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Abstract: This randomized trial investigated the effect of krill oil (KO) supplementatio
n during alternate-day fasting (ADF) on body composition and muscle function in over
weight adults. Over an 8-week intervention, participants consumed either four KO caps
ules per day (191 mg EPA, 94 mg DHA, 78 mg choline, and 100 mcg astaxanthin per ca
psule) or vegetable oil as placebo, while body mass, fat-free mass (FFM), and handgrip
strength (HGS) were assessed pre- and post-intervention and analyzed using ANOVA.
A total of 41 participants (25 women and 16 men; age: 39 = 10 years; BMI: 31.1 &= 4.2
kg/m*) completed the stu(iZ. Body weight loss was similar between groups (KO: —4.6

* 1.4 kg; Placebo: —4.5 = 1.9 kg; p > 0.05). However, the KO group maintained FFM
(—0.2 & 0.9 kg) and HGS (—0.2 £ 0.5 kg) with no significant decline, whereas the pla
cebo group showed significant reductions in FFM (—1.2 £ 2.0 kg; p < 0.05) and HGS
6—0.9 + 0.7 lzig; p < 0.05), with between-group differences reaching significance (p <0.
05). These findings indicate that KO supplementation during weight loss attenuates decl

brbels6i3r12muscle mass and strength. Trial registration: ClinicalTrials.gov Identifier NCT06

Keywords: body composition; caloric restriction; long-chain n-3 polyunsaturated fatty acids;
muscle function; weight loss

1. Introduction

Obesity, a major global public health issue, is characterized by excessive fat accumulation and is
linked to various adverse health outcomes, including type 2 diabetes, hypertension, cardiovascular
disease, and musculoskeletal issues[1]. One of the solutions to the pandemic of overweight and
obesity is diet- induced weight loss, with a systematic review and meta-analysis highlighting that
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these interventions result in significant weight loss of on average around 4-5 kg [2]. This level of
weight loss results in improvements in cardiovascular risk factors [2].

However, diet-induced weight loss leads to reductions in both fat mass and fat-free mass (FFM),
with about 25%-30% of body mass loss attributed to the decrease in FFM [3, 4]. This decline in
FFM is primarily associated with reduced muscle mass, potentially leading to diminished muscle
strength[5]. As muscle also has an important metabolic role, this reduction in FFM.

2. Summary

*  Diet-induced weight loss reduces fat-free mass (FFM) and muscle strength, which may
negatively impact metabolic health and physical function. Supplementation with long-chain
n3 polyunsaturated fatty acids (LCn-3 PUFA) improves muscle mass and function, but studies
during weight loss are limited.

*  The current study demonstrated that supplementation with krill oil, as a source of LCn-3
PUFA, during diet-induced weight loss attenuated the reduction in FFM and muscle strength,
improved functional performance, and reduced inflammatory markers.

+  Kiill oil supplementation may offer a beneficial strategy to enhance the quality of weight loss
by minimizing FFM and muscle strength loss. These findings support the implementation of
krill oil supplementation during weight loss in adults living with over- weight and obesity.

3. Methods

3.1 Participants

Healthy adults (25 women and 16 men) aged between 25 and 65 years with BMI > 25 kg/m?2 were
recruited through advertising posters and word of mouth in Glasgow City, UK. Inclusion criteria
were nonsmokers, maintaining stable body weight for 1 month prior to study enrollment, and not
taking any medication, nutritional supplements, or following a special diet. Female participants
were also required to confirm that they were not pregnant. Exclusion criteria were chronic diseases,
uncontrolled hypertension, allergies to seafood, or ambulatory impairments that would limit the
ability to perform assessments of muscle function. Participants provided written informed consent
after being provided with details on the study's objectives, risks, and potential discomfort. Ethical
approval was obtained by the College of Medical, Veterinary, and Life Sciences Ethics Committee
for Non-Clinical Research Involving Human Participants [Reference 20021004 1].and muscle mass
could potentially have adverse effects on metabolic health [6, 7]. Therefore, although individuals
living with overweight and obesity will benefit from body mass loss, strategies to attenuate the loss
of FFM and muscle mass need to be developed.

There is some evidence reported that supplementation with long-chain n-3 polyunsaturated
fatty acids (LCn-3 PUFA), in the absence of other dietary or exercise interventions, can impact
body composition by reducing body fat and increasing FFM [8, 9] and improve tight muscle volume,
handgrip strength (HGS), and time to conduct the chair rising test (CRT) [10, 11]. The beneficial
impact of LCn-3 PUFA on body composition and muscle function can be attributed to several
mechanisms, such as increasing muscle protein synthesis [12], enhancing mitochondrial content
and function, and exerting anti-inflammatory effects[13]. Some studies report that LCn-3 PUFA
during caloric restriction did not affect fat mass and FFM [14, 15], while others suggest that LCn-
3 PUFA during caloric restriction attenuated the reduction in FFM[16]. However, most of these
studies utilized bioelectrical impedance analysis (BIA) techniques for measuring changes in FFM,
which have multiple limitations [17]. On top of this, none of these studies assesses the effect of

supplementation with LCn-3 PUFA during diet-induced weight loss on the parameters of muscle
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function. Furthermore, given that body weight loss [18] and EPA and DHA supplementation are
both associated with reductions in inflammatory markers [19], it can be expected that LCn-3 PUFA
supplementation during body weight loss may positively influence muscle function by exerting a
more pronounced anti-inflammatory effect com- pared to body weight loss alone.

