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Abstract

Background: Physical activity induces the production of reactive oxygen species (ROS),
which, at moderate levels mediate beneficial physiological adaptations, including insulin
sensitivity and enhanced antioxidant defense. However, excessive ROS production during
intense exercise may exceed endogenous antioxidant capacity, leading to oxidative stress
and muscle damage. Objective: This study examined the effects of 30-day high-dose omega-
3 fatty acid supplementation (9 g/day) on plasma fatty acid composition and the activity
of antioxidant enzymes in recreational (n = 11) and trained (n = 10) runners, with emphasis
on group- and time-specific responses. Methods: Plasma levels of arachidonic acid (AA),
eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) were assessed at three time
points: pre-, during, and post-supplementation period. Enzymatic activities of glutathione
peroxidase (GPx), superoxide dismutase (SOD), and catalase (CAT) were measured at six
time points, including before and after exercise sessions involving a 2800 m run followed
by a 400 m sprint. Results: Omega-3 supplementation increased plasma EPA and DHA. In
trained runners, it was associated with a transient reduction in GPx and a pronounced mid-
phase decline in SOD, whereas enzyme activities remained stable in recreational runners.
CAT activity did not change significantly in either group. Conclusions: Short-term high-
dose omega-3 supplementation modulates antioxidant enzyme activity in a group- and
time-dependent manner. The observed downregulation of GPx and SOD in trained runners
may reflect altered redox signaling; however, its relevance for exercise performance remains
uncertain. Further studies are warranted to elucidate the physiological and functional
consequences of these findings.

Keywords: physical activity; running; reactive oxygen species; omega-3; polyunsaturated
fatty acids; catalase; glutathione peroxidase; superoxide dismutase

1. Introduction

The preponderance of scientific evidence consistently shows a favorable impact of
moderate-intensity exercise training on both health span and lifespan [1]. These benefits are
largely mediated by exercise-induced production of reactive oxygen species (ROS), which
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at physiological levels, trigger adaptive processes such as enhanced insulin sensitivity, mi-
tochondrial biogenesis and upregulation of antioxidant defense systems [2-5]. In contrast,
upregulated ROS production during strenuous exercise is associated with increased lipid
peroxidation and protein carbonylation, elevated plasma creatine kinase activity and altered
glutathione redox status, all of which can contribute to muscle damage [6-8]. High-intensity
interval training, while recognized for its strong effects on metabolic rate and cardiorespira-
tory fitness [9], has been shown to markedly increase ROS and reactive nitrogen species,
potentially surpassing the neutralizing capacity of endogenous antioxidant systems [3,10].

Oxidative stress delineates the state of an imbalance between oxidants and antiox-
idants in which oxidants predominate, potentially leading to damage of cellular DNA,
proteins, lipids, and carbohydrates [11-13]. The concept of oxidative stress has often been
redefined as a failure to control redox signaling [14], meaning that there are optimal levels
of the responsible ROS and/or reactive nitrogen species required to maintain adaptive
responses and cellular homeostasis [15,16]. If more pro-oxidants are produced than the
antioxidant defense can handle, the balance of the antioxidant defense is lost in favor of
free radical formation [17].

Numerous studies suggest that dietary supplementation with omega-3 fatty acids,
characterized by the presence of the first double bond at the third carbon atom from the
methyl end of the fatty acid molecule, can stimulate the activation of endogenous enzymatic
antioxidant systems that neutralize ROS. These include enzymes that eliminate peroxides,
such as the intracellular enzymes glutathione peroxidase (GPx), peroxiredoxins and catalase
(CAT), as well as those that neutralize superoxide, such as superoxide dismutase (SOD),
which forms the first line of defense in erythrocytes [14,18]. SOD catalyzes the conversion
of superoxide radicals to hydrogen peroxide (H,O,), which is subsequently degraded to
water by CAT and GPx [18]. GPx plays a central role in eliminating peroxides, maintaining
the thiol/disulphide redox state of proteins, and ensuring the reduced and functional forms
of ascorbate and (indirectly) vitamin E, thereby serving as a key antioxidant [14].

Importantly, the same structural features of omega-3 fatty acids that confer biological
activity—multiple double bonds—also render them highly susceptible to lipid peroxida-
tion. This duality raises concerns that high intakes may paradoxically increase oxidative
stress [19]. Thus, omega-3 fatty acids act as a double-edged sword, with both antioxidant
potential and pro-oxidative risk depending on context and dosage.

A variety of omega-3 fatty acids occur in nature. However, most scientific research
has been centered around eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA) and
alpha-linolenic acid (ALA), as they seem to be the most relevant to human physiology
and metabolism [20]. ALA is present in both plants and terrestrial animals, whereas EPA
and DHA derive primarily from seafood and algae. Although humans can synthesize
EPA and DHA de novo via enzymes involved in the elongation and desaturation of a
plant-derived, shorter-chain omega-3, ALA, this pathway is notably inefficient. In fact, the
conversion in most healthy adults is only about 5 to 10 percent to EPA and 2 to 5 percent to
DHA [21,22]. Many observational studies have consistently shown that marine sources of
omega-3 have many beneficial health effects, particularly cardio- and neuroprotective roles,
while also reducing the risk of developing diabetes and metabolic syndrome [20,23,24].
Nevertheless, there is also some controversy about their efficacy and certain human health
benefits, apparently due to the different dosages used in studies [25].

The beneficial effects of fish oil-derived omega-3 on the body’s antioxidant defense
system appear to be mediated, at least in part, through activation of nuclear factor
erythroid 2 related factor 2 (Nrf2) [26-28]. However, the influence of highly unsaturated
fatty acids on redox homeostasis remains debated, as high consumption of omega-3 fatty
acids leads to their accumulation in cell membranes and tissues, rendering these cellular
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components more susceptible to lipid peroxidation due to the presence of highly reactive
conjugated double bonds [19]. One of the most prominent biochemical functions of omega-3
fatty acids is their anti-inflammatory effect. The latter is mediated via the pro-inflammatory
prostaglandin E2 induced by omega-6 fatty acids, the reduction in the pro-inflammatory
master transcriptional regulator nuclear factor-«B, and the increase in anti-inflammatory
resolvin and protectin levels, rather than via direct inhibition of ROS [29]. Peroxidation
of omega-3 polyunsaturated fatty acids (PUFAs) within mitochondria may transiently
increase ROS, yet the same process also indirectly reduces oxidative stress by upregulation
of antioxidant defense enzymes such as SOD [29].

Adequate intake of omega-3 PUFAs has been reported to attenuate of cytokine and
ROS production [30,31]. However, supplementation per se does not mitigate exercise-
induced oxidative stress, and may even exacerbate resting oxidative stress [32]. Conse-
quently, the cumulative effect of omega-3 PUFAs on oxidative stress during increased
physical activity remains equivocal and remains the subject of ongoing debate. Hetero-
geneity in exercise protocols, supplementation strategies (dosage, duration, timing), and
population characteristics (training status, fitness level) likely contribute to the inconsisten-
cies in the outcomes across investigations [33].

Recently, a randomized controlled trial examined the effect of a 3-week low-dose
omega-3 supplementation on inflammatory adipocytokines and blood antioxidant defense
capacity in non-elite endurance runners [34]. A pilot study was also conducted to investi-
gate the effect of a moderate dose (i.e., 4 g/day) of omega-3 supplementation on physical
exercise and markers of oxidative stress and inflammation in middle- and long-distance
runners, comparing athletes with sedentary subjects [35]. The authors concluded that
including a third group of recreational athletes would provide additional insight into the
still elusive physiological role of high doses of omega-3 on antioxidant defense systems
in vivo.

To the best of our knowledge, no previous study has specifically investigated the effect
of high-dose fish oil supplementation on oxidative stress enzymes in athletes. However,
related research has examined lower doses of omega-3 in athletes [34,35] and high-dose
regimens in certain clinical populations (e.g., inflammatory and metabolic disorders), which
have provided mixed results. Acknowledging this broader body of evidence highlights
the novelty of the present study in exploring a high-dose intervention in trained and
recreational runners.

