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Research on the relationship between physical activity and mental health reveals that physical activity
exerts beneﬁcial effects on emotional and cognitive functioning. Studies clearly indicate that aerobic
exercise is neuroprotective. It seems that the activity-dependent production of nitric oxide (NO) and the
anti-inﬂammatory effects of regular exercise may play an important role in the production of brainderived neutrophic factor (BDNF) that occurs in response to exercise. With regard to behavioral
functioning, most studies focus on the inﬂuence of physical activity on depressive symptoms or affective
disorders. Physical exercise upregulates the production of several neurotransmitters which like serotonin
are associated with mood enhancement and reduced depressive symptoms. The positive effects of
physical activity on anxious mood and anxiety disorders are also well documented. Thereby cytokineinduiced effects on nitric oxide formation and activity of indoleamine 2,3-dioxygenase (IDO) as well as
the formation of tetrahydrobiopterin (BH4), cofactor of several amino acids monooxygenases, seem to be
special relevance. Improved self-esteem and self-efﬁcacy seem to play an important part. Physical
activity also affects the endocrine stress-regulation system: trained people exhibit stronger reactivity and
quicker regeneration when faced with stressful events. However, aerobic exercise does not improve
mental health in every case, as seen for instance in over-trained athletes associated with fatigue,
disturbed mood and signs of depression might emerge. Recent research has provided exciting evidence
for the inﬂuence of dietary factors on speciﬁc molecular systems and mechanisms that maintain mental
function, for instance, a diet that is rich in omega-3 fatty acids.
ã 2015 Elsevier GmbH. All rights reserved.
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1. Introduction

* Corresponding author.
E-mail addresses: barbara.strasser@umit.at (B. Strasser),
dietmar.fuchs@i-med.ac.at (D. Fuchs).
http://dx.doi.org/10.1016/j.npbr.2015.07.002
0941-9500/ ã 2015 Elsevier GmbH. All rights reserved.

The concept of the mind and human thought is not a novel one.
Many tentative explanations have been advanced, even in the form
of art—notably in Michelangelo’s Creation of Adam, in which the
borders in the painting are strikingly similar to current anatomical
drawings of the brain (Meshberger, 1990). Thales of Miletus (624–
546 B.C.), an early Pre-Socratic philosopher, believed that a happy
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man was one who was “healthy in body, resourceful in soul and of a
readily teachable nature”. Hippocrates (460–370 B.C.) had originally proposed that the body must be treated as a whole and not
just a series of parts and laid the foundations of the modern theory
that thoughts, ideas and feelings, which he proposed to originate in
the brain, can inﬂuence health and the process of disease. Plato
(428–347 B.C.) emphasized the importance of physical exercise for
developing the mind and ﬁrst expressed the required dosage for a
human healthy being in a most exact way, never too little and never
too much. The Roman poet Juvenal (60–127) composed the phrase
“Mens sana in corpore sano” to express that only a healthy body can
produce or sustain a healthy mind. Its most general usage is to
illustrate the hierarchy of needs: with physical and mental health
at the root.
Today, modern technologies are available to understand the
relationship between mind and body. Recent neurobiological
research indicates that for optimal mental health, exercise is
essential. However, there is limited mechanistic insight how the
human brain is affected by physical activity. Regular exercise
typically reduces inﬂammation (Gleeson et al., 2011a), which as
one important consequence is accompanied by slowing-down the
expression and activity of tryptophan—degrading enzyme indoleamine 2,3-dioxygenase (IDO) (Gostner et al., 2015). In turn,
tryptophan levels rise and its transport into the brain can increase
production of neurotransmitter 5-hydroxytryptamin (5-HT, serotonin) and thereby enhance mood.
The purpose of this review is to provide a brief overview on the
protective effects of physical activity on cognition and mood and to
describe possible neurobiological mechanisms that underlie this
relationship. The biological pathways whereby physical activity
may beneﬁt the brain include: (1) enhancing neuroplasticity and
growth factor expression, (2) promoting an anti-inﬂammatory
state, and (3) serving as a buffer against stress and stress-related
disorders and chronic diseases. Another aim of the present review
is to provide an update about nutrients inﬂuencing the serotonergic system that have potential to increase stress resilience and
thereby our well-being.
2. Neurobiological effects of physical exercise
2.1. Brain-derived neurotrophic factor, exercise, and cognition
There is evidence that physical exercise promotes changes in
the human brain due to increases in metabolism, oxygenation and
blood ﬂow in the brain (Dishman et al., 2006). Studies have shown
that physical exercise modulates the major central nervous system
(CNS) neurotransmitters such as norepinephrine (noradrenalin)
which is associated with alertness, dopamine which plays a major
role in reward-motivated behavior, and serotonin which is
popularly thought to be a contributor to feelings of well-being
and happiness (Lin & Kuo, 2013).