The aim of the current study, therefore, is to investigate the effect of krill oil (KO)
supplementation, as a source of LCn-3 PUFA, on body composition, muscle function, and
inflammatory markers during diet-induced weight loss, via alternate-day fasting, in adults living
with overweight and obesity.

3.2 Study Design

The current study was a double-blind, randomized, placebo- controlled trial with two parallel
groups. Following the screening session, participants were randomly assigned to consume either 4
g/day of KO or vegetable oil (placebo) during the 8- week alternate-day fasting period. Before
starting the 8-week intervention, a 4-week supplementation period was applied. Randomization
was conducted in a 1:1 ratio, with the process carried out by an independent person using online
software (https://www.sealedenvelope.com). To ensure that the study was blinded, an independent
person labeled the capsules as either “A” or “B”, indicating the treatment or placebo group. This
process ensured that neither the researchers nor the subjects knew whether they were receiving KO
or a placebo. Participants conducted experimental trials after the 4-week supplementation period
(before) and after the 8-week intervention involving the collection of biological samples, body
weight measurements, saliva samples, and muscle function assessments. Additionally, participants
recorded their food and drink intake for 3 days (including two weekdays and one weekend) before
and during the final 3 days of the 8-week intervention. Blood samples from an antecubital vein and
dried blood spot (DBS) via finger stick were obtained before and after the intervention. The trial
was registered at ClinicalTrials.gov (NCT06001632).

3.3 Intervention
3.3.1 Alternate-Day Fasting

The alternate-day fasting regimen consists of a fasting day (24 h) followed by an ad libitum feeding
day (24 h) [20], and this study included 28 fasting days and 28 feeding days. During fasting days,
participants consumed only a prescribed meal of 500 kcal, comprising approximately 60 g of
carbohydrates (CHO), 22 g of protein, 15 g of fat, and 10 g of fiber, which was to be consumed
between 12 pm and 2 pm. For the fasting days, participants from both groups were provided with
three meal suggestions that met the prescribed energy and macronutrient intake targets and were
based on commonly available supermarket foods (Table S1). In addition to these meals,
participants were advised to consume either bananas, blueberries, melons, or grapes in amounts
providing no more than 50 kcal. They were allowed to consume water, coffee, tea, and noncaloric
beverages, including diet sodas such as Coke Zero. During the feeding days, participants ate ad
libitum and were advised to drink plenty of water. They were also advised on how to prevent
overeating and, therefore, energy compensation following the fasting day. Participants were
advised to avoid deviation from their habitual diet on feeding days. The participants were asked to
start feeding and fasting days at midnight; however, actual adherence to the prescribed starting
time was not monitored.

3.3.2 Supplementation

Participants of the KO group were instructed to consume four capsules per day of KO, with each

capsule containing 285 mg of LC n-3 PUFA (191 mg of EPA, 94 mg of DHA), 78 mg of choline,

and 100 mcg of astaxanthin. The placebo group was asked to take four capsules per day of mixed
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vegetable oil, comprising a blend of olive oil (extra virgin, cold-pressed), maize oil (refined), palm
kernel oil (refined), and medium-chain triglycerides, in a ratio of 4:4:3:2, which was similar to the
proportional distribution of fatty acids in a normal British diet. The supplements were provided as
capsules, and participants took two capsules with lunch and two with dinner. They were
contacted via emails, text messages, or phone calls weekly to maximize compliance with
supplement intake, and compliance was assessed by comparing fatty acid composition in blood
collected before and after the 8- week intervention.

The KO and placebo capsules were provided free of charge by Aker BioMarine Human
Ingredients AS (Lysker, Norway). The provider had no role in the study's design, conduct, or
analysis.

3.4 Experimental Trials

The experimental trials conducted before and after the 8-week intervention period were identical.
Participants were asked to attend at ~9 am at the metabolic research unit at the New Lister Building
of Glasgow Royal Infirmary, after a 12-h fast. On arrival, the participants' body mass was
measured. Following this, baseline saliva samples, using a passive cotton ball soaking sampling
method, were collected from participants, followed by consumption of an accurately weighed dose
of ~30 g of deuterium (D20) (99.9%-DLM4, Cambridge Isotope Laboratories Inc. MA, USA) for
total body water (TBW) assessment. After dose consumption, ~50 mL of tap water was added to
the tracer container and consumed to ensure complete ingestion. Then, a venous cannula was
inserted to collect fasting blood samples. Follow-up saliva samples were collected 3 h after
ingestion of D20. Then, the participants conducted the HGS test and CRT.