2. Materials and Methods
2.1. Participants

Twenty-four out of forty volunteers agreed to participate and met the inclusion criteria,
which were as follows: (1) healthy adult males aged 18-39 years (women were excluded to
avoid confounding effects of sex hormones on oxidative stress markers and because of the
small sample size); (2) a body mass index (BMI) between 20 kg/ m? and 30 kg/ m?; (3) no
intake of omega-3 supplements; (4) no history of physical or mental illness; (5) classification
into one of two categories: (a) recreational runners who engaged in running at least
45 min three times a week; or (b) trained runners registered with the Slovenian Athletics
Federation and participating in national or international competitions.

The sample size was determined primarily by feasibility considerations, including
the availability of well-characterized trained runners and the demanding nature of the
supplementation and testing protocol.

All participants were fully informed about the experimental protocols and signed
an informed consent form, authorizing the experimenter to use the results for scientific
publication purposes. The study protocol was approved by the National Medical Ethics
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Committee of Republic of Slovenia (identification number KME 85/09/14; date of approval:
16 September 2014).

2.2. Study Design

The study design consisted of three phases, as shown in Figure 1, and was conducted
in Ljubljana, Slovenia, between September and November 2013: (1) a pre-supplementation
period encompassing baseline measurements prior to, 24 h after, and 48 h after the initial
running-induced stress test (Runl); (2) a 30-day supplementation period involving the
intake of 9 g omega-3 per day; and (3) a post-supplementation period with measurements
prior to, 24 h after, and 48 h after the second running-induced stress test (Run2). In both
cases of the running-induced stress tests (Runl and Run2), the protocol included a 2800 m
run followed by an all-out sprint during the final 400 m. Anthropometric measurements
(height and weight) were recorded to calculate BMI; all blood samples were collected at
the University Medical Centre Ljubljana, Slovenia. Fasting venous blood was collected by
antecubital venipuncture using Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ,
USA). Lavender-cap K;EDTA tubes were used for fatty acid profiling (AA, EPA, DHA) on
Day 1 (T0), Day 24 (mid-supplementation; the 19th day of the 30-day supplementation
phase), and Day 36 (T0'). Green-cap lithium heparin tubes were used for enzyme assays
(SOD, GPx, CAT) on Day 1 (T0), Day 2 (T24), Day 3 (T48), Day 36 (T0’), Day 37 (T24’), and
Day 38 (T48'). Tubes were gently inverted according to the manufacturer’s instructions.
Plasma was prepared following standard laboratory procedures, and aliquots were stored
at —80 °C until analysis at the JoZef Stefan Institute (Ljubljana, Slovenia).

Pre-supplementation period Supplementation period Post-supplementation period
4 I i X 30 days m E I
Trained runners ’ : : ’
(n=10) 2800m = : : 2800m =
RO e/ H H
—t H Day 6-35 :
Y v Y Run1 ! & . Run2
H 9 g of fish oil/day . ) )
T48 H
TO T24 | (48gEPA+2.4gDHA) TO T24' > T48
Recreational '
runners | : H ‘
(n=11) Day 1 Day 2 |Day3 ' Day 24 H 7 Day 36 Day 37 |Day 38
oL : :
- : :
™ Height : ! Weight
Weight y : : v
» (Y] . " 5l (X'} ] ]
2 :
c H
5 1] l ] ) 1] l 1]
- - =
5 AA, EPA, DHA : AA, EPA, DHA ! AA, EPA, DHA
@ H 1
2 GPx GPx GPx : i GPx GPx  GPx
SOD SOD SOD H H SOD SOD SOD

CAT CAT CAT CAT CAT CAT

Figure 1. Design of the experimental protocol. Runl/Run2—Running-induced stress tests
(2800 m run + 400 m sprint). TO, T24, T48—Time points before, 24 h after, and 48 h after Runl;
T0’, T24/, T48'—Time points before, 24 h after, and 48 h after Run2. Fasting venous blood was
collected by antecubital venipuncture using Vacutainer tubes (Becton Dickinson, Franklin Lakes,
NJ, USA): a lavender-cap K,EDTA tube for fatty acid profiling (AA, EPA, DHA) collected on Day 1
(T0), Day 24 (mid-supplementation; the 19th day of the 30-day supplementation period), and Day 36
(T0'); a green-cap lithium heparin tube for enzyme assays (SOD, GPx, CAT) collected on Day 1
(T0), Day 2 (T24), Day 3 (T48), Day 36 (T0'), Day 37 (T24’), and Day 38 (T48'). AA—Arachidonic
acid; CAT—Catalase; DHA—Docosahexaenoic acid; EPA—Eicosapentaenoic acid; GPx—Glutathione
peroxidase; SOD—Superoxide dismutase. Created with BioRender.com.



Nutrients 2025, 17, 2985

50f17

These time points were selected to capture the delayed and recovery-phase responses
of antioxidant enzyme activities, which are considered relevant for understanding training
adaptations. Although this approach provided valuable information on longer-term redox
regulation, it may have missed acute oxidative stress responses occurring within the first
few hours post-exercise.

Three days following the running-induced stress test, all participants initiated a
dietary intervention involving daily supplementation with 9 g of omega-3. Each participant
received 360 gelatin capsules containing the omega-3 (Omega-3 RX Food Supplement;
Masel Ltd., Ljubljana, Slovenia), whose fatty acid composition is regularly assessed by the
International Program of Fish Oil Standards administered by Nutrasource Diagnostics,
Inc. (Guelph, ON, Canada). Each capsule contained 750 mg of omega-3, consisting of
400 mg EPA, 200 mg DHA, 150 mg of other omega-3 fatty acids and 2.8 mg of tocopherols.
Each participant took 12 capsules of the supplement as a single morning bolus. This bolus
intake was selected to maximize compliance and reduce the risk of missed doses. Similar
bolus protocols have been used in supplementation studies to ensure adherence [36]. This
provided a total daily intake of 4.80 g EPA, 2.40 g DHA, 1.80 g of other omega-3 fatty acids,
and 33.6 mg of mixed tocopherols. Throughout the 30-day supplementation period, all
participants were contacted every other day to reinforce compliance with supplementation
and monitor any potential side effects. On day 19 of supplementation period, the fourth
blood sample was taken from all participants and analyzed for plasma AA, EPA and
DHA levels. The latter served only as a control measurement to ensure adherence to the
supplementation protocol. Subsequently, a day after the supplementation period concluded
(Day 36; Figure 1), the same protocol of measurements and running-induced stress test used
during the pre-supplementation period (starting with day 1) was repeated. This approach
yielded paired data at T0’, T24" and T48' in comparison to T0, T24 and T48, respectively.

Adopting an ecologically valid protocol that combines a prolonged endurance run
(2800 m) with a maximal sprint (400 m) reflects the combined physiological stresses expe-
rienced by runners in real competition or training and aligns with the push in the recent
literature to diversify exercise models to better interrogate oxidative stress dynamics.

2.3. Gas Chromatography—Mass Spectrometry Analysis for Plasma AA, EPA, and DHA Levels

The gas chromatograph employed (HP 6890 series; Hewlett Packard, Waldbronn,
Germany) was interfaced with a single quadrupole mass-selective detector (HP 6890 series;
Hewlett Packard, Waldbronn, Germany). A capillary column (DB-5 MS; 30 m x 0.25 mm x
0.25 mm; Agilent J&W, Santa Clara, CA, USA) using helium as the carrier gas (37 cm-s™1),
was utilized. One-microliter samples were injected into the system at 250 °C in splitless
mode, and the transfer line was maintained at 280 °C. The mass spectrometer operated
in electrospray ionization mode at 70 eV. Employing the selected ion monitoring mode,
the following ions were monitored (quantification ions in bold): AA, m/z 203, 220, 247;
EPA, m/z 201, 220, 247; DHA, m/z 159, 215, 241; and AA-d8 (Sigma Aldrich, St. Louis,
MO, USA) internal standard, m/z 209, 225, 255. Chemstation software (Version E.02.00,
Agilent, Santa Clara, CA, USA) was used for instrument control and data processing for
the gas chromatography mass-selective detector. Prior to analysis, 50 uL plasma samples
were subject to derivatization at 90 °C for 10 min with 3 mL 0.5 M NaOH and 3 mL boron
trifluoride /20% methanol mixture (Merck Kenilworth, Rahway, NJ, USA).