Other neuromodulators that are activated by exercise are
trophic factors. One important growth factor that has received
much attention is brain-derived neutrophic factor (BDNF) which
plays a critical role in integrating behavioral and metabolic
responses to various challenging environments, including exercise
(Cotman, Berchtold, & Christie, 2007). In particular, BDNF signaling
mediates adaptive responses of the nervous, cardiovascular, and
energy-regulating organ systems in response to exercise and
energy restriction (Rothman, Grifﬁoen, Wan, & Mattson, 2012).
Therefore, since the early 1990s, studies have begun to investigate
the effects of acute and chronic exercise on the concentrations of
BDNF. It was shown that acute exercise, independent of the CNS
(Goekint et al., 2008), increased BDNF in the hippocampus, the
area that is vital for learning and memory (Vaynman, Ying, GomezPinilla, & Hippocampal, 2004). Activity-dependent production of
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nitric oxide (NO) may play an important role in the production of
BDNF that occurs in response to exercise (Chen, Ivy, & RussoNeustadt, 2006). It appears that the magnitude of increase in BDNF
is intensity dependent with higher BDNF response after intense
exercise (above the ventilator threshold) (Ferris, Williams, & Shen,
2007). BDNF possesses the extraordinary capacity to enhance
neuronal excitability and synaptic plasticity by interacting with
energy metabolism, thereby supporting cognitive abilities
(Gomez-Pinilla & Hillman, 2013). Blocking the action of BDNF
during exercise has been shown to counteract the enhancing
effects of exercise on synaptic plasticity and cognitive function
(Gomez-Pinilla, Vaynman, & Ying, 2008). A recent study found that
the hippocampus remains plastic in late adulthood and exercise
training increased hippocampal volume by 2%, effectively reversing age-related loss in volume by 1–2 years (Erickson et al., 2011).
Furthermore, increased hippocampal volume was associated with
improved memory function and higher serum BDNF. These results
clearly indicate that aerobic exercise is neuroprotective and that
starting an exercise regimen later in life is not futile for either
enhancing cognition or augmenting brain volume.
Little is known about the effect of resistance training on BDNF
and cognition. Although it was shown that 10 weeks of resistance
exercise do not signiﬁcantly increase peripheral BDNF levels in
sedentary individuals (Goekint et al., 2010), there is some evidence
that strength training increases cognitive performance, especially
in the elderly population (Cassilhas et al., 2007). It seems that
memory is improved by aerobic and resistance exercise through
different molecular mechanisms. An animal study found that
endurance training increased BDNF in the brain as well as tyrosine
kinase B receptor, while resistance training did not but increased
insulin growth factor 1 and its receptor (Cassilhas et al., 2012),
triggering the hypothesis that both aerobic and resistance training
can employ divergent molecular mechanisms, but achieve similar
results on memory and cognition.
2.2. The anti-inﬂammatory effects of exercise
As previously noted, BDNF is regulated by NO. which is,
however, highly sensitive to oxidative stress and vascular
inﬂammation (Fig. 1). Reactive oxygen species (ROS)-mediated
declines in production and stability of NO and increases in proinﬂammatory cytokines might inhibit the BDNF pathway, whereas
chronic aerobic exercise may attenuate the effects of normal aging
on oxidative stress. Thus, NO is believed to have an antioxidative
effect on the vasculature, while acute exercise leads to a transient
increase in oxidative stress (Pialoux, Brown, Leigh, Friedenreich, &
Poulin, 2009). Furthermore, ROS may play a role in the regulation
of cerebrovascular function, potentially through its effects on the
endothelium. It is hypothesized that increased levels of ROS will
increase the permeability of the blood-brain barrier to proinﬂammatory cytokines and interfere with growth factor signaling
within the brain (Davenport, Hogan, Eskes, Longman, & Poulin,
2012). Regular exercise leads to a number of favorable adaptations
in the vascular system, including decreases in oxidative stress and
increases in antioxidative activity, which contributes to improved
cerebrovascular function. The anti-inﬂammatory effects of regular
exercise may be mediated via both a reduction in visceral fat mass
with a subsequent decreased release in pro-inﬂammatory adipokines such as leptin, interleukin-6 (IL-6), and tumor necrosis factor
(TNF)-a and the induction of an anti-inﬂammatory environment
with each bout of exercise (Gleeson et al., 2011a). Notably, IL-6 can
also be classiﬁed as a myokine with an endocrinological activity
since it contributes to hepatic glucose production during exercise
(Febbraio, Hiscock, Sacchetti, Fischer, & Pedersen, 2004). The
systemic level of IL-6 increases markedly with exercise, and
skeletal muscle is the main source of origin. Muscle contractions
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and professional athletes. However, there is some evidence that
regular intake of relatively high doses of antioxidant vitamins can
also reduce the stress response to prolonged exercise (Fischer et al.,
2004) and even may increase infection and allergy risks (Burtscher,
Pesta, Fuchs, Ledochowski, & Gatterer, 2015; Zaknun, Schroecksnadel, Kurz, & Fuchs, 2012). Such supplements slow-down Th1type immune activation cascades leading to a suppression of IDO
activity, which counteracts immune defense. Thus, excessive
supplementation with antioxidant vitamins cannot be recommended because there is little evidence of beneﬁt, while it is
known that over supplementation can actually diminish the body's
natural antioxidant defense system (Gomez-Cabrera et al., 2008;
Ristow et al., 2009).
