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IV. Summary

The typical Western diet has shifted towards a greater intake of omega-6
polyunsaturated fatty acids (n-6 PUFAs) at the expense of intake of omega-3 fatty acids
(n-3 PUFAs). Considering the proinflammatory functions of n-6 PUFAs, this type of
diet can increase inflammation in the body. This is particularly alarming considering the
negative health consequences associated with inflammation. Apart from physical
symptoms, inflammation of the brain can also cause behavioural and mood
disturbances, including low mood. Meanwhile, studies have demonstrated the anti-
inflammatory properties of n-3 PUFA supplementation. In particular, the n-3 PUFA
Docosahexaenoic Acid (DHA), has been reported to be effective at reducing
inflammation. Numerous studies have been conducted on the effects of the anti-
inflammatory properties of n-3 PUFAs on mood. However, the results from these
studies are not consistent. Meanwhile, inflammation seems to be only one of the
triggers of negative affect and low mood. Mood disturbances seem to be additionally
mediated by psychosocial stress. For example, data from animal models have shown
that different types of psychosocial stress may enhance changes in the brain resembling
those observed in depressed patients. The biological mechanism that might explain the
role of inflammation and psychosocial stress in mood disturbances is kynurenine
(KYN) metabolism, which seems to change in response to psychosocial stress and
inflammatory factors. Meanwhile, a recent animal study has suggested that physical
activity protects from stress-induced mood disturbances. Specifically, the increased
activity of peroxisome proliferator-activated receptor-gamma coactivator alpha (PGC-
la) in skeletal muscle, which is activated during endurance-type activity, was found to

mediate resilience to stress-induced depressive behaviour.



The purpose of the current study was to explore the effect of n-3 PUFA
supplementation on mood and stress-induced changes to mood. Furthermore, a
potential biological mechanism involved in the relationship between psychosocial stress
and mood — KYN metabolism — was assessed. Finally, based on the findings that PGC-
la overexpression in skeletal muscle might protect against stress-induced depressed
mood, the study compared two groups of participants: Physically Active and Physically

Inactive men.

This is the first controlled trial to investigate the effect of n-3 PUFA supplementation
on the KYN pathway and mood as well as the effect of supplementation on the KYN
pathway and mood following the induction of stress. The main observation from this
placebo-controlled experiment is that #n-3 PUFA supplementation in the Physically
Active group of men had a beneficial effect on KYN metabolites. Specifically, it
increased concentrations of picolinic acid (PA) — an endogenous metabolite of
tryptophan with neuroprotective abilities. Higher concentrations of PA were not found
among Physically Inactive men or among Physically Active men who supplemented
placebo. This suggests a moderating effect of physical activity on the relationship
between the KYN pathway and the fatty acid profile. Moreover, the study indicated that
n-3 PUFA levels ameliorated inflammatory markers in Physically Inactive men.
Meanwhile, there was no effect of #n-3 PUFA supplementation on mood and depressive
symptoms in Physically Inactive men. The study found no evidence that increased n-3
PUFA levels in Physically Active or Inactive men using n-3 PUFA supplements has
any benefit on mood, or mood following the induction of stress. While depressive
symptoms were not assessed in Physically Active men, the systematic review and meta-
analysis suggest that the beneficial effect of physical activity might depend on the level

of physical activity, with moderate level of physical activity being most beneficial for
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alleviating depressive symptoms. The Physically Active men group involved
participants engaged in high level of physical activity training, which might explain the

non-significant effect of physical activity on mood.

Keywords: n-3 PUFA, Omega-3 fatty acids, kynurenine metabolism, depressive

symptoms, mood, physical activity
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V. Summary in Polish

Zwigkszone spozycie kwaséw omega-6 (n-6 PUFA) kosztem kwasow omega-3 (n-3
PUFA) jest typowe dla diety spoleczenstw zachodnich. Z uwagi na prozapalne
dziatanie n-6 PUFA tego rodzaju dieta moze nasila¢ stany zapalne w organizmie, co
pociaga dalsze niekorzystne konsekwencje zdrowotne. Konsekwencja stanow
zapalnych, oprocz objawodw fizycznych, mogg by¢ rowniez stany obnizonego nastroju.
Jednoczesnie, jak wskazuja badania, suplementacja n-3 PUFA moze wywiera¢ efekt
przeciwzapalny. Szczegolnie skuteczny w redukcji stanu zapalnego wydaje si¢ jeden z
kwasow tluszczowych n-3 PUFA, kwas dokozaheksaenowy (DHA). Wyniki badan
empirycznych nad skutecznos$cig n-3 PUFA na nastrdj nie przyniosty, jak dotad,
jednoznacznych ustalen. Przyczyng moze by¢ brak uwzglednienia wieloczynnikowe;j
genezy zaburzen nastroju. Jako przyktad mozna wskaza¢ mediujaca rolg stresu
psychospotecznego w stanach depresyjnych. Badania na zwierzetach wskazuja, ze stres
psychospoteczny moze poglebia¢ zmiany degeneracyjne w mézgu podobne do tych,
ktore obserwuje si¢ u pacjentow z depresja. Wzrost stezenia kinureniny (KYN) we krwi
indukowany stanem zapalnym lub stresem psychologicznym moze by¢ potencjalnym
mechanizmem biologicznym wyjasniajacym wptyw tych czynnikéw na nastro;.
Jednoczes$nie, ostatnie badania na modelach zwierze¢cych sugeruja, ze aktywno$¢
fizyczna ma dziatanie protekcyjne wobec zaburzen nastroju indukowanych stresem.
Trening wytrzymato$ciowy poprzez wzrost ekspresji biatka koaktywator 1o receptora y
aktywowanego przez proliferatory peroksysomow (PGC-1a) oraz aminotransferazy
kinureniny (KAT) w migs$niach szkieletowych wptywaja na metabolizm kinureniny, co

w konsekwencji pozytywnie wplywa na nastrdj.

Celem projektu byta ocena efektywnosci suplementacji #n-3 PUFA na nastr6j oraz
nastrdj po indukeji stresu. Dodatkowo zbadany zostat metabolizm KYN w celu oceny
biologicznych mechanizméw odpowiedzialnych za zwigzek stresu psychospotecznego i
nastroju. Uwzgledniajac potencjalne wtasciwosci ochronne zwigkszonej aktywnos$ci
czynnika transkrypcyjnego PGC-1a w mig$niach szkieletowych na obnizony nastroj, w
badaniu poroéwnane zostaty dwie grupy badanych: me¢zczyzni aktywni i nieaktywni

fizycznie. Jest to pierwsze badanie na ludziach oceniajace jednocze$nie wptyw
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suplementacji n-3 PUFA, stresu psychospotecznego i aktywnosci fizycznej na nastrdj

oraz metabolizm kinureniny.

Kluczowym wynikiem obecnych badan jest korzystny wptyw suplementacji n-3 PUFA
w potaczeniu z aktywnoscig fizyczng na metabolizm KYN. U m¢zczyzn aktywnych
fizycznie suplementujacych n-3 PUFA zaobserowowano zwigkszone stezenie kwasu
pikolinowego - metabolitu tryptofanu z udokumentowanym pozytywnym wptywem na
funkcjonowanie mozgu. Zwigkszonego stezenia kwasu pikolinowego nie zauwazono w
grupie m¢zezyzn nieaktywnych fizycznie suplementujacych n-3 PUFA, ani w grupie
mezczyzn aktywnych fizycznie suplementujacych placebo. Sugeruje to o moderujacym
wplywie aktywnosci fizycznej na zalezno$¢ migdzy metabolizmem kinureniny, a
poziomem n-3 PUFA. Z przeprowadzanych badan wynika rowniez, ze u zdrowych
dorostych mezczyzn niektywnych fizycznie suplementacja n-3 PUFA przynosi
ochronne korzys$ci zdrowotne zwigzane ze stanem zapalnym. Wbrew przewidywaniom,
zarowno u me¢zczyzn aktywnych, jak i nieaktywnych fizycznie wysokie st¢zenia n-3
PUFA nie miaty wptywu na nastrdj oraz nastrdj po indukcji stresu. U m¢zczyzn
niekaktywnych fizycznie suplementacja n-3 PUFA nie miata réwniez wplywu na
symptomy depresyjne. Pomimo, ze w badaniu nie oceniono wplywu suplementacji n-3
PUFA na symptomy depresyjne u me¢zczyzn aktywnych fizycznie, przeprowadzony
przeglad systematyczny i meta-analiza sugeruja, ze intensywnos$¢ aktywnosci fizycznej
moze by¢ istotnym mediatorem w zalezno$ci migdzy aktywnoscia fizyczna, a
nastrojem. W badanej grupie intensywnos$¢ byta wysoka, stad potencjalnie nie

wykazano korzysci ptynacych z aktywnosci fizycznej na nastroj.