2.4. Enzyme Activity Assays

To determine GPx activity, glutathione was oxidized by cumene hydroperoxide in the
presence of GPx. In the second step, oxidized glutathione was converted to its reduced
form by glutathione reductase and NADPH, simultaneously oxidizing NADPH to NADP+.
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The reduction in absorbance resulting from the consumption of NADPH was measured
at 340 nm (Olympus AU400 analyzer; Mishima Olympus Co., Ltd., Tokyo, Japan; reagent:
Randox Laboratories Limited, Crumlin, UK).

The SOD activity was measured by the degree of inhibition of the formazan dye
generated by superoxide radicals formed from xanthine in the presence of xanthine oxi-
dase. The detection of the resulting product was performed at 505 nm (Olympus AU400
analyzer; Mishima Olympus Co., Ltd., Tokyo, Japan; reagent: Randox Laboratories Limited,
Crumlin, UK).

CAT activity was determined in a two-step procedure. In the first step, H,O, under-
went dismutation to water in the presence of CAT, and in the second step, the residual
H,0O, was quantified by formation of the quinoneimine dye in the presence of horseradish
peroxidase, with detection at 520 nm (Olympus AU400 analyzer; Mishima Olympus Co.,
Ltd., Tokyo, Japan; reagent: OxisResearch, Foster City, CA, USA).

2.5. Statistical Analysis

The analysis was performed using R (version 4.4.1; R Foundation for Statistical Com-
puting, Vienna, Austria). Data import and initial cleaning were handled with the readxl
and janitor packages. The tidyverse suite of packages was employed for general data
manipulation and visualization.

Descriptive statistics, including mean, standard deviation, median, and range, were
calculated for baseline characteristics and key outcome variables (AA, EPA, DHA) for the
entire cohort and stratified by group (recreational vs. trained runners) and time point.

To analyze the changes in oxidative stress biomarkers (GPx, SOD, and CAT), robust
linear mixed-effects models were used, fitted with the robustlmm package. This approach
was chosen to minimize the influence of potential outliers in the data. The models included
fixed effects for group (recreational, elite), time (T0, T24, T48, T0', T24/, T48'), and the
group-by-time interaction. A random intercept for each participant (id) was included to
account for the non-independence of repeated measures.

Following the model fitting, post hoc analyses were conducted using the emmeans
package to calculate estimated marginal means. This allowed for pairwise comparisons
both between groups at each time point and within groups across different time points.
p-Values for these multiple comparisons were adjusted using the Holm method to control
the family-wise error rate.

3. Results

During the study, one recreational runner withdrew consent and was excluded. Addi-
tionally, two participants—one from each group—were removed from the final analysis
due to non-compliance with the supplementation protocol, as reflected by unchanged
plasma EPA and DHA levels between Day 1 and Day 19, indicating that supplementation
had not been taken as instructed. The final dataset therefore comprised 21 participants:
11 recreational and 10 trained runners. Baseline anthropometric characteristics are shown
in Table 1. No significant differences were observed between recreational and trained
runners; however, trained runners tended to be younger (22.7 vs. 27.9 years), lighter
(70.1 vs. 72.2 kg), and had a lower BMI (21.2 vs. 22.7 kg/ m?). These parameters remained
stable throughout the omega-3 supplementation period.

As shown in Table 2, plasma AA did not change significantly in any group after 30 days
of omega-3 supplementation. EPA increased overall (+53.5%; 159.1 vs. 244.1 pg/mL;
p = 0.004); within sub-groups, EPA rose in recreational runners (+69.0%; 152.9 vs. 258.3 ug/mL;
p = 0.032) and showed a non-significant increase in trained runners (+37.8%; 165.8 vs.
228.5 pg/mkL; p = 0.073). DHA increased overall (+174.6%; 32.2 vs. 88.5 ug/mL; p < 0.001);
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by subgroup, the increase was significant in recreational runners (+289.2%; 24.3 vs.
94.7 ug/mL; p = 0.030) and not significant in trained runners (+99.6%; 40.9 vs. 81.7 ug/mL;
p = 0.080).

Table 1. Baseline anthropometric data recorded before (TO, Day 1) and after (T0/, Day 36)
30 days of omega-3 fatty acids supplementation, for all participants and recreational and trained

runners separately.

Runner Grou Omega-3 Age Height Weight Body Mass Index
P Supplementation Period (Years) (cm) (kg) (kg/m?)

All TO 2529 +£599 180.05+591  71.03 +7.38 21.94 +2.26
(n=21) TO nd nd 71.59 £7.90 2210 +2.40
Recreational TO 2791+470 17855+ 6.15 7223 +7.67 22.65 + 1.86
(n=11) TO' nd nd 72.86 £+ 8.37 2293 +2.10
Trained TO 22,67 £573 18192+ 6.27 70.10 £6.71 21.23 +2.32

(n =10) TO' nd nd 70.27 £ 6.68 21.31+£2.33

Data are presented as mean = standard deviation (SD). nd—not determined; TO—pre-supplementation period;
T0'—post-supplementation period.

The temporal profiles of GPx, CAT, and SOD are shown in Figures 2—4.

For GPx, there were no significant differences between groups at individual time points
(all p > 0.20). Mean activity at baseline (T0) was 0.96 pkat- g’1 (95% CI: 0.81-1.11) in recre-
ational group, and 1.10 pkat-g ! (0.94-1.26) in trained group. In the recreational group, GPx
activity remained stable across all time points (all Holm-adjusted p = 1.00). In the trained
group, however, a transient decline was observed at T0" (0.90 pkat- g’l, 95% CI: 0.74-1.06),
which was significantly lower than value at T24 (1.17 pkat-g !, A = 0.268; p = 0.007), T24’
(1.15 pkat-g—!, A = 0.246; p = 0.019), and T48’ (1.20 pkat-g !, A = 0.302; p < 0.001).

CAT activity was generally comparable between groups and consistent over time. At
T0, values were 2.94 ukat-g’1 (2.53-3.36) in recreational group and 2.86 ukat-g’1 (2.41-3.31)
in trained group. The only significant difference occurred at T24, when trained group
displayed higher CAT activity (3.07 pkat-g 1, 2.62-3.52) compared with recreational group
(2.30 pkat~g’1, 1.87-2.73), with a mean difference of 0.77 uka’c-g’1 (p = 0.015). No other
between-group differences reached significance (all p > 0.26), and within-group contrasts
did not reveal meaningful changes over time.

In the case of SOD, more pronounced differences emerged. At baseline, trained group
exhibited significantly higher activity (24.7 pkat-g !, 23.2-26.3) compared with recreational
group (22.4 pkat‘gfl, 21.0-23.9), with a mean difference of 2.29 ukat- g*1 (p =0.034). In
recreational group, SOD activity remained relatively stable throughout the protocol, with
values ranging from 19.9 to 22.7 pkat-g ! (all adjusted p > 0.26). In contrast, the trained
group showed a marked decline after TO. At T0', mean activity decreased to 19.7 pkat-g~!
(18.2-21.3), which was significantly lower than baseline (A = 4.98; p < 0.001). At T24/,
activity decreased further to 18.9 pkat-g~! (17.4-20.5), representing a difference of 5.81
wkat-g~! compared with TO (p < 0.001) and reductions relative to both T24 (22.9 pkat-g~*;
A =3.98; p =0.005) and T48 (23.4 pkat-g~1; A = 4.46; p < 0.001). By T48', SOD activity had
partially recovered (20.6 pkat-g~—!, 19.1-22.2) but remained lower than baseline (A = 4.09;
p = 0.003).