There are several nutritional and training strategies that can be
adopted to limit exercise-induced immunosuppression and minimize the risk of infection. The impact of intensive training stress on
immune function can be minimized by adequate sleep (at least 7 h
per night is recommended), minimizing psychological stress,
avoiding periods of dietary energy restriction, consuming a wellbalanced diet that meets energy and protein needs, avoiding
deﬁciencies of micronutrients (particularly iron), ingesting carbohydrate (30–60 g per hour) during prolonged training sessions, and
consuming plant polyphenol foodstuffs (e.g., non-alcoholic beer)
(Scherr et al., 2012) and Lactobacillus probiotics (Gleeson, Bishop,
Oliveira, & Tauler, 2011b).
Fig. 1. Physical exercise elicits activation of several immune system compartments
and is associated with the enhanced production of pro-inﬂammatory cytokines
such as interferon-g (IFN-g) tumor necrosis factor-a (TNF-a) and interleukin-6 (IL6). The cytokines up-regulate several enzymes like GTP-cyclohydrolase I (GCH),
NADPH oxidase (NOX), nitric oxide (NO) synthase (iNOS) and indoleamine 2,3dioxygenase (IDO), some products of these are important in host defense and
neurotransmission: GCH produced tetrahydrobiopterin (BH4), cofactor of enzymes
involved in the production of NO, serotonin, adrenalin and noradrenalin, and
neopterin which serves as a sensitive biomarker of IFN-g production and forward
regulates preferentially pro-oxidative signaling cascades. IDO degrades tryptophan
as the ﬁrst step in the production of kynurenines. iNOS produces NO acting as a
neurotransmitter and vasodilatory as does also kynurenine. Aside from that, NO.
suppresses expression and activity of IDO and kynurenine is important for the
induction of regulatory T-cells (Treg) slowing down activated T-cells. Alternatively,
NO once produced, may immediately react with superoxide anion O2, an
important NOX-derived reactive oxygen species (ROS), and generate highly toxic
peroxynitrite ONOO.

lead to the production and release into the circulation of IL-6,
which appears to have numerous biological effects, including
effects on glucose and fat metabolism. In addition, IL-6 mediates
anti-inﬂammatory effects. Acute elevations in IL-6 produced by
contracting skeletal muscle down-regulates the production of
TNF-a by monocytes and stimulates the release of IL-1 receptor
antagonist (IL-1RA) from monocytes and macrophages, thus
increasing the circulating concentrations of anti-inﬂammatory
cytokines such as adiponectin and IL-10 from adipose tissue
(Pedersen, 2013). However, these effects are also likely to be
responsible for the suppressed immunity that makes elite athletes
more susceptible to upper respiratory tract infections, although
other factors – such as psychological stress, disturbed sleep and
negative energy balance – may contribute to immunosuppression
in athletes. Athletes engaging in longer periods of intensiﬁed
training can exhibit decreases in T cell functionality, which appears
to be related to elevated circulating stress hormones, particularly
cortisol, and alterations in the pro/anti-inﬂammatory cytokine
balance in response to exercise. The consequence is a temporary
inhibition on Th1-type cell cytokine production, with a relative
dampening of the Th1 (cell-mediated) immune response (Walsh
et al., 2011). Typically, free radicals are thought of as perpetrators of
cell damage, ageing, even cancer, whereas antioxidants are seen as
the defense against these threats. Accordingly, antioxidants are
among the most common sports supplements used by amateur

2.3. Hypothalamic–pituitary–adrenal axis, physical ﬁtness, and stress
response
The biological mechanisms underlying the relation between
physical ﬁtness and stress response are multifactorial and
complex. Physical ﬁtness appears to buffer against stress and
stress-related disorders by optimizing effects on hormonal stress
responsive systems, such as the hypothalamic–pituitary–adrenal
(HPA) axis, with the formation of cortisol, and the sympathetic
nervous system (SNS), which releases the catecholamines epinephrine (adrenalin) and noradrenalin. Further, as mentioned
above, physical ﬁtness promotes an anti-inﬂammatory state
thereby promoting behavioral and metabolic resilience (Hamer,
Endrighi, & Poole, 2012).