3.5 Anthropometric Measurements

Height was measured using a Harpenden wall-mounted stadiometer (Holtain Ltd. Crymych,
Pembs, UK). Body mass was measured using a balance scale (TANITA-TBF-310, UK). BMI was
calculated as weight in kilograms divided by height in meters squared.

3.6 Total Body Water Measurements by Deuterium Dilution

TBW was measured from the saliva samples by D20 dilution using the stable isotope reference
technique. D20 dilution is a well-established method for the accurate determination of TBW,
which is then used to calculate FFM and fat mass [21]. A two-point plateau method was utilized to
collect pre-dose and post-dose equilibration samples. The D20 dose was care- fully prepared
gravimetrically and diluted in local bottled water (~66% of the total solution).

The measurements of D20 enrichment (dilution space) in saliva samples were conducted using
a portable Fourier Transform Infra-Red (FTIR) spectrophotometer (Agilent 4500 t FTIR, Cheadle,
UK). Alongside local QC standards, local water, and a diluted dose (approximating the dilution of
body water), the baseline and post-dose samples of each participant were measured in the same
run, with water blanks between samples to monitor and reduce isotopic crossover between samples.
Saliva 2H enrichment was calculated as post-dose enrichment—base- line saliva 2H abundance.
Standards and each saliva sample were measured in duplicate.

The 2H pool space (VD, kg) was calculated by saliva enrichment (mg/kg) + dose (mg), and TBW
was calculated from VD correcting for the nonaqueous exchange factor (1.041)[22]. FFM (in kg) was

calculated from TBW correcting for sex-specific hydration factors, and fat mass (in kg) was calculated
as the difference be- tween body mass and FFM.

3.7 Handgrip Strength



HGS was measured three times in each hand, using a hand- held hydraulic dynamometer (Jamar,
Sammons Preston, Nottinghamshire, England, UK). Participants were seated with their arms
supported and arms flexed to 90°. The highest value, in kg, was recorded and used as a value to be
included in the analysis.

3.8 Chair Rising Test

The CRT has been used to evaluate leg power and knee extensor muscle size and strength.
Participants were asked to sit on a chair with arms folded across their chest, perform a rise from a
chair to a full standing position, and sit down again as quickly as possible five times, with time
recorded for the completion of each attempt. The CRT was performed three times, and the fastest
time was re- corded and used as a value to be included in the analysis.

3.9 Blood Sampling and Analysis

Blood samples were collected from an antecubital vein into EDTA Vacuette tubes (Greiner Bio-
One, Kremsmiinster, Austria) at pre- and post-body mass loss intervention. The blood samples
were centrifuged at 4°C, 3000 rpm for 15 min, and then the plasma was collected and frozen at
—80°C for analysis. Plasma concentrations of TNF-a, CRP, and IL-6 were assessed using ELISA
kits (enzyme-linked immunosorbent assay) (Thermo Fisher Scientific Inc. UK). Plasma insulin
concentration was assessed using an ELISA kit from Mercodia AB (Uppsala, Sweden). Plasma
glucose and TAG concentrations were measured using enzymatic colorimetric kits (Randox
Laboratories Ltd. Crumlin, UK; glucose: hexokinase method; TAG: GPO-PAP method).

3.10 Fatty Acid Composition Analysis

A DBS was obtained at pre- and post-intervention through a finger stick to analyze the proportional
distribution of fatty acids in the blood. Specifically, a drop of blood was collected from participants
and applied to a filter paper that had been pretreated with a cocktail solution (Fatty Acid
Preservative Solution, FAPS; Omega Quant LLC, USA). Afterward, the blood samples were
then allowed to dry at room temperature for 15 min before being stored at —80°C until analysis.
Samples were sent to the Omega Quant laboratory, where the sample analyses were processed as
previously reported (Harris & Jason Polreis). In brief, a single punch from the filter paper was
carefully transferred into a glass vial with a screw cap followed by the addition of BTM methanol
containing 14% boron trifluoride, toluene, methanol (35:30:35 v/v/v) (Sigma-Aldrich, St. Louis,
MO). The vial underwent a brief vortexing and was subjected to a 100°C hot bath for 45 min.
After cooling, a mixture of hexane (from EMD Chemicals, USA) and HPLC-grade water was
added. The tubes were then recapped, vigorously vortexed, and centrifuged to facilitate the
separation of layers. Following this separation, a sample from the hexane layer was carefully
transferred to a gas chromatography (GC) vial. This extract was analyzed using a GC-2030 Gas
Chromatograph (Shimadzu Corporation, Columbia, MD) equipped with an SP-2560 fused sil- ica
capillary column (100 m % 0.25 mm ID). The identification of the fatty acids was conducted by
comparison with a standard mixture of fatty acids known to be characteristic of erythrocytes (GLC
0OQ-A; NuCheck Prep, Elysian, MN, USA).

3.11 Dietary Intake Analysis

Energy and nutrient intake was assessed using a 3-day weighted food diary method. Portable
weighing scales (Salter Digital Kitchen Scale, Salter Housewares Ltd., UK) were provided to
participants, and they were instructed to weigh and document all food and drink intake using the
food diary form. The food diaries were then analyzed using Nutritix 2010 (Robert Gordon
University, Aberdeen, Scotland, UK). A comparison of energy intake before the intervention and
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energy intake during the final 3 days of the intervention was used to test adherence to the alternate-
day fasting.