Stowa kluczowe: n-3 PUFAs, kwasy tluszczowe Omega-3, metabolizm kinureniny,

symptomy depresyjne, nastroj, aktywno$¢ fizyczna

13



CHAPTER 1: INTRODUCTION
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Background and the State of the Art

Depressive disorders affect approximately 280 million people worldwide (Institute of
Health Metrics and Evaluation, n.d.) and are a major cause of global health burden

(GBD, 2019; Mental Disorders Collaborators, 2022).

Inflammation and Depressive Symptoms

Increased inflammation and heightened physiological stress reactivity have been
associated with the pathophysiology of mood disorders. Peripheral blood elevations of
proinflammatory cytokines, including tumour necrosis factor (TNF) alpha and
interleukin 6 (IL-6), are some of the most reliable biomarkers of increased
inflammation in patients with depressive symptoms (Haroon et al., 2012). Cytokines
can cross the blood brain barrier and affect central neural function, which may promote
depressive symptoms and low mood (Beurel, Toups, & Nemeroff, 2020; Bhatt et al.,
2023). The role of proinflammatory cytokines in depressive symptoms is supported by
prospective studies, which have shown that acute administration of proinflammatory
cytokines can trigger depressive symptoms (Dantzer & Kelley, 2007; Felger & Lotrich,

2013).

Links between Stress, Inflammation, and Depressive Symptoms

Meanwhile, animal models have shown that exposure to stressors facilitates the
expression of proinflammatory cytokines and promotes depressive-like behaviour
(Norman et al., 2010). Physiological responses to acute stressors can vary widely

among individuals experiencing the same stressor (Turner et al., 2020), and reactivity to
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stressors can be a predictor of depressive symptoms (Felsten, 2004). The biological
mechanism that may explain the link between reactivity to psychological stressors and
depressive symptoms is altered hypothalamic—pituitary—adrenal (HPA) activity (Malhi
& Mann, 2018). In healthy individuals, psychological stress activates a HPA response
causing the central nervous system to release cortisol. This is followed by a ‘stress
recovery’ phase in which cortisol returns to baseline levels. A meta-analysis on the
association between depression and cortisol responses to psychosocial stressors showed
that while patients with major depressive disorder show similar baseline cortisol levels
to healthy controls (before being exposed to a psychological stressor), patients with
major depressive disorder have significantly higher cortisol levels during the recovery
period (over 25 min after being exposed to a psychological stressor; Burke et al., 2005).
While an adaptive stress response is flexible and short-lived, patients with major
depressive disorder seem to have blunted stress reactivity and impaired recovery from
acute stressors (Burke et al., 2005). An exaggerated prolonged response to acute

stressors may facilitate higher increase of proinflammatory cytokines.

Kynurenine Pathway

The underlying biological mechanisms via which pro-inflammatory cytokines and
stress can affect neurogenesis is through alterations of the kynurenine (K'YN) pathway.
The KYN pathway is one of the two major enzymatic pathways of tryptophan (Trp)
catabolism. Trp can either be converted into serotonin, a neurotransmitter involved in
mood, anxiety, and cognition, or it can be metabolised through the KYN pathway. In
humans, about 95% of the total Trp is metabolized through the KYN pathway, with

participation of indoleamine 2,3-dioxygenase (IDO), which catabolizes the conversion
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of Trp into KYN (Myint & Kim, 2003). KYN can then be metabolised in two ways. In
the neuroprotective branch, KYN is transformed into kynurenic acid (KYNA) by
kynurenine aminotransferase (KAT). KYNA can have some major health benefits,
including antioxidant, anti-inflammatory, and neuroprotective properties. The
expression of KAT is enhanced via peroxisome proliferator-activated receptor-gamma
coactivator alpha (PGC-1a) — a transcriptional coactivator in skeletal muscles, which is
activated when adaptation to endurance exercise occurs (Fig. 1). Hence, endurance
exercise leads to higher KAT activity in skeletal muscles and may in turn enhance
KYNA levels. In the neurotoxic branch, KYN is accumulated in the central nervous
system and forms other neurotoxic metabolites, such as 3-hydroxykynurenine (3-HK)
and quinolinic acid (QA). Unlike KYNA, KYN can also cross the blood-brain barrier.
KYN formation from Trp seems to be activated by psychological or physiological stress
as well as directly by inflammatory cytokines, which can stimulate the activity of IDO
and can in turn lead to over-activation of the KYN pathway (Miura et al., 2008; Tanaka
et al., 2021). Peripheral Trp conversion to KYN under proinflammatory conditions and
under stress conditions has been linked to neuroinflammation and may contribute to
depressed mood (Schwarcz et al., 2012). Increased levels of KYN, 3-HK, and QA can

lead to depressive symptoms (Wichers et al., 2005).
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PASSIVE EXERCISE DEPRESSIVE

SYMPTOMS
PGC-1a1 -> KATs \ KYNA
Muscle
STRESS - TRP > L-KYN
Liver

Fig. 1. Skeletal Muscle PGC-1al Modulates Kynurenine Metabolism and Mediates Resilience

to Stress-Induced Depression

Adapted from: Skeletal muscle PGC-1a1 modulates kynurenine metabolism and mediates resilience to
stress-induced depression by Agudelo, L. Z., Femenia, T., Orhan, F., Porsmyr-Palmertz, M., Goiny, M.,
Martinez-Redondo, V., ... & Ruas, J. L, 2014, Cell, 159(1), 33-45, Graphical abstract.

Physical Activity

The benefit of physical activity for alleviating depressive symptoms is generally
accepted (Singh et al., 2023). Physically active individuals regularly performing
endurance exercise have higher KAT activity in skeletal muscles (Schlittler et al., 2016)
— KAT are the enzymes responsible for the transformation of KYN into KYNA.
Considering the neuroprotective effects of KYNA, exercise-induced PGC-1a
expression in skeletal muscles might protect against the stress-induced neurobiological
mechanisms of depressed mood. There is evidence that physical activity improves
mental health, including depressive symptoms. A cross-sectional and prospective study

of 32,392 Europeans across a four-year follow-up showed that physical activity is
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negatively associated with depressive symptoms and predicts lower depression scores
four years later (Marques et al., 2020). A recent meta-analysis with meta-regression of
41 randomized controlled trials demonstrated large effects of exercise interventions on
depressive symptoms (Heissel et al., 2023). The authors concluded that moderate
exercise is an evidence-based option in the treatment of depression and depressive
symptoms. Based on animal models, it seems that skeletal muscle PGC-1a modulates
the KYN pathway, which mediates resilience to stress-induced depression (Agudelo et

al., 2014).

N-3 PUFAs

Omega-3 polyunsaturated fatty acids (n-3 PUFAs) may reduce the risk of depressive
symptoms by regulating inflammation and stress-responsive systems (Ginty & Conklin,
2012; Kavyani et al., 2022). Specifically, higher levels of n-3 PUFAs may inhibit
proinflammatory cytokine release during psychological stress exposure. A randomized,
controlled trial showed that daily supplementation of 2.5 grams of n-3 PUFAs —
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) — reduced overall
cortisol and IL-6 throughout the stressor (Madison et al., 2021). It was suggested that n-
3 PUFA supplementation alters the damaging effects of stress and may thus reduce the

risk of depression.

N-3 PUFAs have anti-inflammatory properties and are suggested to positively influence
brain functioning (Delpech et al., 2015; Rangel-Huerta et al., 2012). Numerous studies
have been conducted on the effects of the anti-inflammatory properties of n-3

PUFAs on mood. While there is evidence for higher plasma n-3 PUFAs being
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associated with improved mood and lowered depressive symptoms (Liao, 2019;
Wolters et al., 2021), a number of randomized controlled trials have showed limited
effects of n-3 PUFA supplementation on mood, either as a main effect or in interaction
with other variables such as stress in healthy individuals (Giles et al., 2015; Okereke et
al., 2021). Inconsistent results on the effect of n-3 PUFA supplementation on mood may
be due to the insufficient quality of evidence. Studies in this area have often
implemented supplementation protocols shorter than 3 months — this length of time is
crucial to achieve a significant increase of one of the n-3 PUFAs, DHA, in human blood
cells (Giles et al., 2015). Furthermore, the quality of evidence from studies on the effect
of n-3 PUFA supplementation on depressive symptoms is often insufficient. For
example, 25% out of 25 studies included in the meta-analysis on the effects of n-3
PUFA supplementation on depressive disorder had a high risk of bias (Wolters et al.,
2021). Further funnel plot inspection confirmed that the results from those studies may

be biased.

Gender Differences

Overall, controlled intervention trials addressing the causal nature of the effect of n-3
PUFAs on mood, inflammation, and stress-responsive systems are scarce, and results
from the limited number of studies available are divergent. When studying the
biological mechanisms of depressive symptoms, it is crucial to consider possible gender
differences. Inflammatory responses differ between males and females — responses in
females have been shown to be more pronounced than in males (Klein & Flanagan,
2016). Gender differences in inflammatory responses seem to also apply to the

peripheral immune system in patients with depression. One cross-sectional study found
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that serum levels of IL-6 and TNF-a were higher in depressed females than depressed
males (Birur et al., 2017). This suggests that the association between proinflammatory
cytokines and depressive symptoms is possibly gender-specific, and hence males and

females need to be studied individually.

