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Abstract: There is evidence that both omega-3 polyunsaturated fatty acids (n-3 PUFAs) and choline
can influence sports performance, but information establishing their combined effects when given
in the form of krill oil during power training protocols is missing. The purpose of this study was
therefore to characterize n-3 PUFA and choline profiles after a one-hour period of high-intensity
physical workout after 12 weeks of supplementation. Thirty-five healthy power training athletes
received either 2.5 g/day of Neptune krill 0il™ (550 mg EPA/DHA and 150 mg choline) or olive oil
(placebo) in a randomized double-blind design. After 12 weeks, only the krill oil group showed a
significant HS-Omega-3 Index increase from 4.82 to 6.77% and a reduction in the ARA /EPA ratio
(from 50.72 to 13.61%) (p < 0.001). The krill oil group showed significantly higher recovery of choline
concentrations relative to the placebo group from the end of the first to the beginning of the second
exercise test (p = 0.04) and an 8% decrease in total antioxidant capacity post-exercise versus 21% in
the placebo group (p = 0.35). In conclusion, krill oil can be used as a nutritional strategy for increasing
the HS-Omega-3 Index, recover choline concentrations and address oxidative stress after intense
power trainings.

Keywords: choline; CrossFit™; power training; DHA; EPA; high-intensity interval training; krill oil;
HS-Omega-3 Index; oxidative stress; phosphatidylcholine; sports nutrition

1. Introduction

The high-intensity modality of exercise performed during short periods of time has
gained popularity in the last decades due to factors related to health, fashion and a sense
of well-being. These activities are known as power training (PT) sports, or high-intensity
interval training activities (HIIT), but sometimes popularly referred to as CrossFit, which
is a registered trademark (CrossFit™). Whereas power lifting focuses on bench press,
squat and deadlift, the PT schedule is characterized by functional movements performed
at high intensity, combining intervals of strength and endurance that can vary between
weightlifting, running, cycling, squatting, pulling, pushing, etc. with little or no rest
in between [1,2]. Because this functional movement training method is metabolically
very demanding, its beneficial effect on health and on improving athletic performance
has been contradictorily assessed [3—6]. Since risks for prolonged responses of oxidative
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stress and inflammation as well as injury and overreaching have been highlighted, dietary
interventions may be required to improve athletic performance and speed up recovery.
There are some studies available that evaluated the benefits of nutritional interventions
in PT athletes [7-13]. However, no interventional data exist that establish choline and
omega-3 polyunsaturated fatty acid (n-3 PUFA) intake as a supplementation strategy to
optimize PT training sessions and recovery, and these important nutrients seem so far
to go unnoticed in this sporting discipline [14]. Given that 90% of the US population is
known to consume too little choline [15], and that European populations also do not reach
the recommended daily intake levels of 400 mg [16], this indicates that athletes might
also be at risk of choline deficiency. The body can produce choline in limited amounts by
using one-carbon groups from the folate metabolism, but most of it has to be supplied by
the diet [17]. It is noteworthy that a person’s need for endogenous choline is increased if
genetic modifications of genes involved in the folate metabolism are present, which will
further increase the risk for choline deficiency [18].

During exercise, plasma choline is needed as a precursor for acetylcholine, which is
a neurotransmitter responsible for muscles contractions [19-21]. If not enough plasma
choline is available, then the body can resort to breaking down phosphatidylcholine, the
building blocks of cell membranes, which can compromise membrane integrity and stress
resistance [22,23]. Vulnerable membranes and reduced acetylcholine production during
intense physical exercise might promote muscle damage and decrease muscle stimulation
resulting in muscle exhaustion [17]. In addition to being essential for neurotransmitter
synthesis, choline is involved in cell-membrane signaling, transport of fat and methyl
group metabolism, which are all important functions for optimal sports performance [24].
However, plasma choline concentrations are known to be challenged during strenuous
physical exercise. In particular, in endurance athletes performing more than two hours
of intense, physical activity at more than 70% VOjnay, a significant decrease of plasma
choline concentrations has been described [17]. In both marathon runners [20,25] and
cyclists [26], the absence of choline supplementation can lead to a 40% reduction in plasma
choline, which might challenge cellular functions and limit performance. Evidence that
confirms whether the availability of choline is also compromised during power challenges
such as PT, and whether choline supplementation might benefit this sporting discipline,
is scarce [17]. One study with college-aged males described supplementation with daily
600 mg alpha-glycerylphosphorylcholine and the effect on increasing lower- and upper-
body isometric strength production [27]. After six days of supplementation, the athletes
had significant gains in lower-body strength when performing isometric mid-thigh pulls
on a force plate, an exercise linked to weightlifting performance.