In summary, GPx activity was stable in recreational group but transiently suppressed
at T0' in trained group, CAT was unchanged except for higher activity in trained group
at T24, and SOD was initially elevated in trained group but declined sharply during the
mid-phase, with the lowest values at T24’, while remaining stable in recreational group.
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Table 2. Plasma arachidonic acid (AA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) between recreational and trained runners before (T0, Day 1)

and after (T0’, Day 36) 30 days of omega-3 fatty acids supplementation.

Omega-3 i e AA EPA DHA
Runner Group g, 1ementation Period Statistic (ug/mL) r 4 (ug/mL) r 4 (ug/mL) r 4
T0 Mean + SD 158.60 + 62.06 ~0.26 0.31 159.05 + 80.60 —0.68 0.001 322241882 —0.68 <0.001
Median 137.45 160.98 26.93
All participants (Q1-Q3) (119.63-175.95) (108.48-186.74) (18.20-40.71)
(n=21) O/ Mean + SD 178.18 + 66.08 244.14 + 108.92 88.49 + 32.50
Median 153.64 243.63 83.07
(Q1-Q3) (128.56-236.34) (158.09-296.31) (56.32-106.88)
T0 Mean + SD 155.75 + 54.74 ~0.55 0.12 152.89 + 56.79 —0.76 0.032 24324803 076 0.03
Median 12951 158.62 2478
Recreational (Q1-Q3) (119.10-186.57) (126.78-174.19) (16.85-30.80)
(n=11) T0' Mean + SD 196.80 + 71.71 258.33 + 117.61 94.66 + 33.99
Median 158.72 259.87 87.94
(Q1-Q3) (144.69-251.18) (160.95-289.86) (67.78-120.16)
T0 Mean + SD 161.74 + 72.17 0.02 1.00 165.83 + 103.71 —0.64 0.073 409242356  —0.64 0.08
Median 140.74 166.27 41.09
Trained (Q1-Q3) (132.07-165.05) (87.17-204.23) (20.86-59.00)
(n=10) T0' Mean + SD 157.69 + 55.67 228.52 + 102.37 81.69 = 31.06
Median 152.30 220.85 8153
(Q1-Q3) (104.30-199.47) (139.74-296.90) (53.55-102.22)

Values are presented as Mean + Standard deviation (SD) and Median (Q1-Q3), where Q1 and Q3 represent the first and third quartiles. r = rank-biserial correlation coefficient, with
around 0.1 considered weak, around 0.3 moderate, and >0.5 strong. p < 0.05 was considered statistically significant. T0—pre-supplementation period; T0'—post-supplementation
period; AA—arachidonic acid; EPA—eicosapentaenoic acid; DHA—docosahexaenoic acid.
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Figure 2. Comparisons of omega-3 supplementation effects (days 6-35 inclusive) on plasma glu-
tathione peroxidase activity (days T0, T0') and 24 h (days T24, T24) and 48 h (days T48, T48') after the
running-induced stress test, for all participants. Data are presented as mean + standard deviation.

I I
T0 T0' T24 T24' T48 T48'

Recreational runners M Trained runners

Figure 3. Comparisons of omega-3 supplementation effects (days 6-35 inclusive) on catalase activity
before (days TO, T0') and 24 h (days T24, T24’) and 48 h (days T48, T48') after the running-induced
stress test, for all participants. Data are presented as mean + standard deviation.
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Figure 4. Comparisons of omega-3 supplementation effects (days 6-35 inclusive) on plasma superox-
ide dismutase activity before (days T0, T0') and 24 h (days T24, T24’) and 48 h (days T48, T48') after the
running-induced stress test, for all participants. Data are presented as mean + standard deviation.

4. Discussion

The present study investigated the effect of 30-day high-dose omega-3 supplementa-
tion on oxidative enzyme activities in recreational and trained runners, both at rest and
during recovery (24 h and 48 h) following a running-induced stress test.

To our knowledge, this is the first study to examine the influence of high-dose omega-3
fatty acids supplementation on antioxidant enzyme responses in these two populations
under conditions of acute exercise stress. Thirty days of omega-3 PUFA supplementation
modified plasma activities of key antioxidant defense enzymes, with more pronounced
effects observed in trained compared to recreational runners. GPx activity remained stable
in recreational runners but showed a transient reduction at T0' in trained runners, while
SOD activity declined markedly during the mid-phase in trained runners but stayed
unchanged in recreational runners. CAT activity was largely unaffected, aside from a single
increase in trained runners at T24.

These results suggest potential group-specific variability in antioxidant enzyme reg-
ulation, possibly reflecting differences in metabolic adaptations associated with training
status. While the reduction in enzyme activity is clear, its interpretation in terms of training
adaptations remains speculative. The existing literature highlights a complex interplay be-
tween antioxidant modulation, exercise-induced ROS, and adaptive signaling. Some degree
of oxidative stress is necessary to promote beneficial physiological adaptations, whereas
excessive suppression of ROS or antioxidant activity may blunt these processes. Further
studies that directly assess performance outcomes and molecular markers of adaptation
are needed to clarify whether the observed downregulation in enzyme activity contributes
positively or negatively to training responses.
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Oral omega-3 supplementation is known to elevate plasma and membrane levels of
EPA and DHA, often accompanied by a decrease in omega-6 arachidonic acid due to their
substitution. Notably, a study by Arnold et al. [36] investigated a 12-week supplementation
of 1.6 g/day of EPA and DHA in a ratio of 7:1. They reported a sevenfold increase in plasma
EPA levels and a nearly 50% increase in DHA levels, along with a 12% reduction in AA
levels. In our study, the post-supplementation plasma AA levels did not show significant
decrease in either group of runners. Instead, AA levels increased by 26.4% in recreational
runners and only by 2.5% in trained runners. These changes were accompanied by a
significant increase in both EPA and DHA, with DHA levels nearly tripling in recreational
runners and doubling in trained runners. While the EPA levels were notably higher in
recreational runners, a significant increase was not observed in trained runners (though
a positive trend was evident). The disparity in EPA increase between our study and that
of Arnold et al. [36] is most likely attributable to the different EPA:DHA ratios applied
(2:1 vs. 7:1).

Moreover, our study revealed altered antioxidant systems among runners. At baseline
trained runners exhibited higher SOD activity (~8%; 24.7 vs. 22.9 pkat-g '), comparable
GPx activity (1.10 vs. 0.98 pkat-g~1; +12.3%), and lower CAT activity (2.85 vs. 3.04 pkat-g~!;
—6.3%) relative to recreational runners. Mean baseline GPx values were comparable be-
tween groups, whereas SOD was ~8% higher in trained runners (24.7 vs. 22.9 pkat-g~1).
These findings align with previous reports showing that trained athletes from various
sports, such as competitive runners [37], cyclists [38], football [39], rugby [40], and hand-
ball [41], generally demonstrate enhanced resting antioxidant enzyme activities compared
with untrained or sedentary individuals. Conversely, one study reported lower antioxidant
enzyme activities at rest in trained compared with recreational cyclists [10]. Such discrep-
ancies may be reconciled by the hormesis framework, which proposes a dose-response
relationship whereby regular exposure to exercise-induced oxidative stress elicits adaptive
upregulation of antioxidant defenses [42]. This concept extends to physical exercise [43,44]
with intense physical exertion yielding greater ROS production in unconditioned indi-
viduals [3,45] and heightened antioxidant adaptation in highly conditioned athletes [46],
thereby elucidating the observed differences in antioxidant enzyme responses.