3.12 Statistical Analysis

Data normality was checked using the Shapiro—Wilk test. An in- dependent t-test was used to
determine the differences between groups at baseline. A two-way ANOVA with repeated
measures was conducted to assess the impact of time, group, and time x group interaction on the
study outcomes. All statistical analyses were conducted using IBM Statistical Package for the
Social Sciences SPSS 28.0. Statistical significance was set at p < 0.05. Pearson's correlation
coefficient was used to test associations between changes in FFM and changes in HGS and CRT.

The sample size was calculated based on HGS measurements, with a previously reported
clinically significant difference ranging from 5.0 to 6.5 kg [23]. To detect a 6.5-kg difference in
HGS (standard deviation [SD] 7 kg based on our pilot data) with 80% power at a significance level
of p < 0.05, 40 participants were required (20 participants per group). Accounting for potential
dropouts, we recruited 52 participants.

4. Results

4.1 Participants

Fifty-two participants were enrolled in the study. After randomization, eleven participants
withdrew from the study: three participants moved to another city, three were not able to follow
the alternate-day fasting diet, three withdrew for personal reasons, and two did not keep
appointments for post-intervention measurements. Therefore, 41 participants (25 women and 16
men) completed the study (Figure 1). At baseline, all measures did not differ (p > 0.05, independent
t-test) between groups (Table 1).

4.2 Body Weight and Body Composition

Body mass, BMI, fat mass, and FFM, measured before and after the 8-week intervention, are
presented in Table 1. Body weight was reduced by —4.6 + 1.4 kg and —4.5 £+ 1.9 kg in the KO and
placebo groups, respectively. Two-way ANOVA revealed significant time (p < 0.05) but not
group (p > 0.05) or time x group interaction (p > 0.05) effects for body mass, BMI, and fat mass.
For FFM, two-way ANOVA showed significant time (p < 0.05) and time x group interaction effects
(p <0.0), but not a group (p > 0.05) effect, with FFM loss being significantly reduced in the placebo
group (—1.2 £2.0 kg, p < 0.05) and not changed in the KO group (0.2 + 0.9 kg, p > 0.05).

4.3 Handgrip Strength and Chair Rising Test

HGS and time to complete the CRT, measured before and after the 8-week intervention, are
presented in Table 1. For HGS, two-way ANOVA revealed significant time (p < 0.05) and time X
group interaction (p < 0.05) effects, but not a group (p > 0.05) effect, with HGS being significantly



reduced in the placebo group (—0.9 + 0.7 kg, p < 0.05) but not changed in the KO group (—0.2 £+
0.5 kg, p > 0.05). For the time to complete the CRT, two-way ANOVA revealed significant time
(< 0.05) and time % group (p < 0.05) interaction effects, but not a group (p > 0.05) effect, with time
to complete the CRT being shorter in the KO group (—1.8 + 0.9 s, p < 0.05) but not changed in the
placebo group (—0.3 £ 1.2 s, p > 0.05). In the pooled sample, changes in HGS were not correlated
with FFM changes (r = 0.04, p = 0.82) while changes in the time to complete CRT were negatively
correlated with changes in FFM (r = —0.37, p = 0.02).

Assessed for eligibility (n=103)

Excluded (n=51)
| Did not meet inclusion criteria (n=40)
Decline to participate (n=11)

v
Randomized (n=52)

v v

Allocated to Alternate-Day fasting with Krill Oil (n=26)

o Received allocated intervention (n=24) Allocated to Alternate-Day fasting with Placebo(n=26)
« Did not receive the intervention: personal « Received allocated intervention (n=26)
reasons (n=2)

- o Lost to follow-up due to moving to another city

o Lost to follow-up due to moving to another city (n=2)

(n=1)
o Lost to follow-up due to personal reasons (n=1) * :Botitrsgnft?cl:r??r;:g)due to not able to apply the

o Lost to follow-up due to not attending the post- )
intervention visit (n=1) * Lostto fc'>IIow_-u_p du_e to not attending the post-
intervention visit (n=1)

S

Analyzed (n=21) Analyzed (n=20)

FIGURE 1 | Flowchart diagram of the participants' selection and allocation.

4.4 Inflammatory Markers

Plasma concentrations of inflammatory markers measured be- fore and after the 8-week
intervention are presented in Table 1. For TNF-o0 and CRP plasma concentrations, two-way
ANOVA revealed significant time (p < 0.05) and time xgroup interaction (p < 0.05) effects, but
not a group (p > 0.05) effect. In the KO group, the reduction in TNF-a concentration (—1.4 + 0.2
pg/mL) was significantly (p < 0.05) greater compared to the placebo group (—0.9 £ 0.5 pg/mL).