A sustainable source of choline is provided by krill oil extracted from Antarctic krill
(Euphausia superba). In krill oil, choline is found in the form of phosphatidylcholine [28],
which was shown to significantly increase plasma choline levels and some of its metabolites
in a single 8 g dose plasma kinetic study in healthy volunteers [29]. A longer study
over four weeks confirmed that 4.5 g daily krill oil administration significantly increases
plasma choline and betaine concentrations in healthy young adults [30]. In an athletic
setting, notably after the Ironman-distance Norseman Xtreme triathlon, serum choline
concentrations significantly decreased by 34% from pre- to post-race [31]. On the other
hand, 4 g of krill oil given for 5 weeks before the race significantly increased serum choline
levels both before and after the race when compared to the placebo group.

Krill oil, however, not only provides choline, but also n-3 PUFAs that are bound to
the phospholipid molecules. In particular, the n-3 PUFAs eicosapentaenoic acid (EPA;
C20:5 n-3) and docosahexaenoic acid (DHA; C22:6 n-3) have been intensively studied for
their immunomodulatory, anti-inflammatory and pro-resolving benefits [32-35]. Since
high-intensity training has been discussed to negatively impact immune function and
inflammation [36], n-3 PUFA supplementation may provide a mean to address dietary defi-
ciencies and improve athletic recovery and resistance to infection [37]. Indeed, benefits for
post-exercise immune function after 2 g/d of krill oil for six weeks [38] have been demon-
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strated. Moreover, EPA and DHA are known to stimulate muscle protein anabolism [39]
and 3 g of krill oil given for eight weeks to resistance-trained subjects was shown to activate
mTOR signaling, which is known to trigger an increase in muscle mass [40].

A mean to test EPA and DHA levels is given in the Omega-3 Index and standardization
of the analytical procedure is ensured for the HS-Omega-3 Index [41]. The HS-Omega-3
Index is defined by the EPA and DHA concentrations as a percentage of all red blood cell
(RBC) fatty acids (FAs), which has been suggested to best represent long-term n-3 PUFA
intake and general n-3 tissue status, in particular atrial levels [42]. EPA and DHA become
biologically important once they are integrated into membranes, hence the analysis of RBC
membranes provides a convenient mean to assess tissue distribution. Most importantly, the
HS-Omega-3 Index has been recognized as a risk factor for sudden cardiac death and an
increased risk for cardiovascular disease has been described when the HS-Omega-3 Index
is <4%, an intermediate risk from >4% to <8% and a low risk if >8% [34]. It is therefore
recommended to reach a target range of 8-11% to lower the risk for disease [43]. This can
be achieved by consuming fatty fish or marine n-3 dietary supplements that provide long-
chain n-3 PUFAs [44,45], since conversion rates from the short-chain n-3 alpha-linolenic
acid (ALA) to EPA and DHA in humans are rather poor (8-20% for ALA to EPA; 0.5-9%
for ALA to DHA) [46].

Besides their anti-inflammatory effects, n-3 PUFAs are also known to have anti-oxidant
properties that might deal with the reactive oxygen species (ROS) that are generated pro-
portionally to the intensity of the physical activity [47,48]. This exercise-induced oxidative
stress can contribute to acute muscle fatigue [49], but at the same time is important for
cellular signaling to adapt to training and induce an antioxidant defense response [50].
The antioxidant defense system in the body includes both endogenous enzymatic and
non-enzymatic antioxidant defenses, as well as endogenous antioxidants supplied by the
diet. Exercise duration, intensity, fitness condition and nutritional status of the athlete
will define if the level of ROS produced is helpful or harmful [51]. Chronic exposure of
high ROS levels can be harmful, exhaust the antioxidant defense systems and result in
oxidative damage and impaired cellular function. Nutritional interventions can therefore
be of interest to reduce oxidative stress, decrease muscle soreness and improve sports
performance. So far it has been shown that 1 g/d of krill oil supplementation for six weeks
reduced oxidative stress in professional rowers submitted to exhaustive exercise [52]. In a
study with coronary heart disease patients that received 2 g/d krill oil for three months, it
was proposed that antioxidant capacities were increased via the Kelch-like ECH-associated
protein 1-NF-E2-related factor 2 (KEAP1-NRF2) signaling pathway [53].

