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Objectives: There is no convincing evidence that krill oil (KO) consumption results in a higher incorporation of
long chain w-3 polyunsaturated fatty acids into blood lipid fractions than fish oil (FO). This study examined
the postprandial plasma lipidomic responses to KO supplementation compared with FO supplementation in
healthy women.

Methods: Ten women (aged 18—45 y) consumed a high-fat (15 g of olive oil) breakfast, supplemented with

ﬁe?; ;”‘?:”S-' 5 g of KO or FO in a randomized crossover study with a minimum 7-d washout period between the supple-
Firslh gill mentations. Plasma samples collected at the fasting state and at 3 and 5 h postprandially were analyzed using

liquid chromatography electrospray ionization—tandem mass spectrometry.

Postprandial lipidomic response . .. -
Results: After the supplementations, 5 out of 34 lipid classes or subclasses had significantly greater concen-

Phospholipids

Triacylglycerol trations from KO compared with FO. There were 27 molecular species including 5 ether-phospholipid spe-
EPA cies, out of a total of 701, which had significant differences between supplementations in the postprandial
DHA period. Eicosapentaenoic acid and docosahexaenoic acid from KO were preferentially partitioned toward
phospholipid molecular species, whereas eicosapentaenoic acid and docosahexaenoic acid from FO were
preferentially partitioned toward neutral lipids.
© 2019 Elsevier Inc. All rights reserved.
Introduction

Marine oils containing long chain w-3 fatty acids are common
supplements available over the counter. The estimated total world-
wide sales of these supplements in 2016 amounted to $33 billion
[1]. There are several major sources of long chain w-3 fatty acids,
including fish oil (FO), krill oil (KO), and algal oils. KO differs from
FO in the major lipid classes [2]. Indeed, in FO, triacylglycerols are
the predominant lipid class (>98%), whereas in KO the lipid classes
include phospholipids (mostly phosphatidylcholine [PC]), triacyl-
glycerols, and free fatty acids (FFA). Furthermore, w-3 fatty acids
are found in all three of these lipid classes in KO [3].
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There have been many studies on the incorporation of w-3 fatty
acids into blood and tissue lipids from marine oils, with a number
of them, but not all, concluding that there is greater incorporation
of w-3 fatty acids into blood lipids from KO compared with FO
[4—11]. In fact, advertising for KO often mentions a greater bio-
availability than FO, without a specific indication of whether this
refers to w-3 fatty acids or other components in the oils, such as
carotenoids [12].

Four postprandial studies have investigated the incorporation
of long chain w-3 fatty acids into plasma from KO compared with
FO [6-9]. Two of these studies compared KO with reesterified tria-
cylglycerols (TG) from FO or ethyl-ester concentrates of eicosapen-
taenoic acid (EPA) and docosahexaenoic acid (DHA) from FO [6,7].
The other two studies compared KO with FO [9] and krill meal [8].
The findings from these studies have not been consistent. The post-
prandial studies by Schuchardt et al. [7] and Yurko-Mauro et al. [6]
reported that the incorporation of EPA and DHA into plasma phos-
pholipids from KO was not significantly greater than FO. These
studies also suggested that substantial variability between
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participants may have limited their capacity to detect significant
differences between the study oils. Kohler et al. [8] reported a sig-
nificantly greater incorporation of w-3 fatty acids into the plasma
phospholipids from KO than that of FO. Sung et al. [9] found that a
lower dose of EPA from KO (70% of that provided from FO) resulted
in a similar incorporation of EPA into plasma total lipid fatty acids.
Moreover, out of three longer-term studies that compared KO with
FO [6,10,11], only one [11] reported a significantly higher incorpo-
ration of EPA into plasma lipids from KO than that of FO.

All the studies referred to here used gas chromatography of the
fatty acid methyl esters derived from the plasma lipid classes (TG, PL,
total fatty acids) to compare KO with FO. Because KO and FO contain
distinctly different lipid classes, a more effective approach to com-
pare the incorporation of the two oils is to examine a wider plasma
lipidome, enabling the detection and identification of hundreds of
different lipid species, including the classes of interest [13,14].

