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Abstract
The bioavailability of long-chain omega-3 polyunsaturated fatty acids (n3 PUFA)
can be affected by the form in which they are bound. An alternative source of n3
PUFA is Calanus finmarchicus oil (CO), which, unlike fish oil (FO) and krill oil
(KO), contains fatty acids primarily bound as wax esters. Recent studies have
shown that n3 PUFA from CO are bioavailable to humans, but CO has not been
compared to other marine oils such as FO or KO. Therefore, the aim of this
study was to investigate the influence of 12 weeks supplementation with CO,
FO and KO on the long-term n3 PUFA status in healthy volunteers. The
Omega-3 Index (O3I), defined as red blood cell EPA + DHA content as a per-
centage of total identified fatty acids, was used as a measure to assess n3
PUFA status. Sixty-two participants (mean ± standard deviation [SD] age: 29.7
± 8.43 years) completed the randomized parallel group study (CO group:
n = 21, 4 capsules/day, EPA + DHA dose: 242 mg/day; FO group: n = 22,
1 capsule/day, EPA + DHA dose: 248 mg/day; KO group: n = 19, 2 capsules/
day, EPA + DHA dose: 286 mg/day). At baseline, the three groups showed
comparable (mean ± SD) O3I values (CO: 5.13 ± 1.12%, FO: 4.90 ± 0.57%,
KO: 4.87 ± 0.77%). The post-interventional (mean ± SD) O3I increase was
comparable between the three groups (CO: 1.09 ± 0.55%; FO: 1.0 ± 0.53%;
KO: 1.15 ± 0.65%, all p < 0.001). The study confirms that CO can increase the
n3 PUFA status comparable to FO and KO and is therefore an alternative
marine source of bioavailable n3 PUFA, especially with regard to sustainability.
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INTRODUCTION

Oils rich in omega-3 polyunsaturated fatty acids
(n3 PUFA) are mainly of marine origin such as cold-water

fish or krill. An alternative source of n3 PUFA is Calanus
finmarchicus, a lipid-rich copepod from the North Atlantic
Ocean (Payton et al., 2022). The bonding form of n3
PUFA in CO is fundamentally different from conventional

Abbreviations: ADA, adrenic acid (22:4n6); aLNA, alpha-linolenic acid (18:3n3); ANOVA, analysis of variance; ARA, arachidonic acid (20:4n6); CO, Calanus
finmarchicus oil; COG, Calanus oil group; DBP, diastolic blood pressure; DGLA, dihomo-γ-linolenic acid (20:3n6); DHA, docosahexaenoic acid (22:6n3); DPAn3,
docosapentaenoic acid (22:5n3); DPAn6, docosapentaenoic acid (22:5n6); EE, ethyl ester(s); EPA, eicosapentaenoic acid (20:5n3); FA, fatty acids; FFA, free fatty
acids; FO, fish oil; FOG, fish oil group; gLNA, γ-linolenic acid (18:3n3); HDL, high-density lipoprotein; KO, krill oil; KOG, krill oil group; LA, linoleic acid (18:2n6); LDL,
low-density lipoprotein; MUFA, monounsaturated fatty acid(s); N3 PUFA, omega-3 polyunsaturated fatty acid(s); N6 PUFA, omega-6 polyunsaturated fatty acid(s);
O3I, Omega-3-Index; PUFA, polyunsaturated fatty acid(s); PL, phospholipides; RBC, red blood cell(s); rTAG, re-esterified triacylglyceride(s); SBP, systolic blood
pressure; SD, standard deviation; SDA, stearidonic acid (18:4n3); SFA, saturated fatty acid(s); TAG, triacylglyceride(s); TC, total cholesterol; TFA, trans fatty acid(s);
WE, wax ester(s).

Andreas Hahn and Jan Philipp Schuchardt contributed equally to this work.

Received: 25 January 2023 Revised: 13 March 2023 Accepted: 13 March 2023

DOI: 10.1002/lipd.12369

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2023 The Authors. Lipids published by Wiley Periodicals LLC on behalf of AOCS.