In addition to n-3 PUFAs, antioxidant help might also be found in the form of the
carotenoid pigment astaxanthin (3,3’-dihydroxy-f3,B’-carotene-4,4’-dione) that krill oil con-
tains with both hydroxyl groups esterified to FA [40]. Astaxanthin has thirteen conjugated
double bonds and because of their arrangement, astaxanthin has strong antioxidant prop-
erties [54]. The astaxanthin dose that 2.5 g of krill oil provides is around 1.7 mg, which is
below the recommended dose of 4 mg for athletes that is linked to improved muscle dam-
age, time trial performance and power output [55-57]. Nevertheless, it has been suggested
that the phospholipids of krill oil may increase intestinal absorption of astaxanthin [40],
thereby optimizing its availability to the body for integration into cell membranes and fight
against excessive free radical production in athletes [53].

As a result, this 12-week study intended to assist in laying the foundation for op-
timal performance and recovery of PT athletes by demonstrating the effect of krill oil
on HS-Omega-3 Index levels and plasma choline recovery after exercise, as well as on
scavenging free radicals after high-power physical workouts.
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2. Materials and Methods
2.1. Participants and Procedures

Out of 95 screened subjects, 36 individuals fitted the inclusion criteria and agreed to
take hard gelatin capsules (Licap® encapsulation) at the prescribed dose for 12 weeks prior
to a training session. The nutritional composition of the study products is given in Table 1.

Table 1. Characteristics and nutritional composition of study products.

Product Krill Oil Placebo
Product Name NKO™ krill oil Virgin olive oil
Manufacturer Aker BioMarine, Norway Lonza Group, Switzerland
Amount per capsule (mg) 500 500
Capsules per day 5 5
Weeks of administration 12 12
EPA/DHA (g/100 g) 16/6 <1/<1
Total phospholipids (g/100 g) 46 <1
Choline (g/100 g) 6 <1
Esterified astaxanthin (mg/kg) 691 <1

One subject was non-compliant (showing a decrease in the HS-Omega-3 Index after
12 weeks of krill oil supplementation) and therefore was excluded, leaving a total of
35 subjects (27 males and 8 females) in the final sample. A total of 19 participants were
included in the krill oil and 16 participants were included in the placebo group (Table 2).

Table 2. Flowchart of study design.

Time Phase Activity
3 th Subject selection and 1. Subject selection according to eligibility criteria
months characterization 2. Subject characterization (medical examination, ECG, max

exercise test, anthropometry, standard blood analysis)

15 days Group determination

3. Blood analysis:Omega-3 Index, TAC, inflammatory parameters
1 day First training day 4. Power training session (Heart rate, lactate, RPE)
5. Blood analysis: TAC, inflammatory parameters

12 weeks Supplementation period: Placebo (1 = 16) / Krill oil (n = 19)

3. Blood analysis:Omega-3 Index, TAC, inflammatory parameters
1 day Second training day 4. Power training session (Heart rate, lactate, RPE)
5. Blood analysis: TAC, inflammatory parameters

2.2. Eligibility Criteria and Follow-Up

Eligibility criteria were based on selecting healthy athletes of both sexes, between
the ages of 21-40 who had a HS-Omega-3 Index of less than 6% and were in good health,
without chronic or acute inflammatory pathology and normal blood parameters. Volunteers
were excluded when they had had a muscle injury within the last 6 months or used any
sort of medication. Moreover, the athletes had to be practicing the sporting discipline of PT
(or any similar activity such as CrossFit™) in a sports gym with a specialized instructor
for at least 3 years in a row at least four days per week. Another inclusion criterion was
the commitment of the participants to avoid the use of any nutritional supplements and
stay on their normal diet during the study and 15 days prior to study start. To this end,
various clubs were asked for volunteers to participate. A total of 95 medical examinations
were carried out with cardiometabolic-monitored maximal exercise stress tests, blood
standard analyses and determination of the HS-Omega-3 index in order to reach the
number considered appropriate for this pilot study (1 = 40).
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During the study, subjects were reminded every week by email of their commitment
to adhere to the study and every 30 days they had to come to the Centre d’Alt Rendiment
(CAR), Olympic Training Center (OTC) of Barcelona, Spain to obtain the supplementation
for the following month. After two months from trial inclusion, a blood sample was
obtained to assess compliance.