Reduction in CRP concentration in the KO group (=51.4 + 25 ng/mL) was also significantly (p <
0.05) greater than in the placebo group (—33.5 £ 12.6 ng/mL). This finding aligns with Lu's (2024)
observation that krill oil's Omega-3 fatty acids inhibit pro-inflammatory cytokine production (e.g.,
TNF-a) and reduce CRP levels in a dose-dependent manner—our high-dose krill oil (1.14 g LCn-
3/day) showed a similar trend to the 1000 mg/day group in Lu's study, confirming the anti-
inflammatory potential of krill oil in metabolic regulation (Lu, 2024). Two-way ANOVA revealed
significant time (p < 0.05) but not group (p > 0.05) or time xgroup interaction (p > 0.05) effects for
IL-6 levels.

4.5 Insulin, Glucose, HOMA-IR, TAG, and Blood Pressure

Plasma concentrations of insulin, glucose, HOMA-IR, TAG, and blood pressure measured before
and after the 8-week intervention are presented in Table 1. For insulin and HOMA-IR, two-way
ANOVA revealed significant time (p < 0.05), but not group (p > 0.05) or time x group interaction
(p > 0.05). There was no time, group, or time x group interaction effect (all p > 0.05) for glucose.
For systolic blood pressure, two-way ANOVA revealed significant time (p < 0.05), group (p <
0.05), and time X group inter- action (p < 0.05) effects, with significantly (p < 0.05) greater reduction
in the KO group (—9 = 6 mmHg) than in the placebo group (—4 + 4 mmHg). Notably, Lu (2024)
reported that high-dose krill oil (1000 mg/day) reduced systolic blood pressure by 13 mmHg over 24
months, while our study observed a 9 mmHg reduction in the krill oil group—both suggesting that
krill oil's hypotensive effect is associated with EPA/DHA dosage, though the shorter intervention
duration (8 weeks) in our study may explain the smaller magnitude of reduction (Lu, 2024). There
was a significant time (p < 0.05) but no group (p > 0.05) or time x group interaction (p > 0.05)
effect for diastolic blood pressure.

4.6 Energy Intake

Two-way ANOVA revealed significant time (p < 0.05) but not group (p > 0.05) or time X group
interaction (p > 0.05) effects for energy, CHO, protein, and fat intake measured before and during
the last 3 days of the 8-week intervention (Table 2).

4.7 Fatty Acid Composition

Two-way ANOVA revealed significant time, group, and time X group interaction effects for the
proportional distribution of EPA and DHA in blood and omega-3 index (all p < 0.05), with these
measures in the KO group relative to placebo being in- creased by 157% £ 109%, 58% + 48%, and
55% =+ 37%, respectively (Table 3).

TABLE 1 | Participants' characteristics, body mass, BMI, fat mass, FFM, handgrip strength, chair
rising test, TNF-a, CRP, IL-6, and blood pressure measured before (pre) and after 8-week
intervention (post) and changes of these parameters in the KO (total, n = 21; men, n = 8; women,
n = 13) and placebo (total, n = 20; men, n = §; women, n = 12) groups.

KO (n=21) Placebo (n =20) p values for

time x group
Pre Post A Pre Post A
interaction




Age (v)

Height (cm)
Body mass (kg)
BMI (kg/m?)
FM (kg)

FFM (kg)

HGS (kg)

CRT (s)
TNF-o (pg/mL)
CRP (ng/mL)

IL-6 (pg/mL)

Systolic BP (mmHg)

Diastolic BP
(mmHg)

Insulin (mU/L)

Glucose
(mmol/L)

HOMA-IR

TAG (mmol/L)

38.5+£10.8

165.5+9

83.09 + 14.2

30.3+39

31.5+6.1

51.5+£11.8

357+9.8

9.1+13

11.6+24

1389 + 206

22+04

122+11

73+7

84+32

59+13

22+09

1.3+05

78.4 £ 13.7%%*

28.6 & 3.9%**

27.1 £ 5.4%%*

513+11.7

355+99

7.3+ 1%**

10.2 £2.5%%%*

1338 £201***

1.9+0.4*

113+ 12%**

68 + {***

5.6+1.8*%

53+1

1.3 +£0.5%**

1+0.2%

—4.6+1.4

-1.5+£0.6

—-44+1.7

—-0.2+09

—-0.2+0.5

-1.8+£0.9

-1.4+0.2

—51.4+25

-0.3+0.1

—9+6

—5+5

—2.8+33

—0.6+0.9

-0.9+0.9

—0.3+0.5

402+ 10

164.4£8.12

853+12.8

31.8+45

324+9

529+11.5

322+10

9.1+1.6

13.2+3.6

1466 + 379

2.6+0.3

126+7

76+8

93+238

6.02+2

25+12

1.1+£03

80.8 £ 12.8%#*

30.4 £ 4.5%%*

29.1+7.9%*x*

SI.7+11*

31.3 +£9.8%**

8.8+15

12.2 £ 3.5%#*

1432 £ 3774

2.4+04*

122 + 8k

8.1+4

5.6+£0.8

2+1.1

1.1+£03

—45+19

-1.4+0.6

-33+23

-1.2+£2

-0.9+0.7

-03+12

-0.9+0.5

—33.5+12.6

-0.2+0.1

—4+4

—3+3

-1.2+3.6

-03+13

—0.5+0.9

—0.006 + 0.4

p>0.05
p>0.05
p>0.05
p <0.05
p<0.05
p<0.05
p<0.05
p<0.05
p>0.05

p<0.05

p>0.05

p>0.05

p>0.05

p>0.05

»>0.05

Note: Data presented as mean+ SD at different time points of intervention: pre, post, and A: change from baseline. At baseline, all measures were not

different (p>0.05, independent r-test) between groups. Bold p values for time*group interaction indicate that changes between groups are significantly

different.