Lipids. 2023;58:129–138. wileyonlinelibrary.com/journal/lipd 129

mailto:schuchardt@nutrition.uni-hannover.de
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/lipd
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flipd.12369&domain=pdf&date_stamp=2023-03-24


marine n3 oils. The dry mass of CO contains up to 60%
lipids. 80%–90% of all fatty acids contained in CO are
bound as wax esters (WE), while triacylglycerides (TAG)
and phospholipids (PL) play a minor role with about
1%–10% and 5%–10%, respectively (Falk-Petersen
et al., 1987; Schots et al., 2020). In WEs, fatty acids are
esterified with mostly unsaturated, fatty alcohols (Kiauw
de Munck-Khoe, 2018; Pedersen, Vang, & Olsen, 2014).
Approximately 20%–30% of the fatty acids in WEs are
n3 PUFA, of which the main components are eicosapen-
taenoic acid (20:5, EPA), docosahexaenoic acid (22:6,
DHA), and stearidonic acid (18:4, SDA) (Pedersen,
Vang, & Olsen, 2014).

In order to exert their physiological effects, it is a
crucial precondition that n3 PUFA from different oils are
bioavailable (Schuchardt & Hahn, 2013). The bioavailabil-
ity of n3 PUFA depends on several exogenous and
endogenous factors, such as (food) matrix effects or indi-
vidual physiological conditions (Cholewski et al., 2018;
Li et al., 2021; von Schacky, 2019). The chemical binding
form of n3 PUFA has the greatest influence on bioavail-
ability. N3 PUFA are present in different binding forms in
different sources (Lane & Derbyshire, 2018; Zhang
et al., 2019). For example, in crude fish oil (FO) n3 PUFA
are mainly present as TAG and non-nesterified fatty acids
(FFA), whereas in krill oil (KO) n3 PUFA are mainly
bound as PL. In most refined fish oils, n3 PUFA are
bound as re-esterified (re-constructed) TAG (rTAG) or
ethyl-esters (EE). From various bioavailability studies, a
ranking of the bioavailability of the different forms of bind-
ing is shown as follows: PL > rTAG > TAG > FFA > EE
(Cholewski et al., 2018; Schuchardt & Hahn, 2013; von
Schacky, 2014; Zhang et al., 2019).

There are several sample types for assessing n3
PUFA levels in the blood, including whole plasma, whole
blood, platelets, leukocytes, and plasma lipid classes
(i.e., phospholipids, cholesteryl esters, triglycerides, and
free fatty acids). The Omega-3 Index (O3I)—defined as
the EPA + DHA content of red blood cells (RBCs) as a
percentage of total identified fatty acids—is the preferred
biomarker for assessing the long-term n3 PUFA status in
clinical practice and research (Schuchardt et al., 2022;
von Schacky, 2020). RBC cell membranes consist almost
exclusively of phospholipids esterified with EPA and DHA
and are pre-analytically stable. In addition, the O3I reflects
the EPA + DHA composition of other peripheral tissues
(gastrointestinal tract, liver, myocardium, and kidney;
Cholewski et al., 2018; Harris, 2010; von Schacky, 2014).

A recent study showed that the short-term bioavail-
ability (72 h) of CO, and thus, WE-bound fatty acids, is
comparable to that of EE-bound n3 PUFA from fish oil
(Cook et al., 2016). The bioavailability of n3 PUFA from
CO over 12 weeks has also been confirmed in recent
studies (Burhop et al., 2022; Wasserfurth et al., 2020).
However, comparative bioavailability studies with CO
and other conventional n3 PUFA oils are lacking.
Therefore, this study aims to evaluate the influence of

CO on the O3I compared to FO with rTAG-bound n3
PUFA and KO with n3 PUFA mainly bound as PL. We
hypothesized that the increase in O3I after 12 weeks of
CO supplementation would be equivalent to the
increase in O3I after FO and KO supplementation.

MATERIALS AND METHODS

Study design

The present study was conducted as a monocentric,
open-label, randomized intervention trial with a parallel
group design. It was conducted at the Institute of Food
Science and Human Nutrition, Leibniz University of Han-
nover, Germany (hereinafter referred to as the “Institute”).
The study consisted of a screening phase and a 12-week
intervention phase. For data collection, one examination
day was carried out at the beginning (t0) and at the end of
the intervention (t12). Ethical approval was granted by the
Ethics Committee of the Medical Association of Lower
Saxony (Hannover, Germany). Written informed consent
was obtained from all participants prior to their participa-
tion in the study, in accordance with the guidelines of the
Declaration of Helsinki. This trial is registered in the
German Clinical Trials Register (DRKS00025685).