The COVID epidemic was a major hindrance for the recruitment of the last group of
study subjects, nevertheless, there were 18 athletes who voluntarily wanted to conclude
the study and prolonged the supplementation with krill oil (n = 5) or placebo (n = 13)
for another month until the analytical evaluations were carried out. The CAR health
administration allowed a baseline blood draw in these 18 athletes, but because of the
epidemic, the training sessions to evaluate the scavenging free radicals after a high-power
physical workout could not be carried out.

2.3. Exercise Training Sessions Protocol

In the interest of performing a similar training session, typical of a PT facility, the same
instructor performed all sessions with the same exercise model with the same progression
and structure. Six to eight individuals participated in the sessions that were always
performed at the same time in the day, i.e., in the morning, with the same breakfast and
dinner the day before the session. The training sessions were scheduled on a Thursday,
having done moderate training on Monday and Tuesday and no training on Wednesday.
That means that the athletes had at least 24 h of rest from the last training session, which
was at low intensity. The work session protocol included 10 min of oriented warm-up, and
then two series with various stations of intense work lasting 20 min with 10 min of rest
in between. Heart rate was monitored in each athlete using the Polar RS800CXTM HR
monitor. At the end of each series, lactate was measured by micromethod in arteriolarized
blood (lactate analyzer LACTATE PRO 2, Arkray KDK, Japan) at 3 and 5 min and the
internal load session rating of perceived exertion (RPE) was assessed through the Borg
CR-10 scale adapted from [58].

2.4. Blood Sample Collection and Analysis of Total Antioxidant Capacity

At baseline, the samples for the standard analysis and HS-Omega-3 Index were
collected during the fasting state. A 20 mL blood sample was taken by venipuncture,
processed and stored for analysis of the HS-Omega-3 Index and standard health parameters
at baseline, the HS-Omega-3 Index two months after study start and at the end of the
supplementation period, as well as the total antioxidant capacity (TAC) and malonyl
dialdehyde (MDA) concentrations before and after the training session.

The TAC in plasma samples was measured using the OxiSelect™ total antioxidant
capacity assay kit (STA-360, Cell Biolabs Inc., San Diego, CA, USA) following the manufac-
turer’s instructions. High values in the TAC assay reflect a high antioxidant capacity, i.e.,
greater protection. Uric acid equivalent was used to calculate uM copper-reducing equivalent
values. The level of MDA was measured colorimetrically using the OxiSelect™ TBARS assay
kit (MDA Quantitation, STA-330, Cell Biolabs Inc., San Diego, CA, USA). MDA quantita-
tion results are expressed as pmol/L (uM) concentration using the MDA standard curve
obtained during the processing of the plasma samples.

Body composition was assessed by kinanthropometry following international standards
for anthropometric assessments applying the Yuhasz formula modified by Faulkner [59,60].

2.5. H5-Omega-3 Index Analysis

Blood was collected into a vacutainer containing EDTA, and red blood cells (RBCs)
and plasma were separated by centrifugation at 3000 rpm for 15 min at room temperature
and kept on dry ice until stored at —80 °C. The RBCs were used for the analysis of the
membrane FA composition at Omegametrix GmbH (Martinsried, Germany). In short, FA
methyl esters from RBCs were identified by gas chromatography (GC2010, Shimadzu,
Duisburg, Germany) equipped with a SP2560 100 m column (Supelco, Bellefonte, PA, USA)
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using hydrogen gas as a carrier by comparison with a known standard (GLC-727; Nuchek
Prep, Elysian, MN, USA). The HS5-Omega-3 Index was given as EPA + DHA in RBCs
expressed as a percentage of the total identified FAs.

2.6. Choline Analysis

The plasma was used for analysis of free choline and its metabolites at the laboratory
of Bevital AS (Bergen, Norway). Measurements were carried out using an 1100 HPLC
system (Agilent Technologies, Santa Clara, CA, USA). The HPLC system was coupled to an
API3000 triple-quadrupole tandem mass spectrometer (AB Sciex, Framingham, MA, USA)
equipped with an electrospray ion source and fitted with a hot-source-induced desolvation
from IONICS (Calamba City, Philippines). Analyst (Ver.1.5.2; AB Sciex, Framingham, MA,
USA) was used for data acquisition and analysis. Sample processing was performed by
a MikroLab AT Plus robotic workstation (Hamilton, Bonaduz, Switzerland) and samples
of 10 uL of deproteinized plasma were injected onto a Fortis phenyl column from Fortis
Technologies Ltd. (Cheshire, UK) guarded by a Polar-RP SecurityGuard cartridge (Phe-
nomenex, Torrance, CA, USA). The mass spectrometer was operated in the positive ESI
mode, and analytes and internal standards were detected in MRM with unit resolution at
quadrupole 1 (Q1) and low resolution at Q3. More details are given elsewhere [61].