Adequate intake of omega-3 has been associated with reduced cytokine production
and ROS generation [30,31]. However, the supplementation does not appear to mitigate the
exercise-induced oxidative stress, and it may even increase oxidative stress at rest due to
lipid peroxidation [32]. The possibility that omega-3 supplementation could compromise
training effects through altered SOD, GPx, and CAT activities is intriguing but remains
speculative without performance outcomes. While changes in antioxidant enzyme activi-
ties provide valuable insight into redox response to supplementation, these biochemical
findings should not be equated with functional improvements or impairments in exercise
performance. As our study did not directly measure performance metrics, the link be-
tween reduced antioxidant enzyme activity and training adaptations should be interpreted
with caution.

In a study by Groussard et al. [47], erythrocyte GPx and SOD activities were measured
at multiple points at rest and up to 40 min post the Wingate test in eight healthy male
volunteers. While GPx activity did not change significantly, a trend of increase was noted
at the 40 min mark. In contrast, Fisher et al. [48] documented significant post-exercise
increases in GPx activity within lymphocytes after high-intensity interval training. GPx
activity returned to baseline levels three hours post-exercise and maintained this level for
the ensuing 24 h.

In the present study GPx activity was not significantly altered overall; however, a
transient suppression was observed at T0' in trained runners, followed by recovery at
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later time points. Additionally, baseline GPx after supplementation decreased, aligning
more closely with recreational levels. This may be attributed to the fact that GPx activity
had already returned to pre-exercise levels. This finding suggests that high-dose omega-
3 intake can reduce GPx activity to levels characteristic of less conditioned individuals,
thereby potentially attenuating exercise-induced oxidative stress. Because such stress is
considered essential for driving adaptive responses that enhance performance, excessive
omega-3 supplementation might impair training-induced adaptations, an effect reminiscent
of that reported for antioxidant supplementation [4,49,50]. Interestingly, this omega-3-
induced decline in baseline GPx levels was not evident at 24 h or 48 h post-exercise, despite
the expected increase in ROS production following the running challenge. When ROS
generation exceeds the neutralizing capacity of the antioxidant defense systems, oxidative
damage occurs in the muscle, liver, blood, and potentially in other tissues [31,37,51-53].

Among the antioxidant enzymes, SOD stands out as one that has been shown to exhibit
alterations in response to both chronic and acute exercise [41,45,47,54]. Groussard et al. [47]
demonstrated a notable decline in SOD activity at the onset of the Wingate test, followed
by a gradual recovery that did not reach pre-test levels. The rapid decrease in SOD
activity suggests the presence of H,O,, which inhibits SOD activity. Studies have indicated
that baseline SOD activities are higher in well-conditioned cyclists and amateur athletes
compared to controls. Notably, SOD activity increases significantly after prolonged cycling
races, as reported by Mena et al. [55]. Contrary to this, Fisher et al. [48] reported that
SOD activity was elevated immediately and up to three hours post-exercise, returning
to pre-exercise levels after 24 h. Our analysis of antioxidant defense enzyme activities
revealed that omega-3 fatty acid supplementation exerted the most pronounced effect on
SOD activity in trained runners. This aligns with the role of SOD as an early defense against
ROS in erythrocytes and mitochondria [51]. In trained runners, SOD activity was higher
at baseline compared to recreational runners but declined significantly at T0’, T24’, and
T48', whereas recreational athletes maintained relatively stable SOD levels. This decrease
in SOD activity may reflect a downregulation of SOD expression, potentially reducing the
requirement for acute upregulation during oxidative stress. Alternatively, it could indicate
suppression of antioxidant capacity or alterations in redox balance. This remains an open
question that requires further investigation to clarify the role of omega-3 supplementation
in modulating antioxidant defense systems.

Our interpretation contrasts with the viewpoint of Mandelsohn and Larrick, who
proposed that omega-3 fatty acids enhance ROS regulation indirectly by upregulation
oxidative defense enzymes, including SOD [29]. The discrepancy between these finding
may reflect differences in study design, supplementation protocols, or training status of
participants, underscoring the need for mechanistic studies to delineate how omega-3 fatty
acids influence redox homeostasis in athletes.

In the present study, no consistent or significant changes in CAT activity were observed
across supplementation or recovery, except for a transient increase in trained runners at
T24 that did not persist. This may reflect insufficient oxidative stress to elicit discernible
shifts in CAT activity. While GPx and CAT are both involved in H,O, elimination, their
substrate affinities differ: GPx is more effective at lower H,O, concentrations, whereas
CAT predominates under higher HyO, levels. Another possible explanation is related
to sampling design. In our study, the participants performed a 2800 m run that ended
with a 400 m all-out sprint, with blood samples collected at 24 h and 48 h post-exercise.
These time points may have missed the immediate oxidative stress response, potentially
explaining the lack of detectable CAT changes. However, we also acknowledge that the
study design may not have been sufficiently sensitive to capture more subtle or transient
alterations in CAT activity. In the study by Michailidis et al. [56], oxidative stress was
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induced by an acute treadmill run at 90% of maximal oxygen uptake (VO2max), with
samples collected multiple times within a 24 h period. They reported a substantial surge
in CAT activity immediately post-exercise, which returned to baseline levels within two
hours. In contrast, our study did not reveal significant differences. Similar observations
in CAT activity were reported by Djordjevic et al. [41], where 58 young handball players
and 37 controls completed a maximal progressive cycling test, resulting in decreased CAT
activity immediately post-exercise in the athletes. Given these considerations, it is perhaps
less surprising that our post-exercise sampling at 24 h and 48 h did not capture significant
fluctuations in CAT activity.

While our findings highlight potential roles of omega-3 supplementation in modulat-
ing antioxidant enzyme activities, they should be interpreted with caution. The absence
of a placebo-controlled group makes it difficult to attribute the observed changes solely
to omega-3 supplementation. The relatively small sample size (1 = 21), particularly once
divided into recreational and trained subgroups, further reduces statistical power and in-
creases the risk of type I and type II errors, meaning that some findings may reflect chance
while others may have gone undetected. Similarly, the choice to collect blood samples
only at 24 h and 48 h post-exercise focused our analysis on the recovery phase but may
have overlooked acute oxidative stress responses occurring in the hours immediately after
exertion. Finally, the non-standardized nature of the exercise protocol (2800 m run with a
400 m sprint) limits comparability with other studies. Taken together, these factors indicate
that our results should be regarded as preliminary and hypothesis-generating. Replication
in well-powered, placebo-controlled trials with standardized exercise protocols and direct
assessment of performance outcomes is required.

5. Conclusions

In conclusion, 30 days of high-dose omega-3 supplementation reduced the activity
of the antioxidant enzymes SOD and GPx but not CAT. This effect was more pronounced
in trained runners, with both enzyme activities showing a decrease under non-stressed
conditions. Our findings suggest that omega-3 supplementation may modulate redox sig-
naling pathways involved in exercise-induced adaptations. However, these interpretations
should be made with caution, as this pilot study had a small sample size and did not assess
performance outcomes, limiting direct conclusions about the functional relevance of the
observed biochemical changes.

Future research should include larger randomized, placebo-controlled trials to con-
firm these findings and elucidate the impact of high-dose omega-3 supplementation
on oxidative stress and athletic performance. Moreover, a more comprehensive assess-
ment of oxidative stress markers—such as malondialdehyde, 4-hydroxynonenal, and
8-hydroxydeoxyguanosine—as well as their associated mineral cofactors (e.g., Se, Fe, Zn,
Cu, Mn) is warranted to provide deeper mechanistic insight into the interplay between
supplementation, redox status, and training adaptations.