There have been no clinical studies comparing the postprandial
incorporation of w-3 fatty acids from KO and FO into different lipid
molecular species; in other words, comparing the resulting post-
prandial plasma lipidomes. In recent years lipid analysis techniques
have become increasingly available through the use of ultra-high-
performance liquid chromatography, electrospray ioniza-
tion—tandem mass spectrometry (UHPLC ESI-MS/MS) [15,16]. This
methodology gives greater detail about temporal patterns of fatty
acid uptake into molecular species of lipids and allows more
detailed understanding of the relative significance of the biochemi-
cal pathways being followed by the fatty acids [17—19]. The aim of
this study was to examine the postprandial incorporation of long
chain w-3 fatty acids into different molecular species of plasma lip-
ids after the ingestion of KO compared with FO. We hypothesized
that the plasma lipidome would be differently affected by intakes
of KO compared with FO.

Material and methods
Study participants

Ten healthy premenopausal women aged 18 to 45 y within a body mass index
range of 20 to 30 (kg/m?) were recruited via e-mails to all Victoria University staff
and students, and flyer advertisements in the Nutritional Therapy Teaching Clinic
of the university, community centers, and local medical practices. Participants
were screened for their suitability using a medical questionnaire and anthropo-
metric measurements before enrolling into the study. The study was undertaken
at Victoria University Metabolic Clinical Laboratory, St Albans campus. Participants
were excluded if they were cigarette smokers; were pregnant or lactating; had
heart, liver, kidney, or inflammatory bowel disease or diabetes; took medications
interfering with lipid metabolism or lowering blood lipids; had an allergy to fish
or seafood; or had consumed oily fish more than twice a week or supplements
including w-3 fatty acids in the past 4 wk before the study. The mean daily intake
of long chain w-3 fatty acids based on a 24-h recall (see later for details) was 106 +
91 mg at baseline [9].

Study design

The details of study design have been fully described in our previous publica-
tion [9]. In brief, this study was conducted in accordance with the ethical principles
outlined in the Declaration of Helsinki and the protocol was approved by the Ethics
Committee of Victoria University Human Research (HRE 14-040), and informed
consent was obtained from all participants before the study. This trial was regis-
tered with the Australian and New Zealand Clinical Trial Registry (ACTRN
12615000620527).

The study was a randomized crossover intervention with a test breakfast con-
taining different dietary oils consumed in a randomized order with a 7-d washout
period between the test meals (Fig. 1) [9]. The sequence of the oil ingestion was
determined by a randomization list generated by an independent person. During
the study period, all participants were instructed to maintain their habitual diet
and not to consume fish, seafood, or w-3 fortified foods more than twice a week.
On arrival, a fasting blood sample was collected and the participants then con-
sumed a single test meal (breakfast), which consisted of 150 g of fresh mashed
potato mixed with 15 g of olive oil, together with five capsules of KO or FO with
250 mL of water. All participants finished the test meal, including the capsules,

within 15 min, and they were only allowed to drink water during the following 5
h. After the test meal consumption, postprandial blood samples (10 mL) were col-
lected every hour for 5 h, thus making a total of six blood samples, including the
sample at baseline, per participant per test meal. The lipidomic analysis was con-
ducted on samples collected at time 0, 3 and 5 h from the KO and FO supplementa-
tions.

Dietary recording

Dietary information was collected using a 24-h recall where a nutritionist
interviewed each participant before the study and each of the three supplementa-
tions. The data from 24-h recall were analyzed using FoodWorks Version 8 (Xyris
Software, Brisbane, QLD, Australia). We note that disadvantages of the 24-h
recall include the inability of a single day's intake to describe the typical diet. The
success of the recall also depends on the memory, cooperation, and communica-
tion ability of the participant.

Each participant, in a random order, received each of the three supplementa-
tions (olive oil, olive oil/krill oil, or olive oil/fish oil). There was a 7-d washout
between each supplementation.

Study oils

The KO and FO capsules (both products from Swisse Wellness Pty Ltd., Mel-
bourne, VIC, Australia) were purchased from a local pharmacy. The fatty acid pro-
file of these oils was analyzed using gas chromatography before the
commencement of intervention and were typical of such oils, as reported in the lit-
erature, with KO containing 18% and FO containing 29% of long chain w-3 fatty
acids, respectively [9]. Five grams of KO and FO provided 907 mg and 1441 mg of
EPA plus docosapentaenoic acid (DPA) plus DHA, respectively. These included
542 mg of EPA, 67 mg of DPA, and 298 mg of DHA in KO and 786 mg of EPA,
182 mg of DPA, and 473 mg of DHA in FO. It is recognized that the 5 g of KO and FO
did not contain identical amounts of w-3 polyunsaturated fatty acids (PUFA), but it
was deemed that was preferable to use capsules rather than liquid oils to maintain
the test oils in as blinded a fashion as possible and to minimize the participant
withdrawal from the trial as a result of smell and taste considerations.