Current Study

The purpose of the current study was to explore the effect of n-3 PUFA
supplementation on KYN metabolism and mood, and the effects on KYN metabolism
and mood after the induction of an acute, psychological stress. While previous studies
suggest that peripheral Trp conversion is mediated by endurance exercise and can
influence stress response depressive symptoms, the evidence is based mainly on animal
models. Hence, this will be the first study where the combined effects of n-3 PUFA
supplementation and endurance exercise on KYN will be assessed. In the current study,
participants were administered n-3 PUFA supplementation or placebo over 12 weeks.
N-3 PUFA supplementation in this study aimed to reduce inflammation. The n-3 PUFA
supplementation was controlled by investigating serum concentration and percentage
content of #-3 PUFAs (n-3 PUFA index). Serum concentrations of KYN pathway
metabolites were investigated — including KYN, KYNA, QA, xanthurenic acid (XA),
picolinic acid (PA), 3-hydroxykynurenine, and 3-hydroxyanthranilic acid (3-HAA). The
anti-inflammatory markers assessed were: interleukin 6 receptor alpha (IL-6R alpha),
interleukin 10 (IL-10), glycoprotein 130 (gp130), and tumor necrosis factor receptor 1
(TNF R1). The stress response in participants was experimentally induced by
conducting a stress manipulation task. Finally, based on the findings that exercise-

induced PGC-1a expression in skeletal muscles might protect against stress-induced
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neurobiological mechanisms of depressed mood, the study compared two groups of
participants: Physically Inactive and Physically Active males, who potentially have
higher KAT activity in skeletal muscles. This study design allowed the investigation of
the effect of endurance training on KYN metabolism, inflammation, and mood.
Considering the consistent rise in the consumed levels of n-6 PUFAs at the expense of
n-3 PUFAs as well as a more sedentary lifestyle and higher experienced stress in
Western countries, this study may have significant potential for therapeutic application
and expand our understanding of the mechanisms of how supplementation and exercise

can influence mood.

This PhD thesis is composed of three scientific articles published in peer-reviewed
open-access scientific journals. Two of these publications are original research studies

and one is a systematic review and meta-analysis.

Aims

Original Study (Publications 1 and 2)

e To control n-3 PUFA supplementation by investigating serum concentration and
percentage content of n-3 PUFAS to assess whether participants complied with
the supplementation protocol.

e To determine the impact of three months of supplementation with #-3 PUFAs on
changes in KYN metabolism in Physically Active and Inactive males.

e To determine the impact of three months of supplementation with #-3 PUFAs on

anti-inflammatory markers (IL-10, gp130, IL-6R alpha, TNF R1) in Physically
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Inactive males and a pro-inflammatory marker (IL-6) in Physically Active
males.

e To determine the impact of three months of supplementation with #-3 PUFAs on
mood and depressive symptoms in Physically Inactive males.

e To determine the impact of a stress manipulation test on KYN metabolism after
n-3 PUFA supplementation in Physically Active and Inactive males.

e To determine the impact of a stress manipulation test on mood after n-3 PUFA

supplementation in Physically Active and Inactive males.

Systematic Review and Meta-analysis (Publication 3)

e To assess the relationship between physical activity and depressive symptoms in

males.

e To assess the relationship between physical activity intensity (low, moderate,

high) and depressive symptoms in males.
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Materials and Methods

Original Study

This study was conducted according to the guidelines of the Declaration of Helsinki
and approved by the Bioethics Committee for Research Projects at the University of
Gdansk (protocol number 44/2020; date of approval: 20 August 2020). Informed
consent was obtained from all participants involved in the study. This study was
registered at ClinicalTrials.gov with identifier NCT05520437 (14/07/2021 first trial

registration).

Study Group

This was an interventional study that recruited Physically Inactive men (N = 51;
Omega-3 group: n = 27; Placebo group: n = 24) and Physically Active men (amateur
long-distance runners; N = 40; Omega-3 group: n = 20; Placebo group: n = 20).
Participants classified as Physically Inactive did not meet the World Health
Organization recommendations of at least 150 minutes of moderate to vigurous
physical activity (MVPA) per week (Bull et al., 2020). Table 1 provides a description of
inclusion and exclusion criteria for the two study groups. Participants were instructed to
take n-3 PUFAs or placebo over 12 weeks. Additionally, during the course of the study,
Physically Active males underwent structured progressive endurance training
supervised by a track and field coach. From the 51 Physically Inactive men enrolled in
the study, four participants dropped out (two from the experimental group and two from
the control group). From the 40 Physically Active men enrolled in the study, 14

participants were not included in the final analysis (6 from the experimental group and
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8 from the control group), either due to sickness or injury, insufficient training sessions,
or other reasons (Tomczyk et al., 2022). As a result, 47 Physically Inactive males
(Omega-3 group: n = 25; Placebo group: n = 22) and 26 Physically Active males
(Omega-3 + TRAIN group: n = 14; Placebo + TRAIN group: n = 12) were included in
the final analyses (Table 2). In Publication 1 the whole sample of Physically Inactive
males was included. In Publication 2, the whole sample of Physically Active males was
included and 11 participants from the Physically Inactive males were chosen through

random sampling.

Table 1. Inclusion and Exclusion Criteria for the two study groups (Physically Inactive men

and Physically Active men)

Study group Physically Inactive men Physically Active men

Inclusion criteria

Exclusion criteria

age between 23 and 52 years

MVPA < 150 min/week

DSM-5 psychiatric disorders
other than depression and
anxiety, neurological
disorders, chronic illnesses,
and any other illnesses that
could interfere with the study,
vigorous physical activity or
moderate physical activity
over 120 min per week, and
use of dietary supplements
containing n-3 PUFAs or anti-
inflammatory drugs

age between 29 and 42 years
amateur long-distance runners

completion of an official 10
km running competition
within 37— 57 min

consent to carry out only the
training courses included in
the program and to keep diet
as constant as possible during
the experimental period

neurological disorders, chronic
illnesses, and any other
illnesses that could interfere
with the study, cigarette
smoking, use of dietary
supplements containing n-3
PUFAs or any other
prescribed medications
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Table 2. Sample characteristics

Physically Inactive males Physically Active males
a‘:ﬂi ceristics Omega-3 Placebo Omega-3 + TRAIN  Placebo + TRAIN
(n=25) (n=22) (n=14) (n=12)
M+ SD M+ SD M+ SD M+ SD
Age [years] 36+5 37+7 37+3 37+4
Body mass [kg] 92 +14 87+ 16 76 £11 78 £ 8
Procedure

During the first stage of the study, before supplementation, blood samples were
collected in Physically Active and Physically Inactive males. Mood and depressive
symptoms were also assessed in Physically Inactive males with the UWIST Mood
Adjective Check List (UMACL) and the Depression, Anxiety and Stress Scale — 21
Items (DASS-21) respectively. Additionally, Physically Active males participated in an
exercise performance test on a treadmill — a graded exercise test to exhaustion.
Participants in Omega-3 groups received n-3 PUFA supplements (NAMEDSPORT) in
the form of softgels over a period of 12 weeks. The supplement is certified by the
International Fish Oil Standards™ (IFOS™) Program. The daily dose contained a total
of 3,276 mg of Omega 3 (4,000 mg of fish oil of which: EPA 2,234 mg; DHA 916 mg).
Participants in the Placebo groups received a placebo in the form of MCT oil capsules

with no effect on the hypothesized outcomes. Additionally, Physically Active males
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underwent twelve weeks of structured progressive endurance training supervised by a

track and field coach (TRAIN).

During the second stage of the study, after 12 weeks of supplementation (combined
with endurance training in the Physically Active group), blood samples were collected
and mood was assessed. Depressive symptoms were also assessed in Physically
Inactive males. Additionally, Physically Active males participated in an exercise
performance test. This was followed by inducing a stress response in both groups of
participants with a validated stress manipulation test — the Trier Social Stress Test
(TSST). Immediately after the stress manipulation test and one hour after stress
manipulation test, blood samples were drawn and mood was reassessed in both

Physically Active and Physically Inactive males. Fig. 2 presents the stages of the study.
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I STAGE II STAGE

1§

12-weeks supplementation with Omega-3 fatty acids / Placebo

Blood test Blood test
Mood and Depressive Symptoms Mood (Physically Active and
assessment (Physically Inactive Inactive males) and Depressive
males only) Symptoms assessment (Physically
Inactive males)

Fitness test Fitness test

(Physically Active males only) (Physically Active males only)

Stress induction:
Straight after stress induction:
Ly Mood assessment

Ly Blood test

One hour after stress induction:

L5 Blood test

Fig. 2. Stages of the study

Methods

Biochemical analysis — EPA and DHA. Gas chromatography—mass spectrometry

(GC-MS) was used to identify the percentage share and concentration of EPA and DHA
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in serum. The method is described in detail in Publication 1 under the Methods section.