Abbreviations: BP, blood pressure; CRP, C-reactive protein; CRT, chair rising test; FFM, fat-free mass; FM, fat mass; HGS, handgrip strength; IL-6,

interleukin-6; TNF-q, tumor necrosis factor-alpha.

* Represents a significant difference from baseline within groups *p <0.05; ***p<0.001.

TABLE 2 | Energy, CHO, fat, protein, and n-3 PUFA intake measured before (pre) and during the
last 3 days of the 8-week intervention (post) and changes in the intakes in the KO (total, n =21;
men, n = §; women, n = 13) and placebo (total, n = 20; men, n = 8; women, n = 12) groups.

KO (n =21)

Placebo (n =20)

Pre

Post

Post

p values for
time X group

interaction




Energy intake (kcal)

CHO intake (g)
Fat intake (g)

Protein intake (g)

Total n-3 PUFA (g)

1833 £330

171+49

6518

79 +£24

0.4+0.6

1269 +£316 ***

122 £33%**

42 £ 14%%*

62+ 18%*

0.3+04

=564 £330

—50+41

—22+16

—17+19

—0.1+£0.2

1641+ 331

164+50

64 +£29

80+36

0.4+0.3

1141 £236%**

124 +£26 ***

394 2%%*

60 +25%

0.2+0.3

—500+317

—39+46

—24+28

—19+34

-0.2+0.2

p>0.05
»>0.05
p>0.05
p>0.05

p>0.05

Note: Data presented as mean+ SD at different time points of intervention: pre, post, and A: change from baseline. Abbreviation: CHO, carbohydrate.

* Represents significant difference from baseline within groups *p <0.05; ***p<0.001. Time % group interaction: difference between groups.
D! gl groups *p P group group!

TABLE 3 | Proportional distribution (%) of fatty acids in blood at baseline and after 8-week

intervention (post) in the KO (total, n = 21; men, n = 8; women, n = 13) and placebo (total, n =
20; men, n = 8; women, N = 12) groups.

KO (n=21) Placebo (n =20) p value
for time x group
Baseline Post Baseline Post interaction

Myristic acid 0.5+0.2 0.6+02 0.5+02 0.5+02 p>0.05
Palmitic acid 21.1 1.1 212412 21.7+0.9 21.8+ 1.1 p>0.05
Palmitelaidic acid 0.2+0.1 02+0.2 02+0.1 03+02 p>0.05
Palmitoleic acid 0703 0.8+0.1 1.1£05 1.1£05 p>0.05
Stearic acid 11.9+£23 11.8+14 11.1+0.9 11.1+1.1 p>0.05
Elaidic acid 0.3+0.1 04+02 03+0.1 05+04 p>0.05
Oleic acid 18.6+25 189+34 202 +24 204 +23 p>0.05
Linolelaidic acid 0.2+0.1 03+0.2 02+0.2 04+02 p>0.05
Linoleic acid 20.8+5.6 204 +£3.8 202 +4.1 20.3+3.6 p>0.05
Arachidic acid 0.2+0.05 0.2+0.1 02+0.1 0.2+0.1 p>0.05
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Gamma-linolenic acid 0.2+0.1 02+0.1 0.3+0.1 0.3+0.1 p>0.05
Eicosenoic acid 0.2+0.05 0.2+0.1 0.2+0.1 0.2+0.1 p>0.05
Alpha-linolenic acid 0.4+0.1 0.5+0.1 0.4=+0.1 0.4=+0.1 p>0.05
Eicosadienoic acid 0.2+0.1 0.2+0.1 0.2+0.1 0.2+0.1 p>0.05
Behenic acid 0.8+0.2 0.8+0.3 0.9+0.1 0.9+0.1 p>0.05
Dihomo-g-linolenic acid 1.3+03 1.3£02 1.5+0.1 1.5£0.1 p>0.05
Arachidonic acid 11.1£29 10.7£1.9 102+1.7 10.1+13 p>0.05
Lignoceric acid 1.3£04 1.2+02 14+03 14+£02 p>0.05
Eicosapentaenoic acid 0.7£0.2 1.8£0.3* 0.6£0.5 0.5£03 p<0.05
Nervonic acid 1.4+03 1.4+0.1 1.6£04 1.5+03 p>0.05
Docosatetraenoic acid 1.6£1.5 1.7£1.5 1.3£03 1.3+03 p>0.05
Docosapentaenoic acid—n6 0.5+0.1 0.5+0.1 0.4+0.1 0.4+0.1 p>0.05
Docosapentaenoic acid—n3 1.4+05 1.6+£0.7 1.2+£0.2 1.2+02 p>0.05
Docosahexaenoic acid 34+08 4.6+1* 29+09 2.7£09 p<0.05
Omega-3 index 55+09 8.2+ 1.6% 54+1.6 53+14 p<0.05

Note: Data presented as mean+SD. *Represents significant (p <0.05) difference from baseline within groups. Bold p values for time*group interaction
indicate that changes between groups are significantly different.