The lipid species of studied oils were analyzed using UHPLC ESI-MS/MS techni-
ques. KO contained 28.2 nmol/p.L oil as phospholipids (mainly lysophosphatidyl-
choline [LPC]) and PC compared with FO, which contained 0.03 nmol/uL oil as
phospholipids (Table 1). The neutral lipid concentration was similar between the
study oils (KO 34.3 nmol/pL compared with 36.6 nmol/pL for FO); however, the
proportions of the neutral lipid species varied (KO was rich in diacylglycerol [DG],
whereas FO was rich in TG). The olive oil, which acted as a carrier of the study oils
to stimulate chylomicron formation [20,21], was rich in TG plus DG (71.3 nmol/
L) and almost devoid of phospholipids (0.03 nmol/p.L).

Lipid extraction and lipidomics analysis

Briefly, plasma samples (10 wL) were extracted in a single-phase extraction
with 20 volumes of CHCl;:MeOH (2:1) and 10 pL of an internal standard mix (in
CHCl3:MeOH [1:1]) containing between 50 and 1000 pmol each of 23 non-physio-
logical or stable isotope-labeled lipid standards, as previously described [13]. Lipi-
domic analysis was performed by UHPLC ESI-MS/MS, using an Agilent 1290 HPLC
coupled to an Agilent 6490 triple quadrupole mass spectrometer.

Identification of plasma lipid molecular species

A total of 701 lipid species were measured and analyzed using dynamic multi-
ple reaction monitoring where data were collected for a retention time window
specific to each lipid species. Results from the chromatographic data were ana-
lyzed using Mass Hunter Quant where relative lipid abundances were calculated
by relating the area under the chromatogram for each lipid species to the corre-
sponding internal standard. Correction factors were applied to adjust for different
response factors, where these were known [22]. Although many of the measured
classes had a single acyl chain, which was easily identified in a single experiment,
many were esterified with two or more. DG were easily characterized through the
neutral loss of a single acyl chain during collision-induced dissociation. Triacylgly-
cerol species were determined through the neutral loss of a single acyl chain,
allowing for partial structural characterization (in particular polyunsaturated spe-
cies). However, glycerophospholipids do not provide acyl composition through
collision-induced dissociation of the standard [M+H]* precursor ion aside from
ethanolamine plasmalogens [23]. Additional characterization was conducted using
either negative mode (phosphatidylethanolamine and phosphatidylinositol spe-
cies) or positive mode in the presence of lithium and monitoring the lithiated
adduct (PC and sphingomyelin species). Species that were chromatographically
separated were labeled as such (i.e., PC [16:0_22:6] and PC [18:2_20:4], whereas
species that were mixed isomers were given the standard phospholipid notation
(i.e., PC [40:8] was a mixture of 20:4/20:4 and 18:2_22:6).
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Assessed for eligibility (n=17)

Excluded (n=7)
- Did not meetinclusion criteria (n = 5)

- Withdrew consent(n=2)

Subjects randomised (n = 10)
Sequence 1(olive oil, fish oil, thenkrill oil), n=4
Sequence 2 (fish oil, krill oil, then olive oil), n=3
Sequence 3 (krill oil, olive oil, thenfish oil), n=3

Subjectsreceived study oils
and completed the study (n = 10)

Sequence 1(olive oil, fish oil, thenkrill oil), n=4
Sequence 2 (fish oil, krill oil, then olive cil), n=3
Sequence 3 (krill oil, olive oil, thenfish cil), n=3

Withdrew or
Did not receive any study oil (n =0)

Analysed for lipid species (n= 10)
Only following krill oil and fish oil

Fig. 1. Flow chart of study design.

w-3 Lipid species analyses

Many lipid species had sufficiently resolved structures to identify those con-
taining w-3 components (20:5 EPA, 22:5 DPA, and 22:6 DHA). However, some
measured “species” actually represented mixtures of molecular species. In these

Table 1
Concentrations of major lipid classes in krill oil and fish oil

Concentration (pmol/wL)

Lipid classes Krill oil Fish oil Olive oil
Total DG 20492 10037 29498
Total TG 10797 23935 41777
Total COH 2451 591 0
Total CE 315 2027 43
Total ubiquinone 233 306 15
Sum of neutral lipids 34288 36896 71333
Total PC 12346 9 11
Total PC-O 1370 1 1