Assessment of Inflammation Markers. Thermo Fisher Scientific Elisa Analyzer
(Thermo Fisher Scientific Waltham, MA, USA) and enzyme-linked immunosorbent
assay kits (DRG International, Inc., Springfield, NJ, USA) were used to analyse
inflammation markers — IL-6R alpha, IL-10, TNF RI, and gp130. Plasma
concentrations of IL-6 was measured using sandwich ELISA kits (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s protocol (catalog no.

HS600B).

Biochemical analysis — KYN metabolism. Liquid chromatography with tandem mass
spectrometry (LC-MS-MS) was used to determine plasma concentrations of metabolites
of KYN metabolism - KYN, KYNA, QA, XA, PA, 3-HK, and 3-HAA. The method is

described in detail in Article 1. under the Methods section.

Supplements. The Namedsport Omega 3 Double Plus (Namedsport, Lombardy, Italy)
dietary supplement was used in the study (3,276 mg/day including 2,234 mg EPA; 916
mg DHA). Now Foods Medium Chain Triglyceride (MCT) oil was used as a placebo

(4,000 mg/day).

Mood Assessment. The Polish adaptation of the UWIST Mood Adjective Check List
(UMACL; Matthews, Jones, & Chamberlain, 1990) was used to assess mood (Gorynska,
2005). The questionnaire comprises a list of 29 adjectives. Participants rate on a scale of
1 to 4 the extent to which their present mood corresponds to each of the adjectives. The

final score is represented by the three dimensions: energetic arousal (EA), tense arousal
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(TA), and hedonic tone (HT). A high score for EA corresponds to being restful, energetic,
and vigorous; a high score for TA corresponds to being stressed, anxious, or tense; and a
high score for HT is associated with being cheerful, satisfied, and happy. The Polish
adaptation of the UMACL is reliable and valid, with Cronbach’s alpha for the individual

subscales between 0.79 and 0.92 (Gorynska, 2005).

Assessment of Depressive Symptoms. The Polish adaptation of the Depression, Anxiety
and Stress Scale — 21 Items (DASS-21; Lee, 2019) was used to assess depressive
symptoms (Makara-Studzinska et al., 2022). DASS-21 measures the emotional states of
depression, anxiety, and stress (for each of the subscales, the minimum score is 10 and
the maximum score is 42, with higher scores representing higher levels of the emotional
states). The Polish version of the DASS-21 is reliable and valid. The Cronbach's alpha
for the overall score is 0.93 and Cronbach's alpha for the individual subscales is between

0.80 and 0.86 (Zawislak et al., 2020).

Stress Manipulation Test. The Trier Social Stress Test (TSST) was used to induce a
stress response in participants (Kirschbaum, Pirke & Hellhammer, 1993). The TSST is
a three-stage psychosocial stress task conducted in front of a panel of ex-perimenters. It
includes (i) a 3 min preparation period, (ii) a 5 min public speaking task, and (iii) a 5
min metal arithmetic task. During the preparation period participants were asked to
make an interview-style presentation, which they then presented. In the mental
arithmetic task, participants were asked to sequentially subtract the number 7 from a

4 -digit number. If the participants made a mistake, the interviewer asked them to start
over. The TSST is a reliable method for inducing psychosocial stress, with Cronbach's

alpha = 0.83 (Giles et al., 2014).
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Statystical analysis - Publication 1

For every studied outcome variable, a two-way mixed models ANOVA with group
(Omega-3/Placebo), time (before/after supplementation), and the group x time
interaction as fixed effects and participant as random effect was performed. Additionally,
for variables measured before and after the stress task, similar two-way mixed models

ANOVA (with time effects before, after, and 1 h after stress task) was performed.

Results - Publication 1

Fatty Acids Profile

Significant group-by-time interactions were found for percentage share and
concentration of EPA and DHA in serum (Fig. 3). Post hoc comparisons revealed
significantly higher percentage share and concentration of EPA and DHA in serum
values at t1 (after supplementation) in comparison to tO (before supplementation) for

the Omega-3 group but not for the Placebo group.
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Fig. 3. Distributions of the group x time interaction effect on the fatty acids profiles in the
Placebo (black) and Omega-3 (blue) groups at times t0 (before supplementation) and t1 (after
supplementation). Large points represent mean values, with error bars representing a 95%

confidence intervalaround the mean value. Small points represent single observations

Depressive Symptoms and Mood Measures

For DASS, there were no significant group-by-time interactions (all p-values > 0.05),
suggesting that n-3 PUFA supplementation had no effect on DASS outcomes. For
UMACL HT, a significant group-by-time interaction (F(1, 49) = 6.50, p = 0.014) was
found. Post hoc tests indicated that there was an increase in scores from t0 to tl in the
Placebo group (Mt0 =30.83 + 6.38, Mtl =34.38 +4.69; t = —4.00; p < 0.001) but not
in the Omega-3 group (Mt0 = 31.56 +4.25, Mtl =32.0 £4.93; t =—-0.53, p = 0.60). No

significant differences were found for other UMACL subscales (p > 0.05).
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KYN Pathway

No significant group-by-time interactions were found (all p-values > 0.05) for KYN

metabolites.
Inflammation Markers

Significant group-by-time interactions were found for inflammation markers (GP 130,
IL-6R alpha, and TNF RI) (Fig. 4). Post hoc tests revealed significantly higher values

of TNF RI, GP 130, and IL-6R alpha at t1 compared to t0 in the Omega-3 group.

TNF_RI Test result IL-10 Test result IL-6R alpha Test result GP 130 Test result
3000 A . . . 140000 A .
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Fig. 4. Distributions of the group x time interaction effect on inflammation markers in the
Placebo (black) and Omega-3 (blue) groups at times t0 (before supplementation) and t1 (after
supplementation). Large points represent mean values, with error bars representing a 95%
confidence interval around the mean value. Small points represent single observations.

Stress Induction

No significant group-by-time interactions of stress induction on any of the KYN
metabolites (all p-values > 0.05) were found. Similarly, no effects of stress induction on

UMACL outcomes (all p-values > 0.05) were found.
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Statystical analysis - Publication 2

Separate two-way repeated measures analyses of variance (rANOVA) were used with
group (Omega-3/Placebo) and time (before supplementation (t0), after supplementation
(t1)). To estimate interaction effect sizes, partial eta squared (np2) was computed with

np2 > 0.01 indicating small, > 0.059 medium and > 0.138 large effects.

Results - Publication 2

Fatty Acids Profile

Significant group-by-time interactions were found for percentage share and
concentration of EPA and DHA in red blood cells and plasma (Table 3). Post hoc
comparisons revealed significantly higher percentage share and concentration of EPA
and DHA values at t1 (after supplementation) in comparison to t0 (before

supplementation) for the Omega-3 + TRAIN group but not for the Placebo + TRAIN

group.
Omega-3 + TRAIN (n=14) Placebo + TRAIN (n=12) rANOVA
0 tl A(CI) 0 tl A(CI) Group x

time
DHA (% in red blood cells) 468£1.03  6.69£0.76* 201 (1.66:235) 442+1.11 468:1.01  02(-028:0.68)  <0.01
EPA (% in red blood cells) 1112039  488+1.11% 377 (3.14:441) 116£03  1.18£044 -0.01(-028:026)  <0.01
DHA (% in plasma) 238405 401£0.5%  1.64(1.32:1.96) 2.18£0.69 22+0.78  -0.09 (-0.59:04)  <0.01
EPA (% in plasma) 11740.51  5.15:1.53% 394 (3.05:4.83) 1.19:038 1.04£046 -021(-061:02)  <0.01
DHA +EPA (% in red blood cells)  5.79+1.35 11.57£1.7% 578 (4.9:6.66) 5.67+137 5.86£1.39  0.19(-0.5:0.88)  <0.01
DHA + EPA (% in plasma) 3.50£0.97  9.16£1.97% 558 (4.43:6.73) 3.38:097 3.08:1.14 0.3 (-1.16056)  <0.01

Note: values are presented as mean + SD; EPA - eicosapentaenoic acid; DHA - docosahexaenoic acid

Table 3. EPA, DHA and their sum as a percentage of total fatty acids in red blood cells and
plasma. Values are presented as mean + SD; EPA—eicosapentaenoic acid; DHA—
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docosahexaenoic acid. A—t1 to t0 changes; Cl—confidence interval of changes; rANOVA—
repeated measurement analysis of variance*- statistically significant difference compared to t0;
p <0.05. Data are presented as mean + SD *statistically significant difference in groups (A)
with a trend of higher percentages in the Omega-3 + TRAIN group and lower percentages in
the Placebo + TRAIN group.

KYN Pathway

A significant group-by-time interaction was found for 3-HK (p = 0.01; np2 = 0.22),
where post hoc comparisons indicated a significant increase in the Omega-3 group,
with no change in the Placebo group (Table 4). A significant group-by-time interaction
was also found for PA, where a significant increase was noticed in Omega-3 + TRAIN

group but not the Placebo + TRAIN group.