Progress has been made to understand the association between
multiple biological factors (i.e., genetics, nutrition, exercise) and
obesity. People who are more responsive to psychological stress
are also at an increased risk of developing obesity, particularly
abdominal obesity (Björntorp, 2001). However, the precise
biological mechanisms underlying the association between
psychological stress and obesity still remain unclear. One potential
mechanism might relate to immunoregulatory cytokines (Brydon
et al., 2008). Leukocyte counts and biomarkers of inﬂammation,
such as cytokines TNF-alpha, IL-6, as well as leptin are increased in
obesity and predict the development of the metabolic syndrome
(Lee & Pratley, 2005). Leptin is a hormone secreted from adipose
tissue that was ﬁrst discovered to regulate eating, satiety, and body
weight. In addition to its function in metabolic control, leptin has
been recognized as a more complex hormone involved in
regulating stress responses in the HPA axis (Auwerx & Staels,
1998). Stress is known to activate the HPA axis thus increasing
glucocorticoid levels which in turn stimulate leptin production.
Evidence from several studies suggests that experiences of
psychological stress may have the potential effect of increasing
leptin levels. Higher serum leptin levels were associated with
awareness of higher stress in men (Otsuka et al., 2006), stressrelated psychopathological symptoms (Liao, Lee, Lee, & Huang,
2004), and phobic anxiety in women (Brennan et al., 2009). A large
population-based study of adults found a 4-fold increased risk for
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elevated leptin levels in men suffering from both depressed mood
and social isolation (Häfner et al., 2011).
So far, only one study investigated the role of psychological
stress on leptin levels in children. In this population-based study,
leptin levels were associated with psychological stress, in
particular peer problems in ten year old children (Kohlboeck
et al., 2014). Since obese children have higher plasma leptin
concentrations than their normal-weight peers this would suggest
that body fat rather than peer problems in children are related with
elevated leptin levels. However, it is currently unclear whether the
psychological stress/leptin relationship is a result of overweight
and obesity, or whether this relationship is due to increased
reactivity of the HPA axis in children with psychological stress.
Furthermore, the pathways by which physical ﬁtness affect the
psychological stress/leptin relationship remains still unclear.
There is some evidence that vigorous physical activity and
ﬁtness moderates the levels of leptin concentrations, regardless of
relevant confounders including total body fat (Jiménez-Pavón
et al., 2012). Acute exercise activates the HPA axis in a dosedependent manner, such that the intensity of the exercise, as well
as the duration, determines the magnitude of the stress response.
For example, low-intensity exercise minimally activates and
strenuous exercise (>70% VO2max) markedly activates the HPA
axis as well as the sympathetic nervous and immune system (Luger
et al., 1987). This blunting appears to contribute to reduced
emotional, physiological and metabolic reactivity as well as
increased positive mood and well-being (Karatsoreos & McEwen,
2011). Typically, upon termination of exercise, these systems
return to baseline. However, prolonged or insufﬁcient activation of
the systems can cause metabolic dysregulation of the HPA axis and
immune dysfunction/inﬂammation and can lead to the development of various chronic diseases (Dhabhar, 2009). Thereby, the
kynurenine pathway is induced and the ratio of kynurenine to
tryptophan (Kyn/Trp) concentrations reﬂects the tryptophan
breakdown rate and elevation of which is often linked with
conditions of inﬂammation (Capuron et al., 2011). However,
tryptophan metabolism and obesity-related immune mediated
inﬂammation differs markedly between juveniles and adults.
While childhood obesity seems to be dominated by a Th2-driven
activation, an accelerated production of Th1-type cytokines may
pave the way for later atherosclerotic endpoints (Mangge et al.,
2014).
Several studies demonstrate signiﬁcant relationships between
cytokine-induced alterations of tryptophan and kynurenine and
the occurrence of neuropsychiatric symptoms that are associated
with a variety of chronic inﬂammatory conditions (Mangge et al.,
2014). Pro-inﬂammatory cytokines can inﬂuence virtually every
pathophysiological domain relevant to depressive symptomatology, including neuroendocrine function, neurotransmitter metabolism and neuroplasticity, and ultimately inﬂuence behavioral
resilience and well-being (Maes et al., 2009; Miller, Maletic, &
Raison, 2009). Disturbed metabolism of tryptophan affects
biosynthesis of serotonin, and it appears to be associated with
an increased susceptibility for mental disorders (Widner, Laich,
Sperner-Unterweger, Ledochowski, & Fuchs, 2002).