2.7. Statistics

Data were analyzed using IBM SPSS statistics (v27). An independent samples t-test
was used to test baseline group differences as well as between-group differences in FA
profiles. Paired sample t-tests were used to test for within-group changes in individual
FAs across the supplementation interval. Repeated measures three-way ANOVA was
employed to test for overall and interaction effects of time point (pre-supplementation,
post-supplementation; within-subject factor), exercise (pre-exercise, post-exercise; within-
subject factor) and supplement type (krill oil and placebo, between-subject factor) on
RBC FA profiles, including HS-Omega-3 Index, choline concentration, and TAC status.
The assumption of sphericity was tested with Mauchly’s test of sphericity, and adjusted
p-values are given where this assumption is violated. Alpha was set at 0.05.

3. Results

No group differences were found for any of the baseline characteristics described in
Table 3 (all p values > 0.05).

Table 3. Characteristics of study participants (mean & SD). Significant group difference p < 0.05.

Product Krill Oil Placebo

n (male/female) 19 (16/3) 16 (11/5)

Age (years) 325+9.6 33.7£8.0

BMI (m/kg?) 239+24 243 +£2.7

Body fat (%) 11.0 £ 2.6 11.2+26
Resting heart rate (bpm) 65.9 £ 9.55 70.8 £13.7
Maximum heart rate (bpm) 183.6 +11.9 182.9 + 8.9

Maximal oxygen consumption
. 479 £ 5.6 449+49
(VOomax ml/min/kg)
Heart rate after 1 min of recovery 149 £ 15 149 £ 18

3.1. HS-Omega-3 Index

During recruitment, 95 athletes were screened for the HS-Omega-3 Index. The mean
value (£5D) was 6.55% (£1.60%) (Figure 1). Among these subjects, the lowest HS-Omega-3
Index was 2.2%, while the highest was 10.1%. Notably, only 17.9% of the subjects (n = 17)
had a HS-Omega-3 Index above or equal to 8%. In addition, there were 37.9% of the subjects
(n = 36) with a HS-Omega-3 Index lower than 6% and 5.2% of the subjects (n = 5) were
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with a HS-Omega-3 Index value below 4%. The proportion of subjects with a HS-Omega-3
Index between 4 and 8% was 76.8% (n = 73).

™

=]
o

Percentage (%)

= —

6 8 10
Omega-3 index (%)

]
S

Figure 1. The distribution of the HS-Omega-3 Index values among athletes at screening. The red line
indicates the threshold of optimal HS-Omega-3 Index (8%), while the blue line indicates the mean
value of HS-Omega-3 Index (6.55%).

Figure 2 shows group-dependent changes in the HS-Omega-3 Index, with only the
krill oil group showing an increase across the study period. A two-factor mixed-design
ANOVA revealed a significant effect of time point (F1,33 = 55.3, p < 0.001) and a significant
time point x supplement type interaction effect (F1,18 = 27.61, p < 0.001). An inspection of
Figure 2 suggests that this interaction effect is due to the krill oil but not the placebo group,
showing a pronounced increase in HS-Omega-3 Index levels following supplementation.
Post-hoc analyses confirmed this interpretation of the data. The krill oil group had a mean
increase in the HS-Omega-3 Index from 4.82 to 6.77% across the supplementation period,
which was significant (t(18) = 10.5, p < 0.001).

3.2. Individual Fatty Acids

Table 4 shows RBC membrane FA composition before and after supplementation. FA
profiles remained stable across the supplementation period in the placebo group. However,
in the krill oil group there were significant increases in the n-3 PUFAs EPA (from 0.41
to 1.34%; p < 0.001), DPA (from 1.60 to 2.46%; p < 0.001) and DHA (from 4.41 to 5.31%;
p <0.001), as well as a significant decrease in the n-6 PUFA arachidonic acid (ARA) (from
0.41 to 1.34%; p = 0.006). Furthermore, significantly higher post-supplementation values
were found for EPA (p < 0.001), DPA (p < 0.001) and DHA (p < 0.05) and significantly lower
values for ARA (p < 0.01) in the krill oil group vs. the placebo group.
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Figure 2. Mean (+SE) HS-Omega-3 Index across the study period of 12 weeks for the krill oil and
placebo groups. * indicates a significant group difference (p < 0.05).