Omega-3 + TRAIN (n=14) Placebo + TRAIN (n=12) rANOVA p (71121)
t0 t1 A(Cl) TO t1 A (Cl) TxG
3-HK [ng/mL] 4.73+1.33 5.09+1.73* 0.36 (0.06;0.67) 4.54+0.71 432+05 -0.22 (-0.56;0.15) 0.01 (0.22)
PA [ng/mL] 4.5+1.72 5.8+1.81* 1.3 (0.83;1.76) 5.12 £1.47 5.31+1.58 0.23 (-0.45;0.91) 0.01 (0.26)

Table 4. The effect of n-3 PUFA supplementation combined with 12-week structured running
training on plasma Trp metabolite concentrations in Physically Active participants.
The table only includes statistically significant group x time interactions.

Mood Measures: before and after stress induction

The scores on the three dimensions of the Mood Adjective Check List scale were not

significantly different before and after stress induction (all p-values > 0.05)

To see full results, please refer to the Results sections in Publications 1 and 2.
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Systematic Review and Meta-analysis (Publication 3)

The systematic review and meta-analysis was registered in the International Prospective
Register of Systematic Reviews (PROSPERO) number CRD42023417219. The
systematic review and meta-analysis was conducted in accordance with the guidelines

outlined by PRISMA 2020 (Page et al., 2021).

Inclusion and Exclusion Criteria

The systematic review and meta-analysis included: 1) cross-sectional and cohort studies
that included 2) male participants aged 18 years or older, 3) assessed depressive
symptoms with validated screening measures, 4) assessed the participants’ levels of
physical activity, and 5) were published in peer-reviewed journals. Excluded papers
included 1) studies without primary data, 2) data from poster presentations and
conferences, and 3) studies that recruited participants with physical and mental

disorders (other than depressive symptoms).

Search Strategy

An electronic search of Medline, Web of Science, and Pubmed from January 1, 2003 to
February 20, 2023. The search used relevant terms relating to physical activity (e.g.,
physical activit*, exercis*) and depressive symptoms (e.g., depress* symptoms,
depression). After removing duplicates, the titles and abstracts identified with the
search terms were analysed by two independent reviewers who applied the eligibility

criteria and generated a final list of included articles (Fig. 5).

The method is described in detail in Publication 3 under the Methods section
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Identification of studies via databases and registers
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(n=47) ’ Ineligible outcomes (n = 14)
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— Ineligible study sample
(n=6)
H
° Studies included in review
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Fig. 5. Flowchart of study selection. Flowchart adapted from the PRISMA 2020
statement

Study quality assessment

To identify the risk of bias Joanna Briggs Institute (JBI) Critical Appraisal Checklist

for Prevalence Studies (Institute, 2017) was used.
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Statistical Analysis

Odds ratios and their respective confidence intervals were extracted from eligible
studies and analysed using random-effects meta-analytic models. Three models were
constructed, comparing groups with either low, moderate, or high levels of physical
activity, with no physical activity as a reference.

The method is described in detail in Publication 3 under the Methods section.

Results

A random effects meta-analytic model of pooled data from 5 studies that incorporated
measures of moderate physical activity predicted an odds ratio estimate of 0.68 (95 %
C.I. 0.50-0.93). The model estimate indicated that medium physical activity has a
statistically significant effect on depressive symptoms (Est. -0.38; SE =0.11; t(4) = —
3.41; p < 0.001) (Fig. 6). Additionally, the Chi? test indicated substantial heterogeneity
between the included studies (Q(4) =20.36; p < 0.001; tau® = 0.05, tau? SE = 0.04; I* =

80.3 %).

Random effects meta-analytic models that incorporated measures of low physical
activity and high physical activty predicted odds ratio estimates of 0.79 (95 % C.I.
0.52-1.20) and 0.78 (95 % C.I. 0.47—1.30) respectively. The models indicated that low
physical activity and high physical activity do not have a statistically significant effect
on depressive symptoms. Additionally, the Chi? test indicated substantial heterogeneity

between the included studies.

To see full results, please refer to the Results section in Publication 3.
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Author(s) and Year

Estimate [95% CI]

Augestad et al. 2008
Currier et al. 2020
Sieverdes et al. 2011
Wang et al. 2019
Zhang & Yen 2015

0.75[0.55, 1.03]
0.60 [0.53, 0.68]
0.49 [0.38, 0.63]
0.91 [0.57, 1.46]
0.84 [0.73, 0.98]

RE Model (Q = 20.36, df= 4,p= <0.001; I"2 = 80.3%) -

0.05 025 1 4

Observed Outcome

0.68 [0.50, 0.93]

Fig. 6. Meta-analysis of studies on the effect of moderate physical activity on

depressive symptoms.
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No Effects of Omega-3 Supplementation on
Kynurenine Pathway, Inflammation, Depressive

Symptoms, and Stress Response in Males: A Placebo-

Controlled Trial
Authors: Monika Bidzan-Wigcek, Maja Tomczyk,
Magdalena Blazek, Adriana Mike, Jedrzej
Antosiewicz
Journal: Nutrients
Date of publication: 31.10.2024
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Key findings
A significant group-by-time interaction was found for the following
inflammation markers: gp130 (p = 0.011), IL-6R alpha (p = 0.003), and TNF RI
(p =0.002).
No significant group-by-time interactions were found for depressive symptoms
or mood, except for HT (p = 0.014).
No significant group-by-time interactions were found for KYN metabolites and
stress-induced changes to the KYN metabolites and mood following a
laboratory stressor.
Overall, increasing n-3 PUFA levels in healthy males ameliorated inflammatory
markers but did not ameliorate KYN metabolism, depressive symptoms, or
mood; increasing n-3 PUFA levels did not ameliorate KYN metabolism or mood

after stress induction.
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trial
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Key findings
We found that n-3 PUFA supplementation accompanied by endurance training
led to increased plasma concentrations of picolinic acid (PA), a neuroprotective
KYN metabolite, and the neurotoxic 3-HK.
Concentrations of 3-HK and PA significantly increased only in the Physically
Active Omega-3 group (p = 0.01) but not in the Physically Active Placebo
group or either Physically Inactive group.
The ratio of neurotoxic KYN+3HK to neuroprotective XA+PA decreased,
which indicated beneficial effects of the intervention
No changes in mood or IL-6 concentrations were observed in either group.
Supplementation with #-3 PUFAs during endurance training has beneficial

effects on KYN neuroprotective metabolites.
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Key findings
Results indicated significant effects of moderate physical activity on depressive
symptoms (OR = 0.68; 95% CI: 0.50-0.93).
No effect of low and high physical activity on depressive symptoms was found.
High heterogeneity between the studies should be considered when interpreting

the results.
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CHAPTER 3: DISCUSSION
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This PhD thesis is composed of three scientific articles published in peer-reviewed

open-access scientific journals. Below, I present the main findings from the study.

N-3 PUFA supplementation improved anti-inflammatory markers in Physically
Inactive men.

N-3 PUFA supplementation had no effect on any KYN metabolites among a
group of Physically Inactive males.

N-3 PUFA supplementation had a beneficial effect on KYN metabolites among
Physically Active males. N-3 PUFA supplementation accompanied by
endurance training led to increased plasma concentrations of a neuroprotective
KYN metabolite, PA, and the neurotoxic 3-HK.

The ratio of neurotoxic KYN+3HK to neuroprotective XA+PA decreased,
which indicated beneficial effects of the intervention.

N-3 PUFA supplementation had no effect on mood and depressive symptoms in
Physically Inactive males except for Hedonic Tone.

N-3 PUFA supplementation had no effect on mood or KYN metabolism after
stress induction in either Physically Active or Physically Inactive males.

The systematic review and meta-analysis indicated that the intensity of physical

activity may be important when considering mood

Main Findings

Original Study (Publications 1 and 2)

Publication 1 investigated only Physically Inactive men, while Publication 2

investigated both Physically Active men and a random sample of Physically Inactive

men (Table 2). Publication 1 showed that n -3 PUFA supplementation had no effect on
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any KYN metabolites among a group of Physically Inactive men. Publication 2 showed
that n-3 PUFA supplementation in Physically Active men had a beneficial effect on
KYN metabolites. Specifically, 12 weeks of n-3 PUFA supplementation accompanied
by endurance training increased plasma concentrations of PA. PA is a KYN metabolite,
which — similarly to KYN, 3-HK, and xanthurenic acid (XA) — can penetrate the blood-
brain barrier and has been reported to possess a wide range of neuroprotective
properties as well as to modulate the immune system (Guillemin et al., 2001).
Consequently, a significant increase in PA in amateur runners who supplemented 7-3
PUFAs seems to be a marker of an adaptive response to exercise. At the same time, a
statistically significant increase in 3-HK was observed among Physically Active men
who supplemented n-3 PUFAs. Meanwhile, the ratio of neurotoxic KYN+3HK to
neuroprotective XA+PA decreased. Although 3-HK is a neurotoxic KYN metabolite, it
can further be converted to either PA or QA. In Physically Active men who
supplemented n-3 PUFAs, despite a significant increase of PA, the levels of quinolinic
acid (QA) remained stable. It seems that exercise-induced coactivator PGC-1a in
Physically Active participants who supplemented #n-3 PUFAs might have favoured the
conversion of 3-HK to the neuroprotective PA over the neurotoxic QA and hence the PA
plasma levels were increased in this group. Furthermore, among Physically Active men
who supplemented n-3 PUFAs, although not statistically significant, there was a large
Group x Time interaction for KYNA and a medium Group x Time interaction for XA.
Both KYNA and XA are neuroprotective KYN metabolites, which form from KYN and
3-HK respectively under coactivator PGC-1a, which is activated when adaptation to
endurance training occurs (Fig. ). Consequently, endurance exercise together with n-3