Study participants

Participants in the study came from the greater Hannover
area and the surrounding districts. They were recruited
by Institute staff between June 2021 and June 2022 via
press releases and advertisements in newspapers, social
media, doctors’ surgeries, and pharmacies, as well as via
notices at the Leibniz University of Hannover. The main
inclusion criteria were age ≥20 to ≤50 years, an omnivo-
rous diet, and willingness to take capsules for 12 weeks.

The following were defined as exclusion criteria: severe
chronic diseases, treatment with lipid-lowering agents or
other drugs affecting lipid metabolism (e.g., statins,
fibrates, bile acid exchange resins, phytosterols, etc.), use
of n3 PUFA supplements, regular consumption of fatty fish
>250 g (1 portion)/week, diagnosed blood coagulation dis-
orders and use of anticoagulant drugs (except ASS),
known allergy or intolerance to components of the test
products. Both inclusion and exclusion criteria were estab-
lished using a screening questionnaire and a screening
examination. Each participant had to fulfill all of the
inclusion and exclusion criteria.

Randomization

Participants were randomly allocated to the three study
groups in a six-block system by a third person (Institute
staff member) who was not involved in the study.
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Allocation to the three groups was based on the covari-
ates of sex, and age (in descending order). Group alloca-
tion was decided and communicated to participants by
Institute’s staff members only after the intervention phase
and after the completion and evaluation of all question-
naires and laboratory analyses. The three groups were
named as follows: Calanus oil group (COG), fish oil group
(FOG) and krill oil group (KOG). The subjects and the
Institute staff conducting the study were blinded to the
allocation of the subjects to the different treatment groups.

Composition of supplements

The CO (Zooca® Lipids), FO (EPAX-Seamega 3424
TAG-XO Ultra), and KO (Seamega Krill Oil) supple-
ments used varied in their composition (Table 1). In
order to achieve approximately similar concentrations
of EPA and DHA in the different groups, the daily intake
of capsules was set as follows: 4x in the COG, 2x in the
KOG and 1x in the FOG. With this number of capsules,
the EPA + DHA intake was 242 mg in the COG,
248 mg in the FOG, and 286 mg in the KOG. In addition
to EPA and DHA, CO also contained significant
amounts of SDA and small amounts of alpha-linolenic
acid (aLNA, 18:3n3) and other n3 PUFA. In FO and
KO, the proportion of n3 PUFA other than EPA and
DHA was 14% and 16%, respectively. Subjects were
asked to take the capsules with mealtimes (breakfast,
lunch, or dinner) with plenty of liquid (at least 200 mL).

Subjects were considered compliant only if they
consumed at least 80% of the required capsules. At the
end of the intervention period, the non-consumed
capsules were used for the calculation.

Intervention phase and blood sampling

During the intervention phase from June 2021 to
September 2022, participants were invited to the Insti-
tute for two visits: the baseline visit (t0) and the final

visit after 12 weeks (t12). Blood samples were collected
by a licensed physician after an overnight fast (≥12 h)
between 6:00 am and 10:00 h (for each participant at
the same time at each examination visit, if possible) by
venipuncture of an arm vein. After collection, blood
samples were treated pre-analytically processed and
stored appropriately for analysis.

Analysis of serum lipids

Serum lipid analyses for total cholesterol, high-density
lipoprotein (HDL), low-density lipoprotein (LDL), and TAG
were performed in an accredited and certified laboratory
(Laborärztliche Arbeitsgemeinschaft für Diagnostik und
Rationalisierung e.V., Hannover, Germany) to which the
samples were delivered by courier.

Analysis of fatty acids in red blood cell
membranes and the Omega-3 Index

Fatty acid levels in RBCmembranes including theO3I were
analyzed using dry blood spots (Harris & Polreis, 2016) and
gas chromatography (DeFina et al., 2016) in a certified lab-
oratory (OmegaQuant Analytics, Sioux Falls, SD, USA).
Briefly, EDTA blood tubes were spun for 15 min at
2000 rpm for 15 min to isolate the RBC fraction. After
removal of the plasma and buffycoat, 100 μL of packed
RBC were mixed with 100 μL of an “Erythrosolve” solution
(3 mg EDTA per mL of normal saline) to increase the adhe-
sion of the RBCs on the filter cards. 50 μL of the dissolved
RBCs were spotted onto OmegaQuant oxidant-pre-treated
filter cards. The filter cards were sent to OmegaQuant
Analytics (Sioux Falls, SD, USA) for fatty acid analysis.