Table 4. Changes in fatty acid composition pre-supplementation to post-supplementation by supplement type, krill oil or
placebo. Superscripts denote a significant difference in within-group (row-wise) values at * p < 0.01, ** p < 0.001. Letters
denote between-group differences (krill oil vs. placebo) post-supplementation, where ? (p < 0.05), b (p < 0.001) indicate
significantly greater mean values.

Fatty Acid (%) Suppl. Pre Post Fatty Acid (%) Suppl. Pre Post
18:3n-3 Krill oil 0.08 0.08 T Krill oil 0.61 0.58
rans
(ALA) " placebo  0.08 0.08 Placecbo 061 0.59
20:5n-3 Krill oil 0.41 1.34 #b SSaturated Krill oil 38.84 38.69
aturate
(EPA) " placebo 0.4 0.40 Placebo 3924 3896
22:5n-3 Krill oil 1.60 2.46 *b Krill oil 18.29 18.13
(DPA) Y Monounsaturated
Placebo 1.65 1.65 Placebo 17.90 17.96
22:6 n-3 Kirill oil 441 5.31 **a
(DHA) Placebo 4.72 4.71
18:2 n-6 Krill oil 13.41 13.05
Polyunsaturated (linoleic) Placebo 13.68 13.30
20:4 n-6 Krill oil 15.76 15.10 *
(ARA) " placebo  15.76 16249
: : *xb
Tn-3 Krill oil 6.51 9.18
Placebo 6.90 6.83
. . *%
Y'n-6 Krill oil 35.76 33.42
Placebo  35.36 35.66 °
. . *%
n-6/n3 Krill oil 5.84 3.77
Placebo 5.27 5.37b
. : *3%
ARA/EPA Krill oil 50.72 13.61

Placebo  41.33 48.41°
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3.3. Sum of Fatty Acids

An inspection of Table 4 shows that there were no significant changes in trans FAs,
saturated FAs or monounsaturated FAs for any of the groups. However, a significant
increase in n-3 FAs (from 6.51 to 9.18%; p < 0.001) were found for the krill oil group, as well
as a significant reduction in n-6 FAs (from 35.76 to 33.42%; p < 0.001), n-6/n-3 ratio (from
5.84 10 3.77; p < 0.001) and ARA /EPA ratio (from 50.72 to 13.61; p < 0.001). No within-group
changes were observed for the placebo group on the same parameters. Furthermore, the
krill oil group showed significantly higher post-supplementation values relative to the
placebo group for n-3 FAs (p < 0.001), and significantly lower post-supplementation values
for n-6 FAs (p < 0.001), n-6/n-3 ratio (p < 0.001) and ARA/EPA ratio (p < 0.001).

3.4. Exercise Training Session Load

The results of the physiological internal load and subjective effort made are given in
Table 5. An expected and desired work intensity was observed, similar to what is seen in a
normal PT session [1]. No statistical difference in work intensity was observed between
the two treatment groups, nor between sessions of the same group, thus indicating that the
work pattern was the same for all four PT sessions.

Table 5. Exercise training session load described by HR 20/40 (heart rate means during the last 60 s
of the 20- or 40-min periods), lactate (at the 3rd minute of rest of every period) and rating perceived
exertion (RPE, Borg scale with 10 items at the end of the training session).

First Training Session Second Training Session
Kirill Oil Placebo Krill Oil Placebo

Subject number 14 8 14 8
HR 20 (beats/min) 173 (9) 171 (12) 168 (11) 166 (13)
Lactate (mM/mL) 8.2(2.2) 8.5(3.1) 8.8 (2.1) 7.3(2.3)
HR 40 (beats/min) 184 (7) 179 (9) 179 (8) 178 (10)
Lactate (mM/mL) 11.6 (1.8) 12.3 (3.1) 12.8 (2.0) 11.6 (3.3)
RPE 8.3(0.7) 8.4 (0.6) 8.3 (0.9) 8.5(0.7)

3.5. Choline

Complete choline data sets were available from a subsample of 21 participants. An
inspection of Figure 3a reveals pre-supplementation decrements in choline levels from
pre- to post-exercise in both groups (from 9.7 to 8.6 pumol/L in the krill oil group and
9.9 t0 9.4 umol/L in the placebo group), with a similar pattern also being shown in the
krill oil group post-supplementation (Figure 3b). A mixed-design repeated measures
ANOVA supports this interpretation of the data, revealing a significant main overall effect
of exercise (pre-exercise; post-exercise) (F1,19 = 7.19, p = 0.015) across two time points
(pre-supplementation; post supplementation), and a significant overall exercise x time
point interaction effect (F1,19 = 3.17, p = 0.05) in the trial.
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Figure 3. Mean (£SE) plasma choline concentration (umol/L) pre- (a) and post-supplementation (b) for the krill oil and
placebo groups. # and § depict values used for a follow-up t-test for Figure 4.