PUFA supplementation seems to be beneficial for KYN metabolism.
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Neither Physically Inactive men who supplemented n-3 PUFAs or placebo nor
Physically Active men who supplemented placebo had significant changes to KYN
metabolites. This suggests a moderating effect of physical activity on the relationship
between the KYN pathway and the fatty acid profile. Moreover, the study indicated that
n-3 PUFA levels improved majority of anti-inflammatory markers in Physically
Inactive men but did not ammeliorate a pro-inflammatory cytokine IL-6 in Physically
Active men. Non-significant changes in serum IL-6 in Physically Active group may be
explained by adequate IL-6 levels in this group before the supplementation.
Additionally, there was no effect of n-3 PUFA supplementation on mood (except for
HT) and depressive symptoms in Physically Inactive males. The study found no
evidence that increasing n-3 PUFA levels in Physically Active and Inactive males using
n-3 PUFA supplements has any benefit for mood following stress induction. While
depressive symptoms were not assessed in Physically Active men, the systematic
review and meta-analysis suggested that the beneficial effect of physical activity on
depressive symptoms might be dependent on the intensity of the physical activity. The
study group in the controlled trial involved participants engaged in high intensity
physical activity, which might explain the non-significant effect of physical activity on
mood. Alternatively, a longer protocol should have been implemented in order to

observe a change in mood (Raeder et al., 2007).

Systematic Review and Meta-analysis (Publication 3)

This is the first meta-analysis to assess the relationship between physical activity and

depressive symptoms in healthy males that takes into consideration the intensity of the

physical activity. This study suggests that the intensity of physical activity seems to be
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crucial for ameliorating depressive symptoms. The meta-analysis indicated significant
effects of moderate physical activity on depressive symptoms. Meanwhile, no effect of

low or high physical activity on depressive symptoms was found.

Strengths and Limitations of the Conducted Studies

Original Study (Publications 1 and 2)

The many strengths of this placebo-controlled trial include the 12-week
supplementation period — the time crucial to achieve a significant increase of DHA, one
of the n-3 PUFAs, in human blood cells. To ensure construct validity, the supplement
chosen in this study is certified by the International Fish Oil Standards™ (IFOS™)
Program. Plasma EPA and DHA concentrations were also measured to investigate
whether n-3 PUFA supplementation was successful. In addition, all psychological tools

applied in this study are valid and reliable.

Some limitations of the study include the methodological limitations of the materials
used. Firstly, stress was only induced at one time point. The reasoning behind inducing
stress only at one time point was based on the familiarity of the laboratory stressor.
Stress induction before and after the intervention would require applying the same
procedures, and hence the stressor could have been perceived as being less stressful at
the second time point (Allen et al., 2017). Considering that each participant completed
the acute laboratory stressor only at one time point (i.e., after the intervention), the
results were not adjusted for baseline reactivity. Consequently, the results did not

account for potential interindividual variability.
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Furthermore, the duration of the study seems adequate to achieve a significant change
in serum concentrations of KYN metabolites, n-3 PUFA derivatives, and inflammatory
markers. However, it seems that in order to observe a change in mood and depressive
symptoms, a longer protocol should have been implemented (Raeder et al., 2007).
Moreover, although the UMACL can be used as a repeated measure, it may not be
sensitive to minor mood changes (Gorynska, 2005). Full discussion of the study’s
strengths and limitations is included in Publications 1 and 2 in the Limitations

subsections of the Discussion sections.

Systematic Review and Meta-analysis (Publication 3)

This is the first meta-analysis to assess the relationship between physical activity and
depressive symptoms in healthy males that takes into consideration the intensity of the
physical activity. The meta-analysis yielded a total of 13,763 males. The selection of
cross-sectional studies in this meta-analysis has a number of advantages over a
randomized controlled trial (RCT). Although RCTs may show a clear cause—effect
relationship between the outcomes, participants may be less representative due to the
methodological design and inclusion criteria. Firstly, RCTs studying the effect of
physical activity on depressive symptoms recruit participants who are willing to take
part in the standardized exercise regime. Secondly, recruited participants are willing
and motivated to participate in the study, which can be a concern when studying
depressive symptoms, which by nature can result in social withdrawal. The cross-
sectional design of the study on the other hand allows observing the relationship
between the variables without interfering with them. Consequently, the cross-sectional

study design could have yielded relatively representative data.
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However, it is important to consider limitations when drawing conclusions from this
meta-analysis. When interpreting the results, the relatively low number of studies and
the high heterogeneity of the selected studies needs to be considered. Funnel plot
analysis for all three models (between 80.3% and 93.6% for the moderate physical
activity model and high physical activity model, respectively) indicated that a
substantial number of studies with relatively low SE estimates had a relatively high
variance in observed outcome. High heterogeneity of the included studies can stem
from: different participant characteristics; non-unified measures of depressive
symptoms and physical activity levels; different studies using different methodologies;
and different cultural backgrounds. Moreover, sensitivity analysis revealed that one
study (Wang et al., 2019) might have impacted the overall findings. Finally,
classification of low, medium and high physical activity might have differed between
the studies. The results therefore need to be interpreted with caution. A full discussion
of the study’s limitations is included in Publication 3 in the Discussion section (5.2

Limitations).

Implications

Overall, it seems that the clinical usefulness of n-3 PUFA supplementation in healthy
males for improving mood is questionable. The Academy of Nutrition and Dietetics
recommends at least 500 mg/day of EPA and DHA for adults (Vannice & Rasmussen,
2014). The health benefits promoted include mental health. Our findings suggest that
daily n-3 PUFA supplementation alone may not have any clinical usefulness for

improving mood in a non-clinical group of males without a diagnosis of major
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depressive disorder. Yet, it is successful in ameliorating inflammation markers, which

can be beneficial for overall health.

The findings from meta-analysis highlight the importance of medium-intensity physical
activity on depressive symptoms and the findings from the original study highlight the
importance of endurance physical activity combined with r#-3 PUFA supplementation
on the KYN pathway. N-3 PUFA supplementation alone in healthy, Physically Inactive
males did not improve the KYN pathway. Given the relatively low level of physical
activity among Polish men, with 41% of Polish men claiming to participate in sports or
recreational activity (Gtowny Urzad Statystyczny, 2022), it seems that over half of
Polish males may be disadvantaged in terms of a potentially higher risk of

inflammation, neurotoxic KYN metabolites, and depressive symptoms.

Meanwhile, it seems that the intensity of physical activity is an important moderator of
the relationship between physical activity and depressive symptoms. Various levels of
intensity of physical activity were not included in the original study as all participants
were involved in a high intensity physical activity. Study 3 indicated that moderate
physical activity seems to be the most beneficial for depressive symptoms. Meanwhile,
high physical activity has not been shown to improve mood. In fact, some studies
included in the meta-analysis indicate a negative effect of high physical activity on

mood.
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Conclusions

The main observation from the placebo-controlled experiment is that elevating n-3
PUFA levels had no effect on any KYN metabolites among a group of physically
inactive men, however n-3 PUFA supplementation had a beneficial effect on KYN
metabolites among Physically Active males. Specifically, the study found that n-3
PUFA supplementation accompanied by endurance training leads to increased plasma
concentrations of the neuroprotective metabolite picolinic acid. This suggests a
moderating effect of physical activity on the relationship between the KYN pathway
and the fatty acid profile.

Moreover, elevating n-3 PUFA levels ameliorates inflammatory markers among
healthy, physically inactive males. The study did not indicate a beneficial effect of n-3
PUFA supplementation on mood. While depressive symptoms were not assessed in the
original study, the systematic review and meta-analysis suggested that when
considering the effect of physical activity on depressive symptoms, it may be important
to consider the intensity of the physical activity. Based on the meta-analysis, it can be
expected that participants with a ‘medium’ intensity of physical activity might have
yielded different results on mood, with a more beneficial effect of n-3 PUFA
supplementation on mood.