Sample size and power calculation

A preliminary study (Wasserfurth et al., 2020), in which
a 12-week administration of CO (2 g/day) resulted in a

TAB LE 1 Dose and composition of the used Calanus oil (CO), fish oil (FO) and krill oil (KO) supplements

Fatty acids

CO FO KO

mg/capsule mg/day (4 capsules) mg/ capsule mg/day (1 capsules) mg/capsule mg/day (2 capsules)

18:3n3 (aLNA) 7.0 28.0 3.0 3.0 7.08 14.2

18:4n3 FA (SDA) 45.0 180 11.5 11.5 17.7 35.4

18:5n3 FA ND - 1.0 1.0 ND -

20:3n3 FA 0.50 2.0 1.0 1.0 ND -

20:4n3 FA 4.50 18.0 6.50 6.50 2.95 5.90

20:5n3 FA (EPA) 31.5 126 128 128 93.2 186

22:5n3 FA (DPA) 1.50 6.0 15.0 15.0 ND -

22:6n3 FA (DHA) 29.0 116 104 104 50.15 100

EPA + DHA 62.0 242 248 248 143 286

Total n3 PUFA 119 476 270 270 171 342
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change in the O3I from t0: 6.0 ± 1.25 to t12: 7.3
± 1.25%, that is, by 1.3%, was used as a basis for
assuming the expected effects (scatter 1.25%). The tol-
erance limit was set at 10% of the observed value, that
is, 0.13%. If an increase in the O3I of 1.3% was
observed in the COG, increases in the FOG and KOG
between 1.17% and 1.43% were considered compara-
ble. To verify this statistically, the mean difference
between the COG and FOG/KOG was determined.
Assuming that the degrees of freedom are approxi-
mately 20% of the individual variation (20% of
1.25 = 0.25), n = 17/group would be sufficient for a
97.5% confidence interval of length ± 0.13%. Based on
n = 17, with a maximum drop-out rate of 15%, the
recommended number of cases was n = 20/group.

Statistical analyses

Statistical analysis was performed immediately after
the end of the survey period using the SPSS statistical
package (IBM SPSS Statistics 28.0; Chicago, IL, USA).
The O3I was defined as the primary outcome. All other
parameters were defined as secondary outcomes.

To test for normal distribution, all data were
tested using the Kolmogorov–Smirnov test and visual
inspection. If the data were normally distributed, one-
dimensional analysis of variance (ANOVA) was chosen
for the overall comparison. When statistical significance
was found between two groups, a post hoc test fol-
lowed by Bonferroni correction was also used. The
Kruskal–Wallis H test was used When the data distribu-
tion was shewed. In addition, a t-test was used to test
whether the changes between the results of the two
examination days were significant. For skewed distrib-
uted data, the sign test was used instead.

An error of p ≤ 0.05 was used as the basis for evalu-
ation. In order to exclude the influence of slightly

different doses of EPA + DHA in the different oils, a
calculation of the dose-adjusted O3I delta value was
performed after the intervention phase. The mean dose
of EPA + DHA was set to 250 mg and the individual
delta values of the groups were calculated as a function
of dose using the rule of three. All other outcomes were
exploratory and evaluated descriptively.

Data were analyzed by protocol. This means that
only the data from participants who completed the
study were analyzed. All measurements are presented
as mean ± SD. All numbers are presented with three
significant digits.

RESULTS

Baseline characteristics

Seventy-eight participants were screened for eligibility.
Sixty-eight of the participants met the eligibility criteria
and were randomized to one of the three study
groups (Figure 1). Sixty-two subjects completed the
study and the data were statistically analyzed. There
were no differences in anthropometric parameters and
blood lipids between the three groups (Table 2).
The mean age of the study subjects was 29.7
± 8.43 years. With a mean BMI of 24.3 ± 3.90 kg/m2,
the population can be classified as normal weight.
Serum lipids indicated that the subjects were normoli-
pidemic (Table 2).

Compliance of the participants

No adverse effects of the supplements were reported.
Average compliance with capsule intake was 89%, with
no significant differences between the groups (CO:
88%, FO: 87%, KO: 92%, p = 0.192).

