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Omega-3 fatty acids and brain function

Martin Smollich, Rheine

Summary

It is generally accepted that omega-3-fatty acids (n3-FAs) are important for the
development, physiology and (presumably) also the perfusion of the human
brain. On the other hand, the available studies do not demonstrate that n3-FAs
can protect against age-related loss of cognitive performance - even though this
is supported by positive epidemiological correlations. It has not been shown that
n3-FAs lead to improved cognitive performance or reduce the incidence of de-
mentia. This may be due to the host of methodological problems, rather than
any inherent lack of activity. Epidemiological studies on the correlation between
n3-FA intake with food and the incidence of Alzheimer’s disease do not provide
any valid evidence. Supplementation does not influence the incidence of Alzhei-
mer’s disease in healthy subjects and has no clinically relevant effects on patients
with the disease. The same applies to Parkinson‘s disease. Depression is the only
neuropsychiatric disease that can be demonstrably influenced by supplementa-
tion with eicosapentaenoic acid (EPA).

Future studies on the role of n3-FAs in age-related loss of cognitive performance
should lay greater weight on the multifactorial pathogenesis of these conditions.
They must employ realistic observation periods, and with pharmacologically
based dose finding. In the near future, we can expect numerous studies on the
role of n3-FAs in neuropsychiatric diseases, as indications such as depression,
attention deficit hyperactivity disorder (ADHD) and learning difficulties in child-
ren open new vistas in nutritional science and are potentially of considerable
economic importance.
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Although interest in the omega-3-
fatty acids (n3-FAs) has mostly been
concentrated on their possible cardio-
vascular effects (see article on
page M596 in this issue), in-
creasing attention is now being
paid to their putative sig-
nificance for cognitive function and
in neurodegenerative diseases. As the
prevalence of these diseases has been
rising for years, we can expect a lively
discussion of the role of nutrition and,
particularly, of the n3-FAs in this con-
text. The present review article pre-
sents the current state of research and
explains the developments in this area.
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Physiological significance

Neuronal development and
brain structure

n3-FAs are essential elements in the
assembly, maturation and physiolo-
gical function of neuronal structures
[1] (e Figure 1). Docosahexaenoic
acid (DHA) accumulates in the brain
of the fetus during neuronal develop-
ment already in the third trimester
of pregnancy; this process continues
during the first two vears of life [2,
3]. Optimal neuronal development is
then highly dependent on the supply
of long chain polyunsaturated fatty
acids (LCPUFAs) [1]. During this ma-
turation and growth phase, the most
important LCPUFAs are DHA und
arachidonic acid (AA). The breastfed
baby receives these and other n3- and
n6-FAs in the mother’s milk [4-7].
Particularly high levels of DHA, ei-
cosapentaenoic acid (EPA) and AA are
accumulated in the phospholipids of
the lipid bilayer in the brain and re-
tina [1]. The adult human brain even-
tually con-tains 10-15 % DHA [8].

Neuronal function

Aside from the integral importance
of DHA in brain structure, the n3-
FAs EPA and DHA are also impor-
tant in normal neuronal function.
For example, they participate in
the synthesis and activity of neu-
rotransmitters, such as serotonin,
noradrenaline and dopamine and
regulate their intracellular and syn-
aptic signal transduction. In this
way, they have decisive influences
on fundamental processes such as
memory, cognition, emotions, sleep
rhythm, pain sensitivity and sexual
behavior [2, 9-14].



When the proportion of DHA in the
phospholipids of neuronal mem-
branes increases, the physicochem-
ical properties of the membranes ch-
ange, including their fluidity. This
directly influences the activity of
membrane-bound receptor and trans-
port proteins, leading to changes in
intercellular signal transmission [11,
12]. The n3-FAs also play an import-
ant part in other complex physiolog-
ical processes in the brain, in-
cluding the adaptation of the
brain to external influences
(neuroplasticity) and the reg-
ulation of neuronal gene expression
[9-16]. Although most of these fin-
dings come from animal experiments,
more recent studies in humans seem
to support them [17, 18].

After the brain, the second highest
concentration of DHA in the body is
in the pigmented epithelium of the ret-
ina and in the photoreceptors, where
DHA plays an essential role in the pro-
jection of optical stimuli to the sub-
cortical centers [17]. As in the brain,
DHA is enriched in the retina towards
the end of pregnancy and during early
child development. This concentration
process is highly dependent on the nu-
tritional supply of n3-FAs [17]. It has
also recently been suggested that DHA
may have a protective role in the path-
ophysiology of age-related macular
degeneration (AMD) and in various
retinopathies [19].