Overall, it seems that the clinical usefulness of n-3 PUFA supplementation in healthy
males to improve mood is questionable. When drawing conclusions from this study, it
is crucial to consider the study group. The study group consisted of healthy males with
no diagnosis of major depressive disorder. Thus, the study investigated changes in

mood and depressive symptoms in healthy males.
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Future research on n-3 PUFA supplementation should consider the intensity of physical
activity. It can be speculated that moderate physical activity together with n-3 PUFA

supplementation could have a beneficial effect on both KYN metabolism and mood.
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Appendix 1

N NARODOWE CENTRUM NAUKI

DOW.420.119.63.2019 Krakéw, dnia 18-05-2020

DECYZJA
DYREKTORA NARODOWEGO CENTRUM NAUKI
Nr DEC-2019/35/N/NZ7/03757

Na podstawie art. 33 ust. 1 w zwigzku z art. 27 ust. 3 ustawy z dnia 30 kwietnia 2010 r.
o Narodowym Centrum Nauki (tj. Dz.U. z 2019 r. poz. 1384) po rozpatrzeniu wniosku
o finansowanie projektu badawczego o nr rejestracyjnym 2019/35/N/NZ7/03757 ztozonego w
ramach konkursu PRELUDIUM 18 na projekty badawcze

przyznaje

podmiotowi:

Gdanski Uniwersytet Medyczny,

srodki finansowe w wysokosci: 190 800 zt (stownie: sto dziewieédziesiat tysiecy osiemset zi),
na realizacje projektu badawczego

pt. Wplyw suplementacji kwasami omega-3 na indukowany stresem nastréj i metabolizm
kinureniny u mezczyzn aktywnych i nieaktywnych fizycznie,

ktory realizowac bedzie Gdanski Uniwersytet Medyczny, Wydziat Nauk o Zdrowiu z Oddziatem
Pielegniarstwa i Instytutem Medycyny Morskiej i Tropikalne;j.

Kierownikiem projektu bedzie Pan/i mgr Monika Mariola Bidzan - bedacy/a wnioskodawca,

z zastrzezeniem dopetnienia nastepujgcej czynnosci: przediozenia w formie elektronicznej,
projektu umowy o realizacje i finansowanie projektu badawczego podpisanego kwalifikowanym
podpisem elektronicznym w standardzie PAdES przez osobe/y umocowang/e do podpisywania
uméw w imieniu podmiotu wskazanego we wniosku jako podmiot realizujgcy oraz Kierownika
projektu badawczego.

Projekt umowy nalezy przesta¢ w formie elektronicznej na adres Elektronicznej Skrzynki
Podawczej Narodowego Centrum Nauki: /ncn/SkrytkaESP w terminie 2 miesiecy od dnia
doreczenia niniejszej decyzji wnioskodawcy.

Niedotrzymanie ww. terminu skutkowa¢ bedzie odmowa podpisania umowy przez Narodowe
Centrum Nauki oraz uchyleniem niniejszej decyzji w trybie art. 162 § 2 ustawy z dnia 14
czerwca 1960 r. Kodeks postepowania administracyjnego (t.j. Dz.U. z 2020 r. poz. 256).

Projekt umowy o realizacje i finansowanie projektu badawczego wraz z zatacznikami dostepny
jest w systemie ZSUN/OSF (Zintegrowany System Ustug dla Nauki/Obstuga Strumieni
Finansowania) na stronie www.osf.opi.org.pl.

Srodki finansowe =zostaly przyznane z zastrzezeniem niewydatkowania przez adresata
niniejszej decyzji kosztéw uznanych przez Zespdt Ekspertow za niekwalifikowalne. Wykaz
kosztéw uznanych za niekwalifikowane znajduje sie w uzasadnieniu oceny wniosku w systemie
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Symptoms, and Stress Response in Males: A Placebo-

Controlled Trial
Authors: Monika Bidzan-Wigcek, Maja Tomczyk,
Magdalena Blazek, Adriana Mike, Jedrzej
Antosiewicz
Journal: Nutrients
Date of publication: 31.10.2024

75



Gdansk, 5.12.2024

dr hab. Magdalena Btazek, prof. uczelni
(tytut zawodowy, imie i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. ‘No Effects of Omega-3 Supplementation on
Kynurenine Pathway, Inflammation, Depressive Symptoms, and Stress
Response in Males: A Placebo-Conftrolled Trial' o$wiadczam, iz méj wiasny
wktad merytoryczny w przygotowanie, przeprowadzenie i opracowanie
badan oraz przedstawienie pracy w formie publikacji to: wktad w
opracowanie metodologii oraz wktad w przygotowanie ostatecznej wersji
tekstu do publikaciji.

Jednoczednie wyrazam zgode na przedtozenie w/w pracy przez
mgr Monike Bidzan-Wigcek jako czesc¢ rozprawy doktorskiej w formie spdjnego
tematycznie zbioru artykutdw opublikowanych w czasopismach naukowych.

Os$wiadczam, iz samodzielna i mozZliwa do wyodrebnienia cze$¢ ww.
pracy wykazuje indywidualny wktad mgr Moniki Bidzan-Wigcek przy
opracowywaniu  koncepcji, wykonywaniu czesci  eksperymentalnej,

opracowaniu i interpretacii wynikdw tej pracy.

(podpis wspdtautora)
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Gdarnsk, 6.12.2024

dr Maja Tomczyk
(tytut zawodowy, imie i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. ‘No Effects of Omega-3 Supplementation on
Kynurenine Pathway, Inflammation, Depressive Sympioms, and Siress
Response in Males: A Placebo-Controlled Trial' o$wiadczam, iz moj wiasny
wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie
badan oraz przedstawienie pracy w formie publikacji fo: wktad w
opracowanie metodologii, wktad w przeprowodzenie badania, wkiad w
przygotowanie ostatecznej wersji tekstu do publikacii.

Jednoczesnie wyrazam zgode no przedtozenie w/w pracy przez
mgr Monike Bidzan-Wigcek jako czesé rozprawy doktorskiej w formie spojnego
tematycznie zbioru artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna | mozliwa do wyodrebnienia czes¢ ww.
pracy wykazuje indywidualny wkiod mar Moniki Bidzan-Wiacek przy
opracowywaniu  koncepcji, wykonywaniu czeici  eksperymentalngj,

opracowaniu i interpretacji wynikow fej pracy.
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odpis wspotautoral)
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Gdansk, 4.12.2024

ur habe Adriana Mika, prof. uezelni
[I7101 zawodowy imie | nazwiske)

OSWIADCIZENIE

Jako wspotauter pracy pt. ‘No Eifects of Omega-3 Supplementation on
Kynurenine  Pathway, Inflammation, Depressive Symptoms, and Stress
Kesponse in Males: A Placebo-Contrelied Trial' oswiadczam, iz méj wiasny
weind meryloryczny w przygotowanie, przeprowadzenie i opracowanie
badan oraz przedstowienie pracy w  formie publikacji to: wktad w
plzeprowadzenie badania.

Jednoczesnie wyrazam zgode na przediozenie w/w pracy przez
(e Monike Biclzan Wigeek jako czg$¢ rozprawy doktorskiej w formie spojnego
teinatyeznie zbiony anykutow opublikowanych w czasopismach naukowych.

Odwiadczam, iz samodzelna i moiliwa do wyodrebnienia czesé ww.
Frasy wykazvle indywidualny  wktad mgr Moniki - Bidzan-Wigcek przy
JiJcowywaniu - koncepcii,  wykonywaniu  czesci eksperymentainej,

cpiacowaniu i nterpretac wynikow iej pracy.

(podpis wspotautora)
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Gdansk . dnia......cceoceeeeaeencaninis

: | - . C
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(tytut zawodowy, imig i nazwisko)

OSWIADCZENIE

Jako wspétautor pracy pt. ‘No Effects of Omega-3 Supplementation on
Kynurenine Pathway, Inflammation, Depressive Symptoms, and Stress Response in
Males: A Placebo-Controlled Trial' oéwiadczam, iz méj wiasny wkitad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w
formie publikacji to: wktad w opracowanie koncepcji i metodologii oraz wkiad w
przygotowanie ostatecznej wersji tekstu do publikacii.

Jednoczes$nie wyrazam zgode na przedioZzenie w/w pracy przez
mgr Monike Bidzan-Wigcek jako cze$¢ rozprawy doktorskiej w formie spojnego
tematycznie zbioru artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czgS¢ ww. pracy
wykazuje indywidualny wkiad mgr Moniki Bidzan-Wigcek przy opracowywaniu
koncepcji, wykonywaniu czeéci eksperymentalnej, opracowaniu i interpretacii
wynikow tej pracy.
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(podpis wspotautora)
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Omega-3 fatty acid supplementation affects
tryptophan metabolism during a 12-week endurance
training in amateur runners: a randomized controlled

trial

Authors: *Tomczyk, M., *Bidzan-Wiacek, M., Kortas, J.
A., Kochanowicz, M., Jost, Z., Fisk, H. L.,
Calder, P. C. & Antosiewicz, J

* contributed equally

Journal: Scientific Reports
Nature Portfolio
Date of publication: January 2024
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Gdanisk, 4.12.2024

dr Magdalena Kochanowicz
[tytut zawodowy, imig | nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. 'Omega-3 fatty acid supplementation
aoffects tryptophan metabolism during a 12-week endurance training in
amateur runners: a randomized controlled trial' odwicdczam, iz méj wiasny
wkitad merytoryczny w przygotowanie, przeprowadzenie i opracowanie
badan oroz przedstawienie pracy w formie publikacji to: wkiad w
opracowanie metodologii oraz wktad w przygotowanie pierwotnej i
ostatecznej wersji tekstu do publikacii.