F I GURE 1 Flowchart describing
recruitment and group allocation of
study subjects
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Omega-3 Index

Baseline O3I values were slightly higher in the COG
compared to the FOG and the KOG, but the differences
between groups were not significant (Figure 2a,
Table 3). After 12 weeks of intervention, the O3I
increased significantly to a similar extent (all <0.001) in
the COG (+1.09%), the FOG (+1.0%) and the KOG
(+1.15%). Accordingly, the increase in the KOG was
the highest, followed by the COG and the FOG. When
adjusting for the different doses of EPA + DHA in the
respective groups (dose-adjusted), the increase in O3I
was highest in the COG, followed by the FOG and the
COG (Figure 2b). However, none of these differences
were significant. The high variability of the O3I values
at t0 and t12 in the COG is striking (Figure 2a, Table 3).
An individual in-person inspection shows that the initial
O3I values of the participants was highly variable
(Figure 3), but the O3I response was equally strong
between individuals.

Other fatty acids in red blood cell
membranes

In all three groups, a shift in the n6/n3 ratio was
observed, as the levels of several n6 PUFA decreased.
The decrease in n6 PUFA was significant for arachido-
nic acid (ARA, 20:4n6), adrenic acid (ADA, 22:4n6) and
docosapentaenoic acid n6 (DPAn6, 22:5n6). Minor
changes in linoleic acid (LA, 18:2n6), γ-linolenic acid
(gLNA, 18:3n6), and dihomo-γ-linolenic acid (DGLA,
20:3n6) were not significantly different. Apart from EPA
and DHA, no relevant changes were observed in the
levels of other n3 PUFA. Remarkably, stearidonic acid
(SDA, 18:4n3) levels in the COG were unchanged after
the intervention. While the small increase in docosa-
pentaenoic acid (22:5n3, DPAn3) levels in the COG
was not significant, DPAn3 levels increased signifi-
cantly in the FOG and the KOG.

While no significant changes were observed in the
total amount of saturated fatty acids (SFA) and PUFA,

TAB LE 2 Baseline demographic and clinical characteristics of the study population

COG (n = 21) FOG (n = 22) KOG (n = 19)
14 women 13 women 11 women
7 men 8 men 8 men
Mean ± SD Mean ± SD Mean ± SD p-Value

Age (years) 29.7 ± 8.40 30.7 ± 9.40 29.4 ± 8.30 0.942

Body weight (kg) 74.6 ± 16.1 77.4 ± 19.3 72.7 ± 10.9 0.866

Height (cm) 175 ± 9.20 175 ± 9.90 172 ± 10.7 0.771

BMI (kg/m2) 24.3 ± 3.90 24.9 ± 4.30 24.8 ± 5.50 0.777

SBP (mmHg) 115 ± 13.7 114 ± 11.5 112 ± 13.9 0.509

DBP (mmHg) 71.5 ± 9.30 72.8 ± 8.60 72.0 ± 9.80 0.633

TC (mmol/L) 4.78 ± 0.86 4.81 ± 0.64 4.91 ± 0.91 0.489

HDL (mmol/L) 1.53 ± 0.32 1.59 ± 0.34 1.45 ± 0.28 0.217

LDL (mmol/L) 2.87 ± 0.64 2.89 ± 0.47 3.03 ± 0.71 0.391

TAG (mmol/L) 1.02 ± 0.45 1.01 ± 0.37 1.24 ± 0.79 0.231

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein; SBP, systolic blood pressure; TAG,
triacylglycerides; TC, total cholesterol.

F I GURE 2 (a) Omega-3 Index
(O3I) at baseline (t0) and after
12 weeks of intervention (t12).
(b) Comparison of unadjusted and
dose adjusted (increase in relation to
EPA + DHA dose) O3I increase
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the amount of monounsaturated fatty acids (MUFA)
decreased slightly in all three groups (p = 0.054 in
COG, p = 0.005 in FOG, and p = 0.031 in KOG). In the
case of trans-fatty acids (TFA), the levels decreased
significantly in the COG (p = 0.009), while a trend
toward decreasing levels was observed in the FOG
(p = 0.070). No changes in TFA levels were found in
the KOG.

DISCUSSION

Only a few studies have been taken out that investi-
gated the bioavailability of CO. Cook et al. focused on
the short-term bioavailability of CO in plasma over 72 h
(Cook et al., 2016). Two long-term studies focused on
the metabolic effects of CO, but also found that CO,
supplemented over 12-weeks, significantly increased
the O3I (Burhop et al., 2022; Wasserfurth et al., 2020).
The present study also aimed to investigate the influ-
ence of CO on the O3I, but in comparison to conven-
tional n3 PUFA sources such as FO and KO.