Total PC-P 50 1 1

Total LPC 13196 8 8
Total LPC-O 446 0 0
Total LPC-P 2 0 0
Total PE 281 2 2

Total PE-O 68 0 0
Total PE-P 27 4 6
Total LPE 250 1 1

Total LPE-P 2 0 1

Total PG 24 3 1

Sum of polar lipids 28063 30 33

CE, cholesteryl ester; COH, cholesterol; DG, diacylglycerol; LPC, lysophosphatidylcho-
line; LPC-O, lysoalkylphosphatidylcholine; LPC-P, lysoalkenylphosphatidylcholine;
LPE, lysophosphatidylethanolamine; LPE-P, lysoalkenylphosphatidylethanolamine;
PC, phosphatidylcholine; PC-0, alkylphosphatidylcholine; PC-P, alkenylphosphatidyl-
choline; PE, phosphatidylethanolamine; PE-O, alkylphosphatidylethanolamine; PE-P,
alkenylphosphatidylethanolamine; PG, phosphatidylglycerol; TG, triacylglycerol.

cases, we drew on our expert knowledge of the possible main molecular species
that were part of the mixture to assign these lipids as w-3 lipids or not (e.g., 40:8
can be 20:4/20:4 and/or 18:2/22:6).

Statistical analysis

Using an a priori power calculation based on a previous study [24], we deter-
mined that the minimum number of participants needed to detect a difference in
EPA in the plasma was 6 (two-tailed ¢ test at the 5% significance level for a power
of 90% based on a change of 24.8 pg/mL with SD 14.3). Our 10-participant cross-
over study was thus adequately powered for this outcome.

For each lipid species and lipid class, we performed two types of analyses to
statistically evaluate changes over time. On the one hand, we calculated the ratio
(expressed as a percentage) between the area under the curve (AUC) delimited by
lipid concentration across all available time points, and the AUC generated by
assuming that the baseline lipid concentration remains constant (i.e., continued
fasting). This “relative AUC” (relAUC) provides a single per-participant/oil estimate
of the total 5-h lipid flux in plasma after supplementation. We then analyzed
relAUCs between supplementations using paired t tests for each species and class.

On the other hand, we performed linear mixed modeling for each lipid class and
species, wherein (log10) lipid concentration was modeled as being modulated by a
combination of time, supplementation, and the interaction between the two, using
participant as a random effect to account for participant-specific variation. Several
tests were carried out on this model. To evaluate whether the overall model was
capturing a non-negligible fraction of lipid concentration variation, it was evaluated
against the corresponding null mixed model using analysis of variance. To identify
which predictors in the model were contributing to the fit, we performed type III
sums-of-squares analysis of variance on each term, thus providing P values for each
of the predictors. Finally, to determine which categories of the predictors were con-
tributing to the fit, we performed typical post hoc tests on the model coefficients.
We selected contrasts so that the 3-h and 5-h time points were compared with the
baseline (0 h) as a reference and so that FO was the reference against which KO was
compared; consequently, the interaction coefficients were KO+ 3 h and KO+5 h.

The P value distributions across all lipids obtained for each analysis (relAUC,
linear mixed model, predictors, post hoc tests, each for lipid species and each lipid
class) were evaluated visually for proper test behavior, and all those reported here
were deemed to perform sufficiently well (i.e., relatively flat distribution, with per-
haps a peak toward zero) for use in further analysis (not shown). We then enforced
a three-step strategy for multiple testing correction. Initially, model-level P values
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were corrected for multiple testing using Storey’s local false discovery rate (FDR)
procedure [25] across all lipids, generating q values. For significant (q value < 0.05)
models only, we then corrected the predictor P values using the same procedure;
others were discarded. Finally, only post hoc P values for coefficients correspond-
ing to significant (q value < 0.05) predictors were corrected using the same proce-
dure; others were discarded. This strategy allowed us to maintain maximal power
for calling lipids affected by dietary intake across the large number of lipids exam-
ined. Despite this, multiple testing corrections were very stringent for class-level P
values. We thus report on nominal P values for class-level results hereafter.

We considered corrected species-level and nominal class-level P values of
<0.05 as significant. Lipid species and classes with at least one significant result in
either analysis (relAUC or mixed models) were examined further. Results for both
of these analyses, including nominal P values and local FDR-corrected q values, are
provided in Supplementary Tables 1 (for lipid classes) and 2 (for lipid species).
Mean lipid species and class concentrations and mean percentage changes at 3-h
and 5-h time points with respect to baseline, are also provided descriptively. We
also used one-sided hypergeometric enrichment tests to evaluate whether the var-
ious lists of significantly affected lipid species were enriched in lipids containing
®-3 moieties (i.e., testing whether such moieties were found within the affected
lipid lists than expected by chance); P values and fold enrichments are reported in
text. All statistical analyses were carried out in R (x64, Version 3.5.0) (R Foundation
for Statistical Computing, Vienna, Austria) [25].