3. Beneﬁts of exercise on mood and mental disorders
Van, raag, Christie, Sejnowski, and Gage (1999) showed for the
ﬁrst time in animals that running is a potential enhancer of
cognitive and behavioral functions. From the ﬁndings of studies
undertaken to date, it would appear that exercise may reduce both
depression and anxiety and improve wellbeing. Three recent
systematic reviews conﬁrm the potential beneﬁt of exercise of
people with depression (Rethorst, Wipﬂi, & Landers, 2009; Rimer
et al., 2012; Robertson, Robertson, Jepson, & Maxwell, 2012).
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However, when the analysis was limited to high quality studies
with long-term follow-up, not all reviews support the role of
exercise in the treatment of depression (Cooney et al., 2013; Krogh,
Nordentoft, Sterne, & Lawlor, 2011). It appears that moderateintensity exercise programs (65% VO2max) result in improved
behavioral, affective, mood or anxiety responses (Ekkekakis &
Petruzzello, 1999). Intriguingly, the antidepressant effects of
exercise can far outlast the period of exercise (Babyak et al.,
2000). Although much of this research has examined the effects of
aerobic exercise on mental health outcomes, resistance exercise
also produces many physiological and psychological beneﬁts
(O’Connor, Herring, & Caravalho, 2010). A growing body of
literature has identiﬁed anxiolytic effects of resistance exercise
in a diverse range of populations after both single-bout sessions
and long-term training. This research has shown that strength
training at a low to moderate intensity (<70% 1RM) produces the
most reliable and robust decreases in anxiety (Strickland & Smith,
2014). It seems that changes in body mass (fat loss, lean body mass
increase) may be an effective strategy for reducing an inﬂammatory milieu. Based on a recent meta-analysis, chronic resistance
training signiﬁcantly reduced resting levels of inﬂammation
biomarker C-reactive protein (CRP) by 25% independently from
weight loss in sedentary adults (Strasser, Arvandi, & Siebert, 2012).
Thus, physical exercise could be a potent stimulus to improve proinﬂammatory cytokines by lowering them and thereby enhancing,
e.g., tryptophan levels (Gleeson et al., 2011a; Capuron et al., 2011).
During acute exercise, the entry of tryptophan into the CNS
through the blood–brain barrier is favored by increased muscle use
of branched-chain amino acids (BCAAs) and elevated plasma fatty
acids, as this elevates the ratio of unbound tryptophan to BCAA.
This increases the amount of tryptophan crossing the blood–brain
barrier, consequently leading to higher serotonin concentrations in
the brain. Increases in brain serotonin concentration and overall
activity have been associated with increased physical and mental
fatigue during endurance exercise (Meeusen, Watson, Hasegawa,
Roelands, & Piacentini, 2006).
The stimulation of the monoamine system is dependent on
exercise intensity. Strenuous exercise results in formation of ROS.
When ROS levels exceed the buffering capacity of the cell, synaptic
plasticity and cognitive function are compromised. Failure to
maintain energy homeostasis can affect the cellular machinery
associated with cognitive function, and increase the risk for mental
disorders. Chronic moderate exercise, which has the capacity to
reestablish cellular homeostasis, that is, energy metabolism and
buffer ROS, can help to maintain cognitive function and mental
disorders (Gomez-Pinilla & Hillman, 2013).
Animal and human studies have shown that aerobic exercise
can stimulate brain serotonin activity and trigger parallel
elevations in tryptophan availability in blood. Exercise elevates
the levels of tryptophan 4-mono-oxygenase, the enzyme involved
in the rate-limiting step in the synthesis of serotonin, and sends
projections to the hippocampus that can inﬂuence hippocampal
activity (Dey, Singh, & Dey, 1992). It has also been found that
running can increase the levels of tryptophan in the hippocampus
(Meeusen et al., 1996). The increased availability of tryptophan
might enhance serotonin production and reduce depressive
symptoms in adults who have been diagnosed with mild to
moderate major depressive disorder (Dunn, Trivedi, Kampert,
Clark, & Chambliss, 2005).
Little attention has been paid thus far to the inﬂuence of chronic
exercise on serotonergic activity. A recent study in senior men
found marked transient elevations in plasma tryptophan availability to the brain in response to exercise, both before and after 16
weeks of aerobic training. However, the maximum values for
plasma tryptophan supply to the brain attained during exercise
were lower following training than at baseline (Melancon, Lorrain,
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& Dionne, 2014). The underlying reason for the smaller increase in
brain serotonin activity may be explained by the existence of an
intimate link between serotonergic activity and SNS activities
(Chaouloff, 1993). Thus, post-training exercise stress might
increase SNS activity to a lower extent compared with baseline;
hence, less plasma tryptophan was made available to the brain and
less brain serotonin was released. It should be noted that the
antidepressant effect of an acute session of exercise is likely to be
small and short-lived (Krogh et al., 2011). Thus the potential
beneﬁts can be realized only if exercise is performed on a regular
basis.