All three marine oils were consistently well toler-
ated. Compliance was 89%, well above the average for
a 12-week intervention study. The n3 oils, although at
very low doses, significantly increased the O3I by
approximately 1%. This O3I increase is in the range of
O3I increase expected after supplementation with a rel-
atively low dose of �250 mg EPA + DHA/day and a
baseline O3I of �5%. Based on the predictive model of
the O3I response to EPA + DHA supplementation from
FO (rTAG) in healthy adults (Flock et al., 2013),
269 mg EPA + DHA/day would have to be given to
increase the O3I from 5% to 6%. No significant differ-
ences were found between the three oils. This again
allows the conclusion that CO, with mostly WE-bound
fatty acids, has a comparably good effect on the O3I as
FO and KO.

The study population was relatively homogeneous.
Both age and sex structure as well as baseline levels of
the O3I and other fatty acids were similar between the
three groups were similar. The O3I of the entire study
population is comparable to the German adult popula-
tion, where an O3I of 4%–6% has been found in
several studies (Schuchardt et al., 2022; Stark
et al., 2016). Only the basal O3I values of the COG
were somewhat more widely distributed than those of
the other groups. However, this does not seem to have
influenced either the individual O3I response or the
average increase in the COG. Taken together, an influ-
ence of these factors or a difference between the
groups with regard to these factors can be ruled out.

In agreement with the literature (Cholewski et al.,
2018; Taha et al., 2014; Wasserfurth et al., 2020), we
observed that the increase in EPA + DHA in all groups
was accompanied by a decrease in n6 PUFA in all
groups, resulting in a significant decrease in the n6:n3T
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ratio. As the total PUFA levels remained unchanged in all
three groups, it can be concluded that the n6 PUFA in
the RBC membrane are replaced by EPA and DHA.
While LA levels remain largely unchanged, the decline in
n6 PUFA levels is particularly pronounced for ARA and
ADA. Again, the changes were similar between the COG,
FOG, and the KOG.

To ensure that all groups consumed similar
amounts of EPA + DHA, different numbers of capsules
had to be taken by the subjects in the three groups. In
order to eliminate the remaining differences in the EPA
+ DHA dosage between the groups, the dose-adjusted
effect on the O3I was calculated and showed that the
increase in O3I induced by CO is slightly higher com-
pared to FO and KO. However, the difference is mini-
mal and not significant.

Although, we did not observe differences in the O3I
response, the bioavailability of n3 PUFA from the three
oils may differ. The chemical bond form is the most impor-
tant factor influencing the bioavailability of n3 PUFA
(Schuchardt & Hahn, 2013). WE has not yet been consid-
ered important because conventional n3 oils contain
TAG-, rTAG-, EE-, and PL-bound n3 PUFA in addition to
FFA (Cholewski et al., 2018). WE-bound n3 PUFA have
long been thought to be poorly digestible by mammals,
including humans (Bogevik, 2011). Accordingly, most bio-
availability studies have focused on the digestion and
absorption of TAG, EE, or PL (Ahmmed et al., 2020). The
few studies on WE suggest that intact WEs are not
absorbable (Hargrove et al., 2004), leading to the
assumption that the WE-bonds can be effectively cleaved
by lipases (Hargrove et al., 2004). Yang et al. showed in
an in vitro study that the hydrolysis of WE by porcine pan-
creatic lipase was 10–50 times slower than that of TAG
(Yang et al., 1990). The hydrolysis rate is therefore com-
parable to that of EE-bounds, where the enzyme effi-
ciency is approximately 2% of that of TAG. The
hydrolysis rate is an important factor for the desorption
rate of the fatty acids and is therefore an indication of the
bioavailability of n3 PUFA (Cook et al., 2016;
Savary, 1971). The reason for the low hydrolysis rate
may be due to the hydrophobicity of intact WE, which
makes emulsification difficult, and the inhibition of lipase
by the hydrolysis products (Gouni-Berthold &

Berthold, 2002; Place, 1992). It is suggested that bile
acids, colipase, and a carboxyl esterase would be
required in order to release the fatty acids from the fatty
alcohols more rapidly (Gouni-Berthold & Berthold, 2002;
Hargrove et al., 2004; Place, 1992). The slower hydrolysis
of WE results in a longer residence time in the gastroin-
testinal tract compared to TAG or PL, which are already
absorbed in the upper part of the gastrointestinal tract
(Carey et al., 1983; Schots et al., 2020). Whether this
“time-effect” ultimately improves the absorption of n3
PUFA from CO in the end remains unknown. Goretta
showed that hydrolysed fatty acids from WE are well
absorbed in vivo, at least in rats (Gorreta et al., 2002).
Taken together, these findings support the notion that it is
the hydrolysis itself, rather than the absorption of the WE
hydrolysis products, that appears to be the limiting step
(Hargrove et al., 2004). In view of the previous results
showing a limited digestion of WE, it is noteworthy that
CO increases the O3I comparable to FO and KO.