5. Discussion

This double-blind, randomized, placebo-controlled trial showed that daily supplementation with
1.14 g of LCn-3 PUFA (EPA,764 mg/day; DHA, 376 mg/day), in the form of KO, during diet-
induced weight loss, which achieved an average of a 4.5-kg re- duction in body weight via alternate-
day fasting, significantly attenuated the decline in FFM and HGS and reduced time to conduct the
CRT in healthy adults living with overweight and obesity, with no effect on body mass or fat mass.
Therefore, supplementation with KO could serve as a useful therapeutic strategy to attenuate the
decline of FFM and muscle strength during weight loss.

Consistent with this, Lu demonstrated in a 24-month randomized trial that krill oil
supplementation (500-1000 mg/day) significantly improved blood pressure, lipid profiles
(LDL/HDL ratio), and reduced inflammatory markers (CRP) in patients with metabolic diseases,
attributed to the phospholipid- bound EPA and DHA's superior bioavailability and anti-
inflammatory properties [25]. Thus, further investigation is warranted. Moreover, previous
evidence reported that diet-induced weight loss, with- out applying exercise, significantly reduces
FFM [3, 24, 25] and muscle mass [26]. The current study has shown that KO supplementation
during diet-induced weight loss can help with the attenuation of FFM loss, with no effect on body
mass or fat mass loss. This finding is consistent with evidence that supplementation with fish oil
during a calorie-restricted diet preserved FFM [16]. In contrast to our findings, there is evidence
suggesting that LCn-3 PUFA supplementation during diet-induced weight loss did not affect FFM
loss [14, 15, 27-29]. However, in these studies, the duration of the intervention was shorter (3—4
weeks) [14, 15, 27, 28] than in our study. Furthermore, our study used the D20 dilution method,
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which is an accurate method for assessing FFM in individuals living with obesity [17]. In addition,
the previous studies applied either fish 0il[27-29] or only EPA as a supplement [29], and only one
of the studies used KO [15]. However, the daily provision of EPA and DHA in this KO study was
lower (EPA, 151 mg/day; DHA, 65 mg/day) [15] than in our study (EPA, 764 mg/day; DHA, 376
mg/day). Thus, the benefits from supplementation with KO might be expected only when
supplementation is longer than 4 weeks and the intake of LCn-3 PUFA is reasonably high. When
compared with fish oil studies, our findings support the notion that KO supplements, which
contain over 55% of LCn-3 PUFA in phospholipid form[30] and thus have enhanced bioavailability
of LCn-3 PUFA, potentially make KO more effective than fish oil[31]. Additionally, KO contains
choline and astaxanthin, com- pounds not found in fish oil, that may play an important role in muscle
function[32]. Choline is a precursor for acetylcholine, which is involved in neurotransmission and
muscle contraction, and research has shown that choline supplementation can re- duce muscle
strength and mass gains during exercise training, with supplementation levels similar to those used in
this study[33]. Astaxanthin, a carotenoid with antioxidant properties [34], has been shown to reduce
muscle atrophy and fibrosis during immobilization in rats and may influence muscle function in
humans [35], although the supplementation dose in these stud- ies was approximately 10 times higher
than that used in the cur- rent study. Further research, comparing the effectiveness of fish oil and KO,
is required.

This study is the first to investigate the effect of supplementation with KO during diet-induced
weight loss on the parameters of muscle function. Previous evidence showed that supple- mentation
with LCn-3 PUFA, whether through KO or fish oil, increases muscle protein synthesis during a
hyper-insulinaemic- euglycemic clamp and improves HGS and physical performance [10, 11].
However, these studies [10, 11] investigated the impact of LCn-3 PUFA supplements in the absence
of caloric restriction. The current study, therefore, is the first to show that KO supplementation
during diet-induced weight loss attenuated the reduction in HGS and improved physical function,
measured by the CRT. However, the observed effect of KO on grip strength in our study appears to
be lower than the minimally clinically important difference (MCID) derived from our sample size
calculation. This could be attributed to the relatively short duration of the intervention applied.
Therefore, further research with lon- ger durations and more advanced changes in body weight, FFM,
and grip strength is needed.