6. Limitations

This study has several limitations. First, the male-only design limits generalizability
and is noted as a key limitation of the study. While we aimed to control for potential
confounding factors, the exclusion of females may reduce the applicability of our findings
to a broader population. Second, although volunteers were instructed not to consume other
dietary supplements or exercise excessively during the experiment, complete compliance
could not be guaranteed. Third, the study was not randomized and not placebo-controlled,
which prevents definitive attribution of the observed effects solely to omega-3 supple-
mentation. Fourth, the final sample size was small (n = 21) and dividing participants
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into recreational and trained subgroups further reduced statistical power and increased
the risk of type I and type II errors. Fifth, blood sampling was performed only at 24 h
and 48 h post-exercise, which may have missed the acute oxidative stress response. Sixth,
the exercise test protocol (2800 m run with a 400 m sprint), while designed for ecological
validity, is not standardized in the literature, which may reduce the reproducibility of our
findings across different studies. Seventh, the bolus intake of omega-3 supplementation
was selected to maximize compliance and reduce the risk of missed doses. While similar
bolus protocols have been used in supplementation studies to ensure adherence [36], this
design may influence absorption kinetics, which should be considered when interpreting
the results. These limitations should be carefully considered when interpreting our results,
and future research should aim to address them by conducting larger, adequately powered,
randomized, placebo-controlled trials with standardized exercise protocols, more frequent
blood sampling, and attention to gender diversity in study design.

Author Contributions: B.M. designed the study; B.M. enrolled the volunteers and performed the
tests; B.M. performed the nutritional assessments; M.S. and T.K. performed the laboratory analysis;
B.M., L.B. and E.B. wrote the manuscript, which was additionally contributed to and reviewed by all
the authors. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Slovenian Research and Innovation Agency, grant numbers
P3-0395 and P1-0143.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the National Medical Ethics Committee of Republic of Slovenia
(identification number KME 85/09/14; date of approval: 16 September 2014).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: We thank Bojan Knap for assistance with volunteer recruitment, Katarina KoSmelj
for statistical counseling, Kaja Kranjc for technical editing of the manuscript, and Marusa étangar
for their help in preparing the figure. We are also grateful to all the participants who took part in
this study.

Conflicts of Interest: Author Leon Bedra¢ was employed by The NU B.V. The remaining authors
declare that the research was conducted in the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the
decision to publish the results.

References

1.

Rennemark, M.; Jogréus, C.; Elmstahl, S.; Welmer, A.; Wimo, A.; Sanmartin-Berglund, J. Relationships Between Frequency of
Moderate Physical Activity and Longevity: An 11-Year Follow-up Study. Gerontol. Geriatr. Med. 2018, 4, 233372141878656.
[CrossRef] [PubMed]

Jackson, M.J. Redox Regulation of Adaptive Responses in Skeletal Muscle to Contractile Activity. Free Radic. Biol. Med. 2009, 47,
1267-1275. [CrossRef]

Powers, S.K.; Jackson, M.J. Exercise-Induced Oxidative Stress: Cellular Mechanisms and Impact on Muscle Force Production.
Physiol. Rev. 2008, 88, 1243-1276. [CrossRef] [PubMed]

Ristow, M.; Zarse, K.; Oberbach, A.; Kloting, N.; Birringer, M.; Kiehntopf, M.; Stumvoll, M.; Kahn, C.R.; Blither, M. Antioxidants
Prevent Health-Promoting Effects of Physical Exercise in Humans. Proc. Natl. Acad. Sci. USA 2009, 106, 8665-8670. [CrossRef]
Silva, L.A.; Pinho, C.A.; Scarabelot, K.S.; Fraga, D.B.; Volpato, A.M.].; Boeck, C.R.; Souza, C.T,; Streck, E.L.; Pinho, R.A. Physical
Exercise Increases Mitochondrial Function and Reduces Oxidative Damage in Skeletal Muscle. Eur. ]. Appl. Physiol. 2009, 105,
861-867. [CrossRef]


https://doi.org/10.1177/2333721418786565
https://www.ncbi.nlm.nih.gov/pubmed/30046648
https://doi.org/10.1016/j.freeradbiomed.2009.09.005
https://doi.org/10.1152/physrev.00031.2007
https://www.ncbi.nlm.nih.gov/pubmed/18923182
https://doi.org/10.1073/pnas.0903485106
https://doi.org/10.1007/s00421-008-0971-8

Nutrients 2025, 17, 2985 15 of 17

10.

11.
12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Vifia, ].; Gimeno, A.; Sastre, J.; Desco, C.; Asensi, M.; Pallard6, E.V.; Cuesta, A.; Ferrero, J.A.; Terada, L.S.; Repine, J.E. Mechanism
of Free Radical Production in Exhaustive Exercise in Humans and Rats; Role of Xanthine Oxidase and Protection by Allopurinol.
IUBMB Life 2000, 49, 539-544. [CrossRef]

Silva, L.A ; Pinho, C.A; Silveira, P.C.L.; Tuon, T.; De Souza, C.T.; Dal-Pizzol, E; Pinho, R.A. Vitamin e Supplementation Decreases
Muscular and Oxidative Damage but Not Inflammatory Response Induced by Eccentric Contraction. J. Physiol. Sci. 2010, 60,
51-57. [CrossRef]

Palazzetti, S.; Richard, M.].; Favier, A.; Margaritis, I. Overloaded Training Increases Exercise-Induced Oxidative Stress and
Damage. Can. J. Appl. Physiol. 2003, 28, 588—604. [CrossRef] [PubMed]

Panissa, V.L.G.; Fukuda, D.H.; Staibano, V.; Marques, M.; Franchini, E. Magnitude and Duration of Excess of Post-Exercise
Oxygen Consumption between High-Intensity Interval and Moderate-Intensity Continuous Exercise: A Systematic Review. Obes.
Rev. 2021, 22, €13099. [CrossRef]

Tauler, P,; Aguil6, A.; Guix, P; Jiménez, E; Villa, G.; Tur, ].A.; Cérdova, A.; Pons Biescas, A. Pre-Exercise Antioxidant Enzyme
Activities Determine the Antioxidant Enzyme Erythrocyte Response to Exercise. J. Sports Sci. 2005, 23, 5-13. [CrossRef]

SIES, H. Oxidative Stress: Introductory Remarks; Pergamon Press Inc.: Oxford, UK, 1985; ISBN 0126427607.

Sies, H.; Cadenas, E. Oxidative Stress: Damage to Intact Cells and Organs. Philos. Trans. R. Soc. Lond. B Biol. Sci. 1985, 311,
617-631. [CrossRef] [PubMed]

Orrenius, S.; McConkey, D.J.; Bellomo, G.; Nicotera, P. Role of Ca2+ in Toxic Cell Killing. Trends Pharmacol. Sci. 1989, 10, 281-285.
[CrossRef]

Jones, D.P. Redefining Oxidative Stress. Antioxid. Redox Signal. 2006, 8, 1865-1879. [CrossRef]

Le Moal, E.; Pialoux, V.; Juban, G.; Groussard, C.; Zouhal, H.; Chazaud, B.; Mounier, R. Redox Control of Skeletal Muscle
Regeneration. Antioxid. Redox Signal. 2017, 27, 276-310. [CrossRef]

Nathan, C.; Cunningham-Bussel, A. Beyond Oxidative Stress: An Immunologist’s Guide to Reactive Oxygen Species. Nat. Rev.
Immunol. 2013, 13, 349-361. [CrossRef]

Halliwell, B.; Cross, C.E. Oxygen-Derived Species: Their Relation to Human Disease and Environmental Stress. Environ. Health
Perspect. 1994, 102, 5-12. [CrossRef] [PubMed]

Knap, B.; Prezelj, M.; Buturovi¢-Ponikvar, J.; Ponikvar, R.; Bren, A.F. Antioxidant Enzymes Show Adaptation to Oxidative Stress
in Athletes and Increased Stress in Hemodialysis Patients. Ther. Apher. Dial. 2009, 13, 300-305. [CrossRef] [PubMed]
Oppedisano, E; Macri, R.; Gliozzi, M.; Musolino, V.; Carresi, C.; Maiuolo, J.; Bosco, F.; Nucera, S.; Zito, M.C.; Guarnieri, L.; et al.
The Anti-Inflammatory and Antioxidant Properties of n-3 PUFAs: Their Role in Cardiovascular Protection. Biomedicines 2020,
8, 306. [CrossRef]