New ﬁndings suggest that exercise affects tryptophan metabolism speciﬁcally within muscle, and peroxisome proliferatoractivated receptor-gamma coactivator (PGC)-1 a in rats. PGC-1a
transcriptional coactivators play an important role in regulation of
muscle kynurenine aminotransferase (KAT) enzyme expression,
which modulates plasma kynurenine levels to, in turn, inﬂuence
hippocampal neuronal plasticity and to alleviate stress-induced
depression (Agudelo et al., 2014). The kynurenine pathway is
considered important for depression (Schwarcz, Bruno, Muchowski, & Wu, 2012). In addition, elevated PGC-1a1 in muscle improves
insulin metabolism, which may convey antidepressant-like effects
(Oxenkrug, 2013). The study by Agudela et al. demonstrates that
skeletal muscle PGC-1a1 overexpression can counteract depression and acts as an exercise-mimetic that modulates paracrine
factors and this may open up avenues to new therapeutic
approaches (Moon & van Praag, 2014).
Physical exercise was also observed to affect metabolism of
pteridine derivatives such as neopterin and 5,6,7,8-tetrahydobiopterin (BH4) (Tilz et al., 1993). Neopterin represents a sensitive
indicator of macrophage activation and oxidative stress in humans
(Murr et al., 1999) and BH4 is necessary cofactor of several aromatic
amino acid monooxygenases such as tryptophan 5-hydroxylase
that is primary in the biosynthesis of serotonin, as well as
phenylalanine and tyrosine hydroxylases that comprise the ﬁrst
enzymatic steps in the biosynthesis of dihydroxyphenylalanine
(DOPA), adrenalin and noradrenalin and also of NO. synthases
(Werner-Felmayer, Golderer, & Werner, 2002). Consequently,
physical exercise upregulates the production of several relevant
neurotransmitters (Fig. 1) which like serotonin and noradrenalin
are not only important for the neuropsychiatric performance of
individuals. NO and kynurenine are also relevant in blood
pressure regulation and coagulation via platelet activating factor
(PAF) (Watschinger and Werner, 2013; Wang et al., 2010). However,
it has to be considered that the increase of the neurotransmitters
and their precursors is only a consequence of short time physical
exercise. Repeated physical exercise without sufﬁcient periods of
recovery bears the risk of prolonged cytokine-induced depletion of
tryptophan (Widner et al., 2002) and diminution of phenylalanine
hydroxylase activity and NO. production because of the reduced
half-life of BH4 during oxidative stress conditions (Neurauter et al.,
2008) that ﬁnally may even result in deﬁciency of these neurotransmitters.
Aside from that it has to be kept in mind that an overwhelming
increase of serotonin not necessarily is solely associated with
mood enhancement. In patients treated with selective serotonin
reuptake inhibitors (SSRI) or with serotonin receptor agonists
occasionally the appearance of adverse symptoms has been
observed which were summarized as the so-called serotonin
syndrome (Boyer & Shannon, 2005). It may well indicate that there
are not only positive consequences of an enhanced availability of
serotonin, rather it could also be involved in the precipitation of
adverse symptoms when the exercise-induced upregulation of
serotonin production goes above a certain threshold. Especially in
the case of a too high training intensity as compared with the
training status without sufﬁcient periods of recovery, physical and

psychic exhaustion associated with fatigue, disturbed mood and
signs of depression might emerge.
4. The effects of nutrients on mood and cognition
Current epidemiological data are in favor of a protective role of
certain micronutrients (B vitamins also related to homocysteine
metabolism, the anti-oxidant vitamins C and E, ﬂavonoids,
polyunsatured omega-3 fatty acids, vitamin D) and macronutrients
(ﬁsh) in the prevention of cognitive decline and dementia (GilletteGuyonnet, Secher, & Vellas, 2013). Some factors have been targeted
by interventions tested in randomized controlled trials, but many
of the results are conﬂicting with observational evidence only. A
major problem with the study of diet is that it is really particular
nutrients within food that inﬂuence our brains, rather than the
foods themselves. A second problem is that the impact of
individual nutrients is likely to be mediated by other factors,
such as the nutrient's baseline level in the body, or the presence or
absence of other nutrients (Morris, 2012). Likewise other factors
that are independent of diet, such as age, genetics, and the level of
physical activity, are likely to inﬂuence the effect of nutrition on
health (Dauncey, 2009).