Jednoczesnie wyrazom zgode na przediozenie w/w pracy przez
mgr Monike Bidzan-Wigcek jako czesc rozprawy doktorskiej w formie spojnego
tematycznie zbioru artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, i7 samodzielna i moiliwa do wyodrebnienia czes¢ ww.
pracy wykazuje Iindywiducliny wkiad mgr Moniki Bidzan-Wigcek przy
opracowywaniu  koncepcji, wykonywaniu czesci  eksperymentalnej,

opracowaniu i interpretacji wynikow tej pracy.

U (podpis wspotautora)
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Gdansk, 6.12.2024

dr Maja Tomczyk
(tytut zawodowy. imie i nazwisko)

OSWIADCIZENIE

Jlake wspétautor pracy pt. 'Omego-3 fatty acid supplementation
affects tryptophan metabolism during a 12-week endurance fraining in
amacteur runners: a randomized controlled trial’ odwiadczam, iz moj wiasny
wktad merytoryczny w przygotowanie, przeprowadzenie i opracowanie
badan oraz przedstawienie pracy w formie publikacji fo: wkiad w
opracowanie koncepcji i metodologi, przeprowadzenie badania,
finansowanie, zarzqdzanie projektem oraz wktad w przygotowanie pierwoinej
i ostatecznej wersji tekstu do publikaciji.

Jednoczesnie wyrazam zgode na przediozenie w/w praocy przez
mgr Monike Bidzan-Wigcek jako czesc rozprawy doklorskiej w formie spojnego
tematycznie zbioru artykutdéw opublikowanych w czasopismach naukowych.

Oéwiadczam, iz samodzielna i moZliwa do wyodrebnienia czgsc ww.
pracy wykazuje indywidualny wktad mgr Moniki Bidzan-Wigcek przy
opracowywaniu  koncepcji, wykonywaniu czgsci  eksperymentaine;,

opracowaniu i interpretacji wynikow tej pracy.
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Gdarisk . dnia........c.cecuienerneiananes

\\“ﬂ, WA m\ww S

(tytut z?wodowy imie i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. ‘Omega-3 fatty acid supplementation affects
tryptophan metabolism during a 12-week endurance training in amateur runners: a
randomized controlled trial' o$wiadczam, iz méj wiasny wkiad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w
formie publikacji to: wkiad w opracowanie koncepcji i metodologii oraz wkiad w
przygotowanie pierwotnej i ostatecznej wersiji tekstu do publikaciji.

Jednoczes$nie wyrazam zgode na przedioZenie w/w pracy przez
mgr Monike Bidzan-Wigcek jako cze$¢ rozprawy doktorskiej w formie spéjnego
tematycznie zbioru artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy
wykazuje indywidualny wkitad mgr Moniki Bidzan-Wigcek przy opracowywaniu
koncepcji, wykonywaniu czes$ci eksperymentalnej, opracowaniu i interpretacji
wynikow tej pracy.

X
M\ Vouo o e ™
W\, LA

lpodpis wspdtautora)
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Gdansk, 4.12.2024

Prof Philip Calder

(Name, Surname, Title)

Co-avuthor Statement

As a co-author of the article 'Omega-3 fatty acid supplementation affects
fryptophan metabolism during a 12-week endurance training in amateur
runners: a randomized controlled frial’ | hereby declare that my own
contribution to the creation of the article is: contribution to the methodology

of the study, and writing of the original draft, review & editing.

At the same time, | declare that mgr Monika Bidzan-Wigcek has contributed
to the publication and has significantly contributed to the following:
conceptudlization, methodology, investigation as well as preparation and
interpretation of the results of the study.

| agree for the publication to be submitted by mgr Monika Bidzan-Wigcek as

a part forming a cumulative PhD thesis.

(co-author signature)
P.C. Calder
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Gdansk, 4.12.2024

dr hab. Jakub Kortas, prof. AWFiS
(tytut zawodowy, imie i nazwisko)

OSWIADCZENIE

Jako wspétautor pracy pt. ‘Omega-3 fatty acid supplementation
affects tryptophan metabolism during a 12-week endurance training in
amateur runners: a randomized controlled trial' oswiadczam, iz mdj wiasny
wktad merytoryczny w przygotowanie, przeprowadzenie i opracowanie
badahn oraz przedstawienie pracy w formie publikacji to: wktad w
opracowanie metodologii oraz wktad w przygotowanie pierwotnej i
ostatecznej wersji tekstu do publikacii.

Jednocze$nie wyrazam zgode na przedtozenie w/w pracy przez
mgr Monike Bidzan-Wigcek jako czes$¢ rozprawy doktorskiej w formie spdjnego
tematycznie zbioru artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$s¢ ww.
pracy wykazuje indywidualny wktad mgr Moniki Bidzan-Wigcek przy
opracowywaniu  koncepcji, wykonywaniu czeSci eksperymentalnej,

opracowaniu i interpretaciji wynikéw tej pracy.

+ Elektronicznie podpisany
Ja ku b Ant0n| przez Jakub Antoni Kortas
Data: 2024.12.04 15:31:56

Kortas prym

(podpis wspoétautora)
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Gdansk, 4.12.2024

Dr Helena Fisk

(Name, Surname, Title)

Co-author Statement

As a co-author of the article ‘Omega-3 fatty acid supplementation affects
fryptophan metabolism during a 12-week endurance training in amateur
runners: a randomized controlled trial’ | hereby declare that my own
conftribution to the creation of the article is: contribution to the methodology

of the study, and writing of the original draft, review & editing.

At the same time, | declare that mgr Monika Bidzan-Wigcek has contributed
fo the publication and has significantly contributed to the following:
conceptualization, methodology, investigation as well as preparation and

interpretation of the results of the study.

| agree for the publication to be submitted by mgr Monika Bidzan-Wigcek as

a part forming a cumulative PhD thesis.

(co-author signature)
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Gdansk, 5.12.2024

dr Zbigniew Jost
(tytut zawodowy, imie i nazwisko)

OSWIADCZENIE

Jako wspodtautor pracy pt. ‘Omega-3 fatty acid supplementation
affects tryptophan metabolism during a 12-week endurance fraining in
amateur runners: a randomized controlled trial' odwiadczam, iz méj wtasny
wktad merytoryczny w przygotowanie, przeprowadzenie i opracowanie
badan oraz przedstawienie pracy w formie publikacji to: wktad w
opracowanie metodologii, wktad w przeprowadzenie badania oraz wktad w
przygotowanie pierwotnej i ostatecznej wersji tekstu do publikacii.

Jednoczednie wyrazam zgode na przedtozenie w/w pracy przez
mgr Monike Bidzan-Wigcek jako cze$¢ rozprawy doktorskiej w formie spdjnego
tematycznie zbioru artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww.
pracy wykazuje indywidualny wktad mgr Moniki Bidzan-Wigcek przy
opracowywaniu  koncepcji, wykonywaniu czeSci  eksperymentalne;j,

opracowaniu i interpretacji wynikéw tej pracy.

PODPIS ZAUFANY

ZBIGNIEW
JOST

6.12

(podpis wspdtautora)
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The relationship between physical activity and
depressive symptoms in males: A systematic review

and meta-analysis

Authors: Monika Bidzan-Wigcek, Magdalena Btazek,

Jedrzej Antosiewicz

Journal: Acta Psychologica
Elsevier
Date of publication: January 2024
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(tytul-}awodowy, imieLl nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. ‘The relationship between physical activity and
depressive symptoms in males: A systematic review and meta-analysis’
oswiadczam, iz méj wiasny wkiad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badar oraz przedstawienie pracy w formie publikacji to: superwizja oraz
finansowanie.

Jednoczednie wyrazam zgode na przediozenie w/w pracy przez
mgr Monike Bidzan-Wigcek jako cze$¢ rozprawy doktorskiej w formie spéjnego
tematycznie zbioru artykutéw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy
wykazuje indywidualny wkiad mgr Moniki Bidzan-Wigcek przy opracowywaniu
koncepcji, wykonywaniu czesci eksperymentalnej, opracowaniu i interpretacji
wynikéw tej pracy.
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(podpis wspdtautora)
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Gdansk, 5.12.2024

dr hab. Magdalena Btazek, prof. uczelni
(tytut zawodowy, imie i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. ‘The relationship between physical activity
and depressive symptoms in males: A systematic review and meta-analysis’
oSwiadczam, iz mdéj wiasny wktad merytoryczny w  przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji to: superwizja.

Jednoczednie wyrazam zgode na przedfozenie w/w pracy przez
mgr Monike Bidzan-Wigcek jako cze$¢ rozprawy doktorskiej w formie spdjnego
tematycznie zbioru artykutdw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i moZliwa do wyodrebnienia cze$¢ ww.
pracy wykazuje indywidualny wktad mgr Moniki Bidzan-Wigcek przy
opracowywaniu  koncepcji, wykonywaniu czesci  eksperymentalnej,

opracowaniu i interpretacji wynikdw tej pracy.

(podpis wspdtautoral)
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