Results

Participant characteristics and intake of dietary long chain w-3 PUFA
at baseline

Ten healthy women completed the crossover study with KO
and FO supplementations. Baseline measurements (mean + stan-
dard deviation) included participant’s age (28.5 4 9.3 y), systolic
blood pressure (113.0 +£ 10.9 mm Hg), diastolic blood pressure
(70.8 £+ 9.9 mmHg), and a body mass index of 25.8 & 3.6 (kg/m?).
All participants completed a 24-h dietary recall on each study day,
which was analyzed using FoodWorks Version 8. The daily intake
of long chain w-3 PUFA was 106 & 91.0 mg. There was no signifi-
cant difference in w-3 fatty acid food intake for each participant
between the study days.

KO-specific changes in lipid classes

Thirteen of the 34 lipid classes presented with a nominally sig-
nificant supplementation-related change during the 5-h postpran-
dial period (Supplementary Table 1). Figure 2A shows the
distributions of their relAUCs after each type of supplementation.
Six classes had significantly different relAUCs between KO and FO
supplementations (cholesterol [COH], GM3 ganglioside [GM3], tri-
hexosylceramide (Hex3 Cer), PE-P, sphingosine-1-phosphate, ubi-
quinone). Interestingly, five lipid classes (COH, GM3, Hex3 Cer,
lysophosphatidylinsitol, sphingomyelin [SM]) had higher concen-
trations at the 3-h or 5-h time point, or both, after KO supplemen-
tation compared with FO (Fig. 2B).

Thirteen lipid classes presented at least one nominally signifi-
cant change after at least one supplementation. Relative area under
the curve represents total plasma lipid flux over the 5-h postpran-
dial period. Boxplots represent the distributions of relAUC percen-
tages across all 10 participants after KO (orange) and FO (light
blue) supplementations. Asterisks (*) denote lipid classes with
nominally significant differences between supplementations. The
circles represent outliers.

Five lipid classes presented a nominally significant KO-specific
increase in concentration during the postprandial period. Concen-
tration trajectories in response to each supplementation (orange:
KO; light blue: FO) over the time points with lipidome data (base-
line, 3 and 5 h). All values are relative to baseline values. Trajecto-
ries for individual participants are shown as light lines.
Per-supplementation averages are shown in bold lines with
whiskers of +1 standard deviation. Asterisks (*P < 0.05; **P < 0.01;

P < 0.001) represent significant terms for FO compared with a
constant baseline. Hashes (#P < 0.05; ##P < 0.01; ###P < 0.001)
represent significant terms for KO compared with FO.

Individual lipid species levels are extensively modulated during the
postprandial period

A total of 701 lipid species, including many species containing
-3 components, were detected across the 34 lipid classes. Of
these, 134 had levels that were altered in one way or another after
a supplementation (significantly different relAUC, significant sup-
plementation, or significant time x supplementation interaction)
(Fig. 3; Supplementary Table 2). A total of 88 of these were neutral
lipids (of classes DG, TG, and ceramide), and 46 were polar lipids
(acylcarnitine, GM3, Hex3 Cer, LPC, lysophosphatidylethanolamine,
PC, alkylphosphatidylcholine [PC-O], PE, PE-P, PI, SM), including 39
phospholipid-related species, of which five were ether-phospholi-
pids, including one containing an EPA and one DHA.

A total of 134 lipids presented a significant change in concentra-
tion during the postprandial period. Figure 3A represents neutral
lipids species, whereas Figure 3B represents polar lipid species.
Each row represents a lipid species; each column corresponds to a
coefficient in the linear mixed model (3-h and 5-h FO indicate
changes over the postprandial time against the baseline for FO sup-
plementation; Tmt represents the overall change between FO and
KO; 3-h and 5-h KO indicate the additional changes over time after
KO supplementation compared with FO reference). Heat map col-
ors indicate the amplitude and direction of changes (black to blue
to cyan: increasingly negative; black to red to magenta: increas-
ingly positive). Cells are marked with+and — signs to indicate
direction and significance (+++ or — P < 0.001, ++ or — P <
0.01,+or — P < 0.05, [+] or [-] P < 0.1). The w-3 bar on the left is
colored to reflect w-3 moiety presence (EPA: orange; DPA: dark
orange; DHA: orange-red). The relAUC bar on the left indicates sig-
nificant relAUC differences between FO and KO (pink P < 0.10, red
P < 0.05).