4.1. Neuropsychiatric effects of diet
Given the complex relationship between food and nutrition and
the brain, and the imprecision of self-report measures, diet is often
characterized in cohort studies in broad terms. One relative
common distinction that is used is between the so-called
Mediterranean Diet (MD) and the Western Diet. The former
involves the high intake of fruit, vegetables, ﬁsh, cereals and
unsaturated fats (e.g., the type of fat that tends to be found in nuts
and seeds). In contrast, the Western Diet involves the frequent
consumption of foods with high levels of saturated fats, such as red
meats, dairy products as well as other processed foods such as
convenience foods. Studies tend to show that those who have diets
that more closely resemble the MD have lower instances of both
dementia and mild cognitive impairment, even after confounding
factors like age, socio-economic status and physical activity (Soﬁ,
Abbate, Gensini, & Casini, 2010). More speciﬁcally it has been
shown that high intake of fruit and vegetables, as well as omega-3
fats (dietary rather than through supplements) predict a reduced
likelihood of dementia (dementia levels in those with diets high in
fruit and vegetables being 2.6%, compared with 5.7% for those with
diets poor in fruit, vegetables and omega-3 rich oils) (BarbergerGateau et al., 2007). Furthermore, adherence to a MD may affect
Alzheimer disease (AD) risk and subsequent disease course
(Scarmeas, Stern, Tang, Mayeux, & Luchsinger, 2006): Higher
adherence to the MD appears to be associated with lower mortality
in AD and these associations seem not to be mediated by CRP,
fasting insulin, or adiponectin (Gu, Luchsinger, Stern, & Scarmeas,
2010).
The neuropsychiatric effects of diet are not just restricted to
dementia however. There is increasing evidence that diets high in
saturated fat and sugars may contribute to behavioral problems in
children and adolescents, including attention deﬁcit hyperactivity
disorder (ADHD) (Kohlboeck et al., 2012; Howard et al., 2011).
Similarly artiﬁcial food additives, such as the colourings and
preservatives commonly added to confectionery and soft drinks,
appear to increase hyperactivity in children (Schab & Trinh, 2004).
For example in a double-blind placebo trial it was found that
children regularly given a drink containing additives became more
hyperactive than those given a placebo drink with the same
frequency (McCann et al., 2007). This effect was present in both 3
year old and 8 year old children, suggesting that the inﬂuence of
additives is not restricted to one particular stage of development.
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Some evidence indicates that the supply of long-chain (LC)
polyunsaturated fatty acids (PUFAs), docosahexaenoic acid
(DHA), and arachidonic acid to the developing fetus inﬂuences
neurodevelopment. LC-PUFAs are biochemically involved in the
development of the brain and neuronal structures and are also
involved in numerous neuronal processes, ranging from effects on
membrane ﬂuidity, signal transduction, to gene expression
regulation (Schuchardt, Huss, Stauss-Grabo, & Hahn, 2010). With
this information as background, the main objective of the LISAplus
study was to assess the effect of fatty acids in cord blood serum on
children’s behavioral difﬁculties at the age of 10 year (Kohlboeck
et al., 2011). Higher concentrations of DHA reduced hyperactivity/
inattention scores, higher LC-PUFA and arachidonic acid concentrations reduced emotional symptoms scores, and higher concentrations of EPA were related with higher scores for conduct
problems. An appropriate fatty acid supply to the developing fetus
may therefore be essential for optimal long-term behavioral
outcomes in children.
Evidence also exists that deﬁciencies in a variety of vitamins
and minerals within the body may encourage depressive
symptoms. For example double-blind placebo trials consistently
show that thiamine (B1) supplements improve mood while other
studies have suggested that low levels of vitamins B6 and E are
implicated in depression (Soh, Walter, Baur, & Collins, 2009).
Moreover, it was postulated that abnormalities in phospholipid
fatty acid composition may play a role also in psychiatric disorders,
including depression, changing membrane ﬂuidity and, consequently, inﬂuencing various neurotransmitter systems, which are
believed to be related to the pathophysiology of major depression
(Hibbeln & Salem, 1995). The question is whether a diet rich in n-3
PUFAs or omega-3 PUFA supplementation would reduce depressive symptoms. Previous meta-analytic studies reported a general
positive effect of omega-3 PUFA intake on ameliorating symptoms
of depression (Freeman et al., 2006; Lin & Su, 2007). On the other
hand, incongruent results have been reported in other systematic
revisions of the literature (Appleton et al., 2006) and in an updated
analysis (Rogers et al., 2008). The reasons for such variability in
these ﬁndings depend on the signiﬁcant heterogeneity among
studies examined, weakening the results of the analyses.