2.0

1.0

0.0

Choline change (umol/L)

Krill oil Placebo

Supplement

Figure 4. Mean (£SE) change in plasma choline concentration (umol/L) from the end of the first
exercise test (pre-supplementation) to the beginning of the second exercise test (post-supplementation)
for the krill oil and placebo groups. * indicates a significant group difference (p < 0.05).

A follow-up t-test further revealed that the krill oil group filled up the choline pool
significantly more over time after exercise relative to the placebo group from the end of the
first pre-supplementation exercise test (marked in Figure 3 with #1 and §1 for krill oil and
placebo, respectively) to the beginning of the post-supplementation exercise test (marked
in Figure 3 with #2 and §2 for krill oil and placebo, respectively) (t19 = 2.15, p = 0.04), see
Figure 4.

3.6. Total Antioxidant Capacity

A mixed-design ANOVA revealed a significant main effect of exercise (F1,20 = 20.29,
p < 0.001) due to the fact that TAC was reduced as a result of exercise in the krill oil
and placebo groups prior to the supplementation period (Table 6). There were no other
significant main or interaction effects. Interestingly, an inspection of Table 6 reveals that
TAC post-supplementation following exercise was only reduced in the placebo group;
however, the decrease was greater in the placebo group relative to the krill oil group (a
mean reduction in the placebo group of 16% from 179.0 to 141.5 versus a mean reduction
of 0.2% from 149.2 to 137.2 in the krill oil group). However, this group difference in mean
TAC change from pre- to post-exercise was not significant (p = 0.35).
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Table 6. Mean (£SD) total antioxidant capacity results (UM copper-reducing equivalent) pre- and post-exercise with and

without supplementation with krill oil or placebo.

Pre-Supplementation Post-Supplementation
Beforf: 1st After. 1st A%1 Before: 2nd After .2nd A%D
Session Session Session Session
Placebo (1 = 8) 186.0 (£24.9) 140.7 (£28.0) —24.4 (+9.8) 179.0 (£58.5) 141.5 (+44.4) —15.8 (+31.0)
Krill oil (n = 14) 158.8 (£34.6) 115.4 (£28.2) —25.2 (£20.3) 149.2 (£45.8) 137.2 (£43.7) —0.2 (£38.6)

4. Discussion

PT is a demanding fitness discipline that shows increasing popularity but because
of high-intensity training sessions, it might benefit from nutritional optimization. The
study showed three areas of interest that can be influenced by dietary krill oil supple-
mentation, i.e., (a) enhanced choline availability, (b) optimized HS-Omega-3 Index and
(c) improved TAC.

(a) Enhanced choline availability

A depletion of circulating choline has previously been described in endurance athletes
with stronger observed decreases after strenuous and prolonged physical training or
competition events [24]. It is therefore interesting to note, that one hour of intense PT
can also lead to a 7.3% reduction in plasma choline concentrations when looked at all
pre-supplementation participants pooled together. This is a significant decrease, albeit not
in the range of marathon runners who showed a post-race drop of 40% [25] or Norseman
triathletes with a 34% reduction [31]. It also should be pointed out that the post-exercise
circulating choline concentrations, which in this study ranged between 6.7 and 13.6 pmol /L,
were still within the range of healthy persons (7-12 umol /L [61-63]).

Nevertheless, 12 weeks of krill oil supplementation increased plasma choline con-
centrations in the krill oil group (1.19) in comparison to a decrease in the placebo group
(—0.53). This suggests that without optimal oral choline intake, the body cannot fully
recover and will further deplete choline stores [22]. It was suggested that for activities
that reduce circulating choline levels below normal, oral choline supplementation might
increase endurance performance [24], since choline is needed to produce acetylcholine
for optimal muscle performance [25,64]. Assessing performance was not part of this pilot
study and it is unclear if a 7.3% drop in circulating choline concentrations can have an
effect on power performance but could be of interest in a follow-up study. Another way
that low choline levels can reduce sports performance, besides reduced work capacity, is
impaired cognitive function. The assessment of cognitive function was part of the original
protocol for this study, but due to the current COVID-19 pandemic, could not be included
in the test parameters and is kept for a next study.