The O3I is determined not only by the amount of
EPA + DHA in the respective oil, but also by other n3
PUFA that can be converted to EPA and DHA. There are
differences in the n3 PUFA composition between the oils.
In contrast to FO, the amount of n3 PUFA other than EPA
and DHA is higher in KO and especially in CO. All three
oils also contain SDA, but the SDA levels in CO are sig-
nificantly higher than in FO and KO, resulting in higher
total n3 PUFA levels in CO. SDA may contribute to the
increase in O3I as already suggested by Wasserfurth
et al. (Wasserfurth et al., 2020). SDA is found to a high
extent in CO (15% of total FA; Pedersen, Salma,
et al., 2014; Pedersen, Vang, & Olsen, 2014). The 18:4
n3 PUFA SDA is an important precursor in the metabolic
pathway of EPA and DHA. In a recent study, we showed
that acute intake of echium oil, another SDA-rich source
(12% of total FA), significantly increased plasma EPA
+ DHA concentrations (Greupner et al., 2019). Harris
et al. showed that SDA-enriched soybean oil (20% of total
FA) significantly increased the O3I (Harris et al., 2008). It
is likely that SDA can be more easily converted to EPA
compared to aLNA, as the metabolic pathway from SDA
to EPA bypasses the delta 6 desaturase, which is the
rate-limiting enzyme in the conversion process (Saini
et al., 2021). It has been suggested that SDA could be

F I GURE 3 Omega-3 Index (O3I)
values of individual participants at
baseline (t0) and after 12 weeks of
intervention (t12). The black, dotted
line shows the mean of the group
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considered as an alternative source of the cardioprotec-
tive n3 PUFA EPA & DHA. The significantly higher dose
of SDA in the COG compared to the FOG and the KOG
may induce a minimal difference in the O3I response.
The fact that the RBC SDA levels in the COG remain con-
stant from t0 to t12 (and similarly in the FOG and the
KOG), supports this thesis. However, the daily amount of
SDA in the COG (180 mg) is considerably higher than the
amount of EPA ingested (126 mg/day), so it can be
assumed that only a very small proportion of the SDA is
converted to EPA or even DHA. What happens to the rest
of the SDA is uncertain. To a minor extent, the low aLNA
content in CO also contributed to the O3I increase. How-
ever, several studies (Brenna et al., 2009; Plourde &
Cunnane, 2007) suggest that the conversion rate from
aLNA to EPA (�5%) and especially to DHA is low (�1%).

Limitations

The study has a number of potential limitations.
Due to the high SDA content in the COG, the total

daily amount of n3 PUFA was higher compared to the
FOG and the KOG. In order to study the influence of
the different n3 PUFA from CO on the EPA or DHA
content in RBC, it would be necessary to compare oils
that containing the similar levels of EPA, DHA, SDA
and other n3 PUFA, which are not available. However,
this is a general limitation of comparative n3 PUFA bio-
availability studies.

The total fat content is also higher in the COG than
in the KOG and significantly higher than in the FOG. It
is known that a sufficient amount of fat is required for
the digestion of bound n3 PUFA (Davidson et al., 2012;
Lawson & Hughes, 1988). Whether the amount of fat in
four CO capsules also affects the fat digestion and
improves the digestion of WE-bound n3 PUFA com-
pared to the relatively lower total fat content of one FO
capsule or two KO capsules cannot be determined.

Due to the small number of cases and the limited
age range of the subjects, the results cannot be extrap-
olated to the general population.

CONCLUSION

Our results show that the long-term effect of CO on the
O3I increase is comparable to FO and KO and could
serve as a new source marine source for cardioprotec-
tive EPA and DHA. Further studies are needed to
investigate the fatty acid kinetics after a single dose of
CO compared to FO and KO.
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