Moreover, nutrients that are known to be beneﬁcial to human
health when consumed in food often fail to produce positive
results when consumed in supplementary form, an effect that is
most likely due to the absence (in supplements) of naturally coexisting chemicals that facilitate the body’s uptake of the nutrient
when it is consumed via foods. However, the effect of diet on mood
may be self-reinforcing as depressed individuals often turn to
comfort eating (Macht, 2008), which is likely to involve foods that
are high both in carbohydrates and saturated fats, and which in
turn may promote obesity which could further depress mood and
self-esteem over the long term. Ingestion of carbohydrates
increases the plasma tryptophan leading to increased serotonin
synthesis in the brain and alleviating depression. Such is the case
for carbohydrate craving during depression that often leads to
obesity and vice versa (Shabbir et al., 2013). Obesity in turn
regulates mood due to metabolic disturbances. Metabolic disturbances further alter brain-signaling systems leading to a bidirectional vicious cycle of Mood, food, and obesity (Singh, 2014).
Hippocrates, father of modern medicine, said: “Let your food be
your medicine and your medicine be your food”. Typical nutrients
that impact mood are – beside omega-3 fatty acids – chocolate
(increases pleasant feeling, reduces tension, and results in good
mood via serotonin and cannabinoid receptors signaling) (Jenny
et al., 2009; Parker et al., 2006), caffeine (enhances alertness and
increases anxiety) (Rossi et al., 2010), and micronutrients, such as
thiamine (plays a role in emotion, mood states, and cognitive
functioning) (Benton, Grifﬁths, & Haller, 1997), iron (deﬁciency
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results in depressed mood and lethargy) (Benton & Donohoe,
1999), and folic acid (deﬁciency is associated with depressed
mood) (Young, 2007). These mood food compounds possess the
ability to improve tryptophan availability as a source for serotonin
production in the human brain. Consequently, mood might be
enhanced after intake of such beverages. Since serotonergic
mechanisms may reduce obesity by accelerating the onset of
satiety and beside suppressing excessive snacking of carbohydraterich foods (Steinert et al., 2014), eating foods high in tryptophan or
supplementation with tryptophan while dieting could be helpful in
improving mood and cognition status and preventing uncontrolled
weight gain or neuropsychiatric symptoms (Silber & Schmitt,
2010).

4.2. Biological mechanisms
Due to the complexities in identifying the contribution of
different nutrients, it has proven difﬁcult to identify the exact
mechanisms by which the under or overabundance of certain
nutrients might affect the brain. However, two interrelated
systems are thought to be most vulnerable to dietary factors;
the neuroinﬂammatory response of brain neurons, and the
processes surrounding insulin signaling within the brain (Parrott
& Greenwood, 2007). It is thought that the beneﬁcial effect of diets
high in fruit and vegetables may partly be due to the polyphenols
present in plant matter working to limit neuroinﬂammation in the
brain. In terms of the second system, insulin is involved in
regulating the uptake of glucose by neurons, as well as maintaining
their function and structure (Sebastião et al., 2014). Diets that are
high in saturated fats appear to promote insulin resistance which
reduces the body’s ability to utilize insulin (hence the association
between obesity and type 2 diabetes). In turn, negative impacts
take place on the ability of neurons to function properly and to
adapt to changes in the signaling patterns of other connecting
neurons. This leads to reduced neural plasticity and an increased
likelihood of chronic, maladaptive neuroinﬂammation, both of
which are likely to interfere with normal cognitive functioning.
This may be the mechanism by which frequent consumption of
junk foods leads to a greater risk of dementia (De la Monte, 2014).
Inﬂammatory factors have been shown to signiﬁcantly modulate the metabolism of neurotransmitters known to be important
in the regulation of mood and cognitive processes, including
serotonin, noradrenalin, and dopamine (Capuron et al., 2011). Data
also indicates signiﬁcant relationships between cytokine-induced
alterations of tryptophan and kynurenine metabolism and the
occurrence of neuropsychiatric symptoms. In particular, the
kynurenine pathway of tryptophan breakdown is activated by
stress via tryptophan 2,3-dioxygenase (TDO) as well as directly by
inﬂammatory factors via IDO (Gibney et al., 2013; Liu et al., 2013).
Tryptophan conversion to kynurenine under pro-inﬂammatory
and stress conditions is linked to neuroinﬂammation and
considered to contribute to the pathogenesis of mood disturbances
and depression (Schwarcz et al., 2012; Widner et al., 2002).
Depressive mood appears to modulate nutrition behavior and, vice
versa, serotonergic foods rich in carbohydrates improve mood by
increasing tryptophan and serotonin in the brain (Fernstrom &
Wurtman, 1971), which may contribute to overeating and weight
gain. Another reason for increasing the consumption of serotonergic foods such as soya beans, cereals, nuts and bananas arises from
the recognition that well-being and happiness, described by the
Greek philosopher Aristotle (384–322 B.C.) in the Nicomachean
Ethics as the “best, the ﬁnest, the most pleasurable thing of all”
(Aristotle, 2004), are important, both as factors protecting against
mental and physical disorders and in their own right (Delamothe,
2005).
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