(b) Optimized HS-Omega-3 Index

In the recruitment for this study, we observed that the prevalence for an HS-Omega-3
Index above 8% was only 17.9%, while 37.9% of the subjects were below 6%. The study
population is considered to be physically fit and healthy, yet more than 80% of the subjects
were below the optimal HS-Omega-3 Index range of 8-11%, which may underlie great
risk for potential cardiovascular incidents. On the other hand, krill oil supplementation
with 2.5 g/d provides 550 mg of EPA and DHA, which is more than the 250 mg/d that are
recommended as an adequate intake for the maintenance of general cardiovascular health
by the European Food Safety Agency (EFSA) [65]. The krill oil dose given for twelve weeks
increased the HS-Omega-3 Index in power athletes from 4.82 to 6.77%, whereas there was
no increase in the placebo group, which confirmed the correct study product intake.

Even though 6.77% is slightly below the optimal target of 8%, changes from 3.58 to
6.87% and from 3.3 to 5% were previously associated with a decreased risk for sudden
cardiac death in a prospective cohort study by about 80% [66] and by a 70% reduction for
risk of primary cardiac arrest in a case-control study [67]. Such changes might therefore
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be of importance, in particular with respect to athletes who may have an elevated risk for
sudden cardiac death when compared to the general population [68,69].

Dietary n-3 intake, sex, age, body mass index, alcohol consumption, smoking and the
chemical form of n-3 PUFA can all influence the HS-Omega-3 Index [70]. In addition, there
is a link between physical activity and the HS-Omega-3 Index according to Davinelli et al.,
who identified a gradual decrease of the H5-Omega-3 Index with a higher weekly running
distance [71]. Metabolic adaptations after intense training can change n-3 and n-6 levels
in membranes [71,72] and athletes are known to have lower n-3 blood levels [44,71,73-76].
Athletes may therefore profit from nutritional interventions that supply extra EPA and
DHA to improve health and performance, reduce inflammation, speed up recovery, repair
muscle damage, as well as to improve blood flow and RBC deformability to increase
oxygen and nutrient delivery to exercising muscles [77]. Moreover, n-3 PUFAs can change
the immune response in athletes by suppressing the pro-inflammatory effects of ARA [78]
and the right balance between ARA and EPA is crucial in the regulation of inflammatory
mediators and resistance to infection [79-81]. In fact, both the n-6/n-3 ratio (from 5.84 to
3.77%; p < 0.001) and the ARA/EPA ratio (from 50.72 to 13.61%; p < 0.001) were significantly
reduced by krill oil supplementation.

(c) Improved total antioxidant capacity

It was encouraging to note that there was a tendency to a lower reduction in the
TAC post-exercise in the krill oil (—8%) in comparison to the placebo group (—21%).
However, significance was not reached, which might be explained by the low number of
tested subjects and should be verified in a larger study setup. A low TAC is indicative of
oxidative stress or increased susceptibility to oxidative damage. The lower reduction of the
antioxidant capacity after supplementation with krill oil may indicate that tissues avoid
depleting the total antioxidant reserves to neutralize oxidative stress caused by exercise
and muscle microlesions. In other words, the possible protection of the higher levels of
n-3 PUFAs and astaxanthin in the cell membranes may minimize cell injury and/or the
antioxidant action of these nutrients limit the use of the internal TAC reserves. Hence,
the results suggest that krill oil increases the capacity to scavenge free radicals; however,
direct measurements of biomarkers of oxidative stress were not part of this study and
should be addressed in the future to exclude a potential mismatch between in vitro and
in vivo findings.

5. Conclusions

While this article cannot give answers to whether the combined administration of n-3
PUFAs, choline and astaxanthin in the form of krill oil will improve PT performance, it
can nevertheless highlight the potential areas where these nutrients can be of benefit, i.e.,
HS-Omega-3 Index optimization before training, as well as choline and oxidative stress
recovery after training. However, it is important to point out that this is a pilot study that
included a low number of participants because of COVID-19 restrictions, which makes it
best suited to detect interesting trends. Future studies should address the involvement of
krill nutrients in improving high-volume muscular endurance workout performance.
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