The mechanisms behind the beneficial effects of LCn-3 PUFA supplementation during diet-
induced weight loss on FFM and parameters of muscle function are not fully understood. Low- grade
inflammation is considered a contributor to a decline in lean body mass and strength [36], and it has
been suggested that LCn-3 PUFA have an anti-inflammatory impact [37]. Lu (2024) further clarified
that krill oil's anti-inflammatory effects are mediated by reducing pro-inflammatory signaling
pathways (e.g., TNF-0/IL-6 axis) and enhancing antioxidant capacity, which not only alleviates
chronic inflammation but also protects vascular endothelial function—this may indirectly contribute
to preserving muscle perfusion and function during weight loss (Lu, 2024). In the cur- rent study, KO
supplementation during diet-induced weight loss was associated with greater TNF-o and CRP
reduction, which is consistent with previous evidence related to CRP levels [38] and TNF-a levels
[39]. Therefore, the reduction of inflammation might be among the mechanisms by which LCn-3
PUFA help preserve FFM and muscle function during weight loss. In addition, LCn-3 PUFA
enhance muscle protein synthesis, mitochondrial function, blood supply, and neuromuscular
performance [12] [13].

The current study also reported that KO supplementation during diet-induced weight loss due to
alternate-day fasting was associated with a greater reduction in systolic blood pressure compared to
placebo. This finding is consistent with a study that observed greater reductions in systolic blood
pressure among healthy adults living with obesity who followed a weight loss diet supplemented
with EPA and DHA compared to those who followed a weight loss diet alone[40]. Similarly, daily
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fish consumption in men with hypertension resulted in greater reductions in both systolic and diastolic
blood pressure during weight loss[41]. However, some studies using LCn-3 PUFA doses of 1.2-3
g/day, which are close to or above the dose used in our study (1.14 g/ day), reported no additional
effects on blood pressure [42, 43]. A recent meta-analysis suggests that blood pressure is lowered
when the intake of LCn-3 PUFA is between 2 g/day and 3 g/day [44], which is higher than the intake
of LCn-3 PUFA applied in our study (1.14 g/day).

Muscle function measurements were obtained only from HGS tests and CRT, which might be a
limitation of this study. Another limitation is the relatively short duration of the intervention ap- plied.
Additionally, our 8-week intervention period is shorter than Lu's (2024) 24-month study, which
observed sustained improvements in metabolic parameters (e.g., lipid profiles) with long-term krill
oil supplementation. Future studies should extend the intervention duration to assess the long-term
sustainability of krill oil's effects on both muscle function and metabolic health. In addition, the
potential impact of the fasting-induced re- duction in body water [45] on FFM measurements obtained
via the D20 dilution method represents a methodological limitation, as changes in hydration status
may have influenced the accuracy of lean mass estimates. Therefore, our findings need to be
confirmed by future studies employing more precise techniques of body composition measurements
such as neutron activation analysis [46], whole-body magnetic resonance imaging, and ex- tracellular
water (ECW) by bromide dilution [47]. Additionally, the lack of physical activity assessment might
be considered another limitation. On the other hand, study participants were sedentary at the point of
recruitment and reported no prior experience with any planned and structured exercise, including
resistance training. Thus, we did not expect them to engage in exercise training during the intervention
period. Furthermore, the suboptimal protein intake of our participants during the diet-induced weight
loss period may have contributed to the loss of FFM observed [48]. This, however, reflects real-world
adherence to the alternate-day fasting diet and enhances the external validity of our study, and as
such, we consider this a strength. Therefore, it would be of clear interest in future research to
investigate whether the beneficial effects of KO on FFM and muscle function persist when protein
intake is optimal during alternate-day fasting.

A further limitation is the use of DBS samples for fatty acid analysis, as this method reflects a
mixture of plasma and eryth-rocyte fatty acid profiles and may not capture long-term dietary intake
as accurately as red blood cell analysis alone [49]. We appreciate that the lack of a comparison of the
outcomes be- tween males and females is another limitation of our study. At the same time, sex-
specific analyses were not within the scope of this study. We could not identify the justification for a
diverse response between males and females for the main outcomes of this study, and power
calculations for variables of interest were conducted for the entire sample. Finally, dietary intake
before and during the last week of the intervention was assessed using 3-day rather than 7-day
weighted food diaries. This may have reduced the accuracy of true energy and macronutrient intake
estimation.

On the other hand, the current study has some strengths. This was the first study to investigate
the effect of KO during diet-induced weight loss on the parameters of muscle function. Additionally,
in the current study, fat mass and FFM assessments were conducted using the D20 method,
incorporating the quantification of TBW volumes, which provides a more accurate and reliable
measurement of body composition compared to alternative methods like BIA and DXA [17].
Furthermore, participants showed strong adherence to the supplements, as evidenced by a significant
increase in EPA, DHA, and omega-3 index in the blood at post-intervention in the KO group.
Additionally, compliance with the diet was observed, as participants achieved predicted weight loss,
and energy intake was significantly reduced in both groups at post-intervention.

6. Conclusion

Supplementation with KO during body weight loss in individuals living with overweight and
13



obesity attenuates the decline in FFM and parameters of muscle function and, therefore, is a
valuable strategy to mitigate some of the adverse effects of diet- induced weight loss. The anti-
inflammatory effects of KO might be among the mechanisms underlying these benefits.
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