Yashodhara, B.M.; Umakanth, S.; Pappachan, ].M.; Bhat, S.K.; Kamath, R.; Choo, B.H. Omega-3 Fatty Acids: A Comprehensive
Review of Their Role in Health and Disease. Postgrad. Med. ]. 2009, 85, 84-90. [CrossRef]

Arterburn, L.M.; Hall, E.B.; Oken, H. Distribution, Interconversion, and Dose Response of n-3 Fatty Acids in Humans. Am. J. Clin.
Nutr. 2006, 83, 14675-1476S. [CrossRef]

Lane, K.E.; Wilson, M.; Hellon, T.G.; Davies, I.G. Bioavailability and Conversion of Plant Based Sources of Omega-3 Fatty Acids-a
Scoping Review to Update Supplementation Options for Vegetarians and Vegans. Crit. Rev. Food Sci. Nutr. 2022, 62, 4982-4997.
[CrossRef]

Shahidi, F.; Ambigaipalan, P. Omega-3 Polyunsaturated Fatty Acids and Their Health Benefits. Annu. Rev. Food Sci. Technol. 2018,
9, 345-381. [CrossRef]

Liao, Y.; Xie, B.; Zhang, H.; He, Q.; Guo, L.; Subramaniapillai, M.; Fan, B.; Lu, C.; McIntyer, R.S. Efficacy of Omega-3 PUFAs in
Depression: A Meta-Analysis. Transl. Psychiatry 2019, 9, 190. [CrossRef]

Elagizi, A.; Lavie, C.]J.; O'Keefe, E.; Marshall, K.; O'Keefe, ].H.; Milani, R. V. An Update on Omega-3 Polyunsaturated Fatty Acids
and Cardiovascular Health. Nutrients 2021, 13, 204. [CrossRef]

Tatsumi, Y.; Kato, A.; Sango, K.; Himeno, T.; Kondo, M.; Kato, Y.; Kamiya, H.; Nakamura, J.; Kato, K. Omega-3 Polyunsatu-
rated Fatty Acids Exert Anti-Oxidant Effects through the Nuclear Factor (Erythroid-Derived 2)-Related Factor 2 Pathway in
Immortalized Mouse Schwann Cells. J. Diabetes Investig. 2019, 10, 602-612. [CrossRef] [PubMed]

Sakai, C.; Ishida, M.; Ohba, H.; Yamashita, H.; Uchida, H.; Yoshizumi, M.; Ishida, T. Fish Oil Omega-3 Polyunsaturated Fatty
Acids Attenuate Oxidative Stress-Induced DNA Damage in Vascular Endothelial Cells. PLoS ONE 2017, 12, 1-13. [CrossRef]
Bang, H.Y.; Park, S.A.; Saeidi, S.; Na, H.K.; Surh, Y.J. Docosahexaenoic Acid Induces Expression of Heme Oxygenase-1 and
NAD(P)H: Quinone Oxidoreductase through Activation of Nrf2 in Human Mammary Epithelial Cells. Molecules 2017, 22, 969.
[CrossRef]

Mendelsohn, A.R.; Larrick, ].W. Trade-Offs between Anti-Aging Dietary Supplementation and Exercise. Rejuvenation Res. 2013,
16, 419-426. [CrossRef] [PubMed]

Rohrbach, S. Effects of Dietary Polyunsaturated Fatty Acids on Mitochondria. Curr. Pharm. Des. 2009, 15, 4103—4116. [CrossRef]


https://doi.org/10.1080/15216540050167098
https://doi.org/10.1007/s12576-009-0065-3
https://doi.org/10.1139/h03-045
https://www.ncbi.nlm.nih.gov/pubmed/12904636
https://doi.org/10.1111/obr.13099
https://doi.org/10.1080/02640410410001716724
https://doi.org/10.1098/rstb.1985.0168
https://www.ncbi.nlm.nih.gov/pubmed/2869521
https://doi.org/10.1016/0165-6147(89)90029-1
https://doi.org/10.1089/ars.2006.8.1865
https://doi.org/10.1089/ars.2016.6782
https://doi.org/10.1038/nri3423
https://doi.org/10.1289/ehp.94102s105
https://www.ncbi.nlm.nih.gov/pubmed/7705305
https://doi.org/10.1111/j.1744-9987.2009.00728.x
https://www.ncbi.nlm.nih.gov/pubmed/19695063
https://doi.org/10.3390/biomedicines8090306
https://doi.org/10.1136/pgmj.2008.073338
https://doi.org/10.1093/ajcn/83.6.1467S
https://doi.org/10.1080/10408398.2021.1880364
https://doi.org/10.1146/annurev-food-111317-095850
https://doi.org/10.1038/s41398-019-0515-5
https://doi.org/10.3390/nu13010204
https://doi.org/10.1111/jdi.12931
https://www.ncbi.nlm.nih.gov/pubmed/30216708
https://doi.org/10.1371/journal.pone.0187934
https://doi.org/10.3390/molecules22060969
https://doi.org/10.1089/rej.2013.1484
https://www.ncbi.nlm.nih.gov/pubmed/23998660
https://doi.org/10.2174/138161209789909692

Nutrients 2025, 17, 2985 16 of 17

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Goldfarb, A H.; McKenzie, M.].; Bloomer, R.J. Gender Comparisons of Exercise-Induced Oxidative Stress: Influence of Antioxidant
Supplementation. Appl. Physiol. Nutr. Metab. 2007, 32, 1124-1131. [CrossRef] [PubMed]

Filaire, E.; Massart, A.; Rouveix, M.; Portier, H.; Rosado, F.; Durand, D. Effects of 6 Weeks of N-3 Fatty Acids and Antioxidant
Mixture on Lipid Peroxidation at Rest and Postexercise. Eur. J. Appl. Physiol. 2011, 111, 1829-1839. [CrossRef]

Xin, G.; Eshaghi, H. Effect of Omega-3 Fatty Acids Supplementation on Indirect Blood Markers of Exercise-Induced Muscle
Damage: Systematic Review and Meta-Analysis of Randomized Controlled Trials. Food Sci. Nutr. 2021, 9, 6429-6442. [CrossRef]
Zebrowska, A.; Hall, B.; Stolecka-Warzecha, A.; Stanula, A.; Sadowska-Krepa, E. The Effect of Omega-3 Fatty Acid Supplementa-
tion on Serum Adipocytokines, Lipid Profile and Biochemical Markers of Inflammation in Recreational Runners. Nutrients 2021,
13, 456. [CrossRef]

Buonocore, D.; Verri, M.; Giolitto, A.; Doria, E.; Ghitti, M.; Dossena, M. Effect of 8-Week n-3 Fatty-Acid Supplementation on
Oxidative Stress and Inflammation in Middle- and Long-Distance Running Athletes: A Pilot Study. J. Int. Soc. Sports Nutr. 2020,
17,1-19. [CrossRef]

Arnold, L.E.; Young, A.S; Belury, M.A.; Cole, R M.; Gracious, B.; Seidenfeld, A.M.; Wolfson, H.; Fristad, M.A. Omega-3 Fatty Acid
Plasma Levels before and after Supplementation: Correlations with Mood and Clinical Outcomes in the Omega-3 and Therapy
Studies. J. Child Adolesc. Psychopharmacol. 2017, 27, 223-233. [CrossRef]

Finaud, J.; Lac, G.; Filaire, E. Oxidative Stress. Sport. Med. 2006, 36, 327-358. [CrossRef]

Tong, TK,; Lin, H.; Lippi, G.; Nie, J.; Tian, Y. Serum Oxidant and Antioxidant Status in Adolescents Undergoing Professional
Endurance Sports Training. Oxidative Med. Cell. Longev. 2012, 2012, 741239. [CrossRef] [PubMed]