KO-specific changes in plasma lipid species

Twenty-seven species, including 16 phospholipid-related spe-
cies (PC, PE-P, LPC, and five ether-phospholipid species) had signifi-
cant KO-related changes in the postprandial period using at least
one of our analyses (Supplementary Table 2). The relAUC of 16 out
of these 27 lipid species, including seven EPA- and three DHA-con-
taining species, were significantly greater after KO supplementa-
tion compared with FO (P < 0.05) (Fig. 4A).

Of these 27, 12 species presented with KO-specific increases
over time (Fig. 4B). Nine of these were phosphatidylcholine-related
(LPC, PC, PC-0), including two ether-phospholipid species. In the
neutral lipid classes (DG and TG), another five of the 27 species had
levels that significantly increased after FO supplementation but
that increased significantly less after KO supplementation (Fig. 4C).

Twenty-seven lipid species presented a significant KO-specific
concentration change over the postprandial period. The relAUC
represents total plasma lipid flux over the 5-h postprandial period.
Boxplots represent the distributions of relAUC percentages across
all 10 participants after KO (orange) and FO (light blue) supplemen-
tations. Asterisks (*) denote lipid classes with nominally significant
differences between supplementations. The circles represent out-
liers.

Twelve lipid species presented a significant KO-specific concen-
tration increase compared with FO during the postprandial period.
Concentration trajectories in response to each supplementation
(orange: KO; light blue: FO) over the postprandial time points are
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Fig. 2. (A) Relative AUCs after KO and FO supplementations for 13 lipid classes of interest. (B) Relative postprandial concentration changes after KO and FO supplementations
for five lipid classes of interest. AUC, area under the curve; Cer1 P, ceramide-1-phosphate; COH, cholesterol; FO, fish oil; GM3, GM3 ganglioside; Hex2 Cer, dihexosylceramide;
Hex3 Cer, trihexosylceramide; KO, krill oil; LPI, lysophosphatidylinsitol; PI, phosphatidylinositol; S1 P, sphingosine-1-phosphate; SM, sphingomyelin.

provided with lipidome data (baseline, 3 h, and 5 h). All values are
relative to baseline values. Trajectories for individual participants
are shown as light lines. Per-supplementation averages are shown
in bold lines with whiskers of 1 standard deviation. Asterisks (*P
< 0.05; **P < 0.01; ***P < 0.001) represent significant terms for FO
compared with a constant baseline. Hashes (#P < 0.05; ##P <
0.01; ###P < 0.001) represent local FDR-corrected significant
terms for KO compared with FO.

Five lipid species presented a significantly lower increase after
KO supplementation compared with FO supplementation. Concen-
tration trajectories in response to each supplementation (orange:
KO; light blue: FO) over the postprandial time points are provided
with lipidome data (baseline, 3 h, and 5 h). All values are relative to

baseline values. Trajectories for individual participants are shown
as light lines. Per-supplementation averages are shown in bold
lines with whiskers of +1 standard deviation. Asterisks (*P < 0.05;
**P < 0.01; ***P < 0.001) represent significant terms for FO com-
pared with baseline. Hashes (#P < 0.05; ##P < 0.01; ###P <
0.001) represent significant terms for KO compared with FO.

Postprandial lipids changes are most marked in w-3 species

As shown in Figure 3, the set of 134 lipids with concentrations
significantly modulated during the postprandial period was
enriched in lipids containing w-3 PUFA (hypergeometric enrich-
ment test, fold = 2.632, P << 0.05). In particular, the 27 lipids with
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Fig. 4 Continued.

KO-specific modulations were even more enriched in w-3 PUFA
(hypergeometric enrichment test, fold = 2.903, P << 0.05). Further-
more, of the 88 neutral lipids significantly modulated during the
postprandial period, a large fraction of w-3 TG and all w-3 DG were
strongly and significantly increased after FO supplementation and
generally had lower increases after KO supplementation (though
only five were significantly less so) (Fig. 3). Conversely, a large frac-
tion of non—w-3 TG with significant postprandial changes were
often significantly decreased at 5 h after FO supplementation
(Fig. 3). Conversely, most of the TG species containing fewer car-
bons and double bonds were significantly decreased at 5 h after FO
supplementation (Fig. 3). The 39 phospholipid species (LPC, lyso-
phosphatidylethanolamine, PC, PC-O, PE, PE-P, PI) with significant
postprandial changes were enriched in species containing w-3
components (hypergeometric test, fold =2.791, P < 0.05) and were
typically increased at 3-h and 5-h time points after FO and equally
or even more increased after KO supplementation (Fig. 3).

