the many health

benefits of n-3 FAs.

3.11 Summary and conclusions

Results from most studies are not directly comparable due to differences in EPA+DHA
blood marker used. Moreover, the heterogeneity in study designs, including variations in
duration, sample size and other methodologies, complicates the drawing of consistent
conclusions. Some studies lacked detailed reporting on critical factors such as PUFA
intake via background diet, baseline EPA+DHA status, and compliance with

supplementation protocols, potentially leading to variability in bioavailability outcomes.
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In conclusion, the bioavailability of EPA and DHA varies significantly based on their
chemical form, with NEFA demonstrating the highest bioavailability, followed by PL,
rTAG, uTAG, and EE. The bioavailability of rTAG and NEFA forms is higher than that of
uTAG and EE forms. Taking supplements with a fat-containing meal increases the
bioavailability of EE, but also of TAG and other lipid forms. Available data do not suggest
that KO provides superior EPA and DHA bioavailability compared to other sources.
Especially, chronic bioavailability studies have failed to demonstrate that KO has a
superior long-term impact on EPA and DHA status compared to other sources. The
bioavailability of KO appears to depend largely on the proportion of EPA and DHA as PL
or NEFA. However, there are still no definitive conclusions, as no studies have tested oils
with varying and clearly defined distributions of LC n-3 PUFA as PL, TAG, and PL under
standardized conditions. The composition of different KOs and the proportion of
EPA+DHA as PL, TAG, NEFA varies considerably. Therefore, the bioavailability of KO can
only be determined by testing each specific KO. General statements about "better
bioavailability of EPA and DHA from KO" are not based on the totality of the available
data. The bioavailability of AO and CO cannot be conclusively assessed due to a lack of
data. As the chemical presence of EPA and DHA in refined AO is the same as in refined FO,
it can be assumed that there are no differences in bioavailability. Emulsification and
especially SEF are promising technologies for improving the bioavailability of EPA and
DHA, especially for meal (and fat) independent intake. However, there is not yet enough
data, especially from chronic bioavailability studies, to make a conclusive assessment. For
encapsulated FO formulations, there is no evidence of an effect on the availability of EPA

and DHA.
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