Brites, ED.; Evelson, P.A.; Christiansen, M.G.; Nicol, M.E,; Basilico, M.J.; Wikinski, R.W.; Llesuy, S.F. Soccer Players under Regular
Training Show Oxidative Stress but an Improved Plasma Antioxidant Status. Clin. Sci. 1999, 96, 381-385. [CrossRef]

Evelson, P.; Gambino, G.; Travacio, M.; Jaita, G.; Verona, J.; Maroncelli, C.; Wikinski, R.; Llesuy, S.; Brites, F. Higher Antioxidant
Defences in Plasma and Low Density Lipoproteins from Rugby Players. Eur. ]. Clin. Investig. 2002, 32, 818-825. [CrossRef]
[PubMed]

Djordjevic, D.Z.; Cubrilo, D.G.; Barudzic, N.S.; Vuletic, M.S.; Zivkovic, V.I.; Nesic, M.; Radovanovic, D.; Djuric, D.M.; Jakovljevic,
V.L. Comparison of Blood pro/Antioxidant Levels before and after Acute Exercise in Athletes and Non-Athletes. Gen. Physiol.
Biophys. 2012, 31, 211-219. [CrossRef]

Calabrese, E.J.; Baldwin, L.A. Hormesis: The Dose-Response Revolution. Annu. Rev. Pharmacol. Toxicol. 2003, 43, 175-197.
[CrossRef]

Radak, Z.; Chung, H.Y.; Goto, S. Exercise and Hormesis: Oxidative Stress-Related Adaptation for Successful Aging. Biogerontology
2005, 6, 71-75. [CrossRef]

Ji, L.L.; Gomez-Cabrera, M.C.; Vina, J. Exercise and Hormesis: Activation of Cellular Antioxidant Signaling Pathway. Ann. N. Y.
Acad. Sci. 2006, 1067, 425-435. [CrossRef]

Miyazaki, H.; Oh-ishi, S.; Ookawara, T.; Kizaki, T.; Toshinai, K.; Ha, S.; Haga, S.; Ji, L.L.; Ohno, H. Strenuous Endurance Training
in Humans Reduces Oxidative Stress Following Exhausting Exercise. Eur. J. Appl. Physiol. 2001, 84, 1-6. [CrossRef]

Robertson, J.D.; Maughan, R.J.; Duthie, G.G.; Morrice, P.C. Increased Blood Antioxidant Systems of Runners in Response to
Training Load. Clin. Sci. 1991, 80, 611-618. [CrossRef] [PubMed]

Groussard, C.; Rannou-Bekono, F; Machefer, G.; Chevanne, M.; Vincent, S.; Sergent, O.; Cillard, J.; Gratas-Delamarche, A.
Changes in Blood Lipid Peroxidation Markers and Antioxidants after a Single Sprint Anaerobic Exercise. Eur. ]. Appl. Physiol.
2003, 89, 14-20. [CrossRef] [PubMed]

Fisher, G.; Schwartz, D.D.; Quindry, J.; Barberio, M.D.; Foster, E.B.; Jones, K.W.; Pascoe, D.D. Lymphocyte Enzymatic Antioxidant
Responses to Oxidative Stress Following High-Intensity Interval Exercise. J. Appl. Physiol. 2011, 110, 730-737. [CrossRef]
Merry, T.L.; Ristow, M. Do Antioxidant Supplements Interfere with Skeletal Muscle Adaptation to Exercise Training? J. Physiol.
2016, 594, 5135-5147. [CrossRef] [PubMed]

Higgins, M.R,; Izadi, A.; Kaviani, M. Antioxidants and Exercise Performance: With a Focus on Vitamin e and ¢ Supplementation.
Int. J. Environ. Res. Public Health 2020, 17, 8452. [CrossRef]

Holley, A K.; Bakthavatchalu, V.; Velez-Roman, J.M.; St. Clair, D.K. Manganese Superoxide Dismutase: Guardian of the
Powerhouse. Int. . Mol. Sci. 2011, 12, 7114-7162. [CrossRef]

Ji, L.L.; Katz, A; Fu, R;; Griffiths, M.; Spencer, M. Blood Glutathione Status during Exercise: Effect of Carbohydrate Supplementa-
tion. J. Appl. Physiol. 1993, 74, 788-792. [CrossRef] [PubMed]

Fano, G.; Mecocci, P.; Vecchiet, J.; Belia, S.; Fulle, S.; Polidori, M.C.; Felzani, G.; Senin, U.; Vecchiet, L.; Beal, M.F. Age and Sex
Influence on Oxidative Damage and Functional Status in Human Skeletal Muscle. J. Muscle Res. Cell Motil. 2001, 22, 345-351.
[CrossRef]

Packer, L. Oxidants, Antioxidant Nutrients and the Athlete. J. Sports Sci. 1997, 15, 353-363. [CrossRef]


https://doi.org/10.1139/H07-078
https://www.ncbi.nlm.nih.gov/pubmed/18059586
https://doi.org/10.1007/s00421-010-1807-x
https://doi.org/10.1002/fsn3.2598
https://doi.org/10.3390/nu13020456
https://doi.org/10.1186/s12970-020-00391-4
https://doi.org/10.1089/cap.2016.0123
https://doi.org/10.2165/00007256-200636040-00004
https://doi.org/10.1155/2012/741239
https://www.ncbi.nlm.nih.gov/pubmed/22577491
https://doi.org/10.1042/cs0960381
https://doi.org/10.1046/j.1365-2362.2002.01057.x
https://www.ncbi.nlm.nih.gov/pubmed/12423322
https://doi.org/10.4149/gpb_2012_025
https://doi.org/10.1146/annurev.pharmtox.43.100901.140223
https://doi.org/10.1007/s10522-004-7386-7
https://doi.org/10.1196/annals.1354.061
https://doi.org/10.1007/s004210000342
https://doi.org/10.1042/cs0800611
https://www.ncbi.nlm.nih.gov/pubmed/1647925
https://doi.org/10.1007/s00421-002-0767-1
https://www.ncbi.nlm.nih.gov/pubmed/12627300
https://doi.org/10.1152/japplphysiol.00575.2010
https://doi.org/10.1113/JP270654
https://www.ncbi.nlm.nih.gov/pubmed/26638792
https://doi.org/10.3390/ijerph17228452
https://doi.org/10.3390/ijms12107114
https://doi.org/10.1152/jappl.1993.74.2.788
https://www.ncbi.nlm.nih.gov/pubmed/8384616
https://doi.org/10.1023/A:1013122805060
https://doi.org/10.1080/026404197367362

Nutrients 2025, 17, 2985 17 of 17

55.  Mena, P; Maynar, M.; Gutierrez, ] M.; Maynar, J.; Timon, J.; Campillo, J.E. Erythrocyte Free Radical Scavenger Enzymes in Bicycle
Professional Racers. Adaptation to Training. Int. ]. Sports Med. 1991, 12, 563-566. [CrossRef] [PubMed]

56. Michailidis, Y.; Jamurtas, A.Z.; Nikolaidis, M.G.; Fatouros, I.G.; Koutedakis, Y.; Papassotiriou, I.; Kouretas, D. Sampling Time Is
Crucial for Measurement of Aerobic Exercise-Induced Oxidative Stress. Med. Sci. Sports Exerc. 2007, 39, 1107-1113. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1055/s-2007-1024734
https://www.ncbi.nlm.nih.gov/pubmed/1797698
https://doi.org/10.1249/01.mss.0b013e318053e7ba
https://www.ncbi.nlm.nih.gov/pubmed/17596778

	Introduction 
	Materials and Methods 
	Participants 
	Study Design 
	Gas Chromatography–Mass Spectrometry Analysis for Plasma AA, EPA, and DHA Levels 
	Enzyme Activity Assays 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	Limitations 
	References