Discussion

The principal aim of this randomized crossover study was to
compare the postprandial lipidomic responses to supplementation
with KO and FO in healthy women over a 5-h postprandial period
to understand the dynamic metabolism of the plasma lipids at the
molecular species level. It is recognized that the amounts of long
chain w-3 fatty acids in the two study oils were not identical for
practical reasons as stated in the Methods section (mainly blinding
of participants). It is acknowledged that the impact on the results
would be that FO rich in TG compared with KO would have greater
effects on TG lipidomic responses, and in contrast KO rich in PL
compared with FO would have greater effects on PL lipidomic

responses. To overcome the impact of these differences in lipid
contents of the study oils on the results, we have compared the
mean percentage change from the baseline after each oil supple-
mentation. In addition, relative AUCs were analyzed.

Most studies comparing KO with FO have examined the fatty
acid composition of total plasma lipids, plasma phospholipids, or
plasma TG. These fractions are very heterogeneous pools of lipid
classes and molecular species, and to date such approaches have
not revealed consistent significant differences in the uptake of w-3
fatty acids from KO and FO in either short-term or long-term stud-
ies [7,8,10,11].

In terms of lipid classes, of the six that had a significantly
greater relAUC (%) for KO compared with FO, only two of these lipid
classes were present in the study oils (cholesterol and alkenyl
phosphatidylethanolamine). Five of these six lipid classes were
present in very low abundance in the plasma, compared with COH,
which was one of the main plasma lipid classes. Both the oils con-
tained COH and cholesteryl ester, albeit in different concentrations,
although the total concentration of COH plus cholesteryl ester was
similar between the two oils (Table 1). It can be speculated that
these two sterols are digested and absorbed at different rates and
have differing influence on lipoprotein turnover once incorporated
into the chylomicrons (CM) and plasma lipoproteins. The KO con-
tained a number of different ether lipids, whereas such lipids were
virtually absent from the FO (Table 1). Little is known about the
digestion and absorption of ether lipids, apart from assuming they
would follow similar pathways to diacyl- or monoacyl-phospholi-
pids. PE-P was one of the least abundant ether-phospholipids in
KO, and it is not clear why there was a significantly greater
response for this lipid class in the postprandial plasma after the KO
supplementation compared with FO. We propose that after the
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uptake or absorption of the alkenyl phosphatidylcholine from the
KO, it was converted to PE-P, likely in the liver. The origin of the
other four lipid classes (GM3, trihexosylceramide, ubiquinone, and
sphingosine-1-phosphate) in the postprandial plasma is unknown;
thus the explanation for their levels in the postprandial plasma
after KO supplementation being significantly greater than FO
requires further investigation.

As shown in Supplementary Table 2 for lipid species, there were
significant increases in many molecular species containing EPA,
DHA, and DPA in phospholipids (the main one being PC) and in TG
and DG after supplementation with both the w-3 oils over the post-
prandial period. The w-3 fatty acids from KO were preferentially
partitioned toward the PC (diacyl- and ether-phospholipids),
whereas the w-3 fatty acids from FO were preferentially parti-
tioned to neutral lipids (DG and TG). These novel data highlight the
importance of being able to study changes in a postprandial study
in many different lipids classes and molecular species using a suffi-
ciently sensitive technique. It is of interest that the results from
Sung et al. [9], using thin-layer chromatography, were indicative of
different responses to KO versus FO for plasma phospholipids and
TG. In the present study, this is the first time that it has been possi-
ble to differentiate specific responses to KO and FO consumption in
terms of plasma lipids containing w-3 fatty acids.

There are several possible explanations for these novel find-
ings—first, the difference in TG content of KO and FO.

The KO used in this study had a lower proportion of TG (24% of
total lipid classes of KO) compared with the FO, which contained
98% TG (quantitative latroscan thin-layer chromatography, data
not shown). Therefore, based on mass of fed TG and the well-

known lipid digestion and absorption of fatty acids from TG, it
should be expected that there would be a lower relAUC for w-3
fatty acids in plasma TG and DG from the KO arm than that in FO
arm of the study.

Second, The KO used in this study contained 61% phospholipids
(of the total lipid classes) compared with the FO, which contained
1% phospholipids (quantitative thin-layer chromatography, data
not shown). Therefore it should be expected that there would be a
difference in the phospholipid absorption in the postprandial
period between the two oils. However, the pathways of digestion
and absorption of phospholipids, for both diacyl- and ether-phos-
pholipids, are poorly understood (Fig. 5).

The literature suggests that phospholipids in the intestine
(from food or bile) are digested by pancreatic phospholipase A,
[26,27] into FFA and lysophospholipids (Fig. 5). The lysophospho-
lipids and FFA are then absorbed and reassembled into phospholi-
pids in the mucosal cells and exported into the blood circulation
via CM [28,27,29]. Some of the FFA from the dietary/bile phospho-
lipids are believed to be incorporated into the TG and then
exported in the CM [28]. Two studies have reported that dietary
phospholipids after digestion and absorption are preferentially
incorporated into high-density lipoproteins (HDL) either via pref-
erential transfer or passive exchange [27,29]. It has also been sug-
gested that some intestinal phospholipids may be absorbed
passively without hydrolysis [29]. A final possibility, which has
not been extensively studied, is that lysophospholipids may be
transferred directly from the intestinal mucosa to the portal vein
for direct transport to the liver [29]. Thus it might explain why
PC-O from the KO could be metabolized to PE-P in the liver and
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then released into plasma. Because lysophospholipids bind
strongly to serum albumin, it is likely that this is how the
absorbed lysophospholipids from the digestion of dietary phos-
pholipids could be transported in the blood. Phospholipids from
HDL, via the action of lecithin-cholesterol acyl transferase, can be
transferred to the plasma membranes of various cells and tissues
[30]. It is likely that lipoprotein phospholipid fatty acids, derived
from dietary phospholipids, can be incorporated into cellular
membranes, resulting in alteration of the cellular membrane com-
position [31,32]. Although there is uncertainty about the digestion
and absorption of diacyl-PC species as described earlier, almost
nothing is known about such processes for ether-phospholipid
species. Perhaps these are digested and absorbed in the same way
as the diacyl-phospholipid species, but this is uncertain.

There is one study in which the postprandial incorporation of
13 C-DHA-PC was followed for 20 h in volunteers [33]. The 13
C-labeled DHA was incorporated into FFA, LPC, PC, and TG. A con-
trasting study, where 13 C-DHA-TG was fed in a similar study
design, indicated that the 13 C-label was mostly found in very low
density lipoprotein TG with lesser amounts in albumin-bound FFA
[34]. Therefore dietary phospholipids might be transported into
the bloodstream after digestion and absorption in CM, HDL, or as
lysophospholipids bound to albumin. In contrast, dietary TG are
mostly transported via CM, followed by uptake in the liver and
redistribution of the TG fatty acids into different lipids of exported
lipoproteins (very low density). The previously discussed studies
about possible metabolism of dietary phospholipids reveal that
fatty acids from these phospholipids could be incorporated into
plasma phospholipids, which make up lipoproteins in the post-
prandial phase. Thus in postprandial studies of KO compared with
FO, plasma phospholipids and TG should both be examined.

A number of studies have reported negative associations
between ether-phospholipids and several medical conditions
[35—-42]. Because this is a postprandial study, it is not known
whether the increase in plasma EPA-, DHA- and DPA-containing
ether-phospholipids, such as alkylphosphatidylethanolamine, after
KO supplementation will be translated to long-term effects. Further
longer-term studies are required to determine those effects and the
potential health benefits associated with KO supplementation.

Limitations of the study

It is acknowledged that the present study had several limita-
tions, which include lipidome data covering a short time frame
(5 h), having a small number of participants (n =10), with partici-
pants not totally blinded to test oils (capsule contents were differ-
ent colors: KO dark and FO light oil color). It is possible that the
small participant number has obscured some differences between
KO and FO supplementations. Further study with a large number
of participants and more samples collected from additional time
points is warranted to verify the lipidomic responses to the two
marine oils.

Conclusions

There were clear differences between KO and FO supplementa-
tions in the postprandial period, which were most noticeable in
the changes in diacyl-phospholipids and ether-phospholipids. It is
not known whether the changes identified in the short term trans-
late to changes in the longer term. Further studies are required to
validate the findings from this postprandial study through larger
longer-term studies and to determine the potential health benefits
associated with KO supplementation.
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