Cerebrovascular blood flow

The brain requires high levels of
energy, but has low storage capac-
ity for energy substrates. It follows
that it is very important for healthy
physiological brain function that both
cerebrovascular perfusion and the
functional reactivity of the cerebral
blood vessels are adequate [18]. The
importance of cerebrovascular perfu-
sion also becomes clear on considering
the pathophysiological relationships
in neurodegenerative and cerebrovas-
cular diseases, such as atherosclerosis,
stroke and vascular dementia.

Glossary
antiapoptotic = acting against programmed cell death (apoptosis)

cholinergic deficit = here: impairment of the synthesis or release of the
neurotransmitter acetylcholine into the synaptic gap

membrane fluidity = According to the so-called fluid mosaic model, all
membrane components (lipids, proteins) continuously change their po-
sitions within the lipid double layer. If membrane fluidity increases, this
means that the membrane becomes more flexible, but also that the protein

stored in the lipid layer of the membrane change their positions and config-

uration more rapidly.

nitric oxide synthase =This enzyme catalyzes the formation of nitric oxide
(NO) from the amino acid L-arginine. NO reduces blood pressure (i.a.).

presynaptic = When electrochemical stimuli pass between nerves, they
must cross the so-called synaptic gap. Presynaptic means before the gap.
The opposite is postsynaptic, which is after the gap.

tau protein = (from the Greek letter tau); a structural protein in nerve cells

________________________

The most recent human
data confirm that the per-
fusion of defined areas of
the brain is enhanced when
DHA supply is increased
[18, 20]; this confirms the
results of animal studies
[21, 22]. Possible mecha-
nisms for this effect include
an interaction between DHA
and the cerebral cholinergic
system and induction of NO
synthase; this could lead to
increased NO formation and
thus to local vasodilatation
[18].

According to current
knowledge, this DHA-de-
pendent increase in cerebro-
vascular perfusion mainly
affects the cerebral cortex
and the thalamus - areas of
the brain involved in com-
plex thought (cortex), per-
sonality and consciousness
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prenatal development, maturation,
synapse number, brain volume

Structure

Fig. 1: Model of the influence of different types of fatty acids on the
brain (postulated by HAAST and KiLIAAN, modified in accordance
with [18])
Green arrows: long chain polyunsaturated fatty acids (LCPUFAs), particu-
larly docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA); red
arrows: saturated fatty acids (SFAs). Enhancement or intensification of a pa-
rameter is marked with a (+); weakening or reduction is marked with a (-).
While LCPUFAs seem to have favorable effects on the structure, function
and perfusion of the brain, the effects of SFAs may be the opposite.
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Fig. 2: Neurophysiological functions of docosahexaenoic acid (DHA)

Greatly simplified and schematized. DHA is a structural element of the neuronal lipid bilayer;
DHA can be released from the membrane; this process is regulated by neurotrophins and cata-
lyzed by phospholipase A2 (PLA2). DHA can regulate the activity of various neurotransmitters,
either by reducing their synaptic release (serotonin, dopamine) or by acting on the expression
and function of various receptors and transport proteins (CB;: cannabinoid receptor 1, D,: do-
pamine receptor 2, ZnTs: zinc transporter 3). Through the intermediates 17S-HpDHA (17S-hy-
droperoxyDHA) and 16S,17S-DHA epoxide, neuroprotectin D1 (NPD1) can be formed and this
influences the gene expression or post-translational modification of various regulatory proteins.

AKT-1: AK-strain transforming factor-1, neuronal survival factor, inhibits neuronal
apoptosis
Bcl-2: B-cell ymphoma 2-Protein, proto-oncogene, participates in apoptosis regulation

Caspase-3: Effector caspase of apoptosis regulation

COX-2:  Cyclooxygenase-2, regulator of angiogenesis and enzyme that catalyzes the for-
mation of prostaglandin H2 from arachidonic acid
mTOR: mechanistic target of rapamycin, a key protein in the regulation of cellular sur-

vival, growth, proliferation and motility

formation [23]. This is particularly
interesting in the context of cogni-
tion and the development of demen-
tia, as recent studies indicate that
cerebrovascular perfusion is reduced
in those very regions during the
pathogenesis of Alzheimer’s disease
[23]. The effect of DHA on mem-
brane fluidity could also be relevant
here. If the supply of DHA is increa-
sed, the fraction of DHA in neuronal
membranes also increases, as does
membrane fluidity and thus the ac-
tivity of membrane-bound proteins
(11, 121].

HaasT and KiLiaaN have proposed a
model that portrays the interrelati-
onships between fatty acid supply

and the three pillars of brain health
- structure, function and perfusion
[18] (# Figure 2). According to this,
LCPUFAs have favorable effects on
structure, function and perfusion,
while saturated fatty acids may
have the opposite effects.

As n3-FAs, particularly DHA, are of
considerable importance in the de-
velopment, structure and evidently
also the perfusion of the human
brain, it is obvious to think that
n3-FAs may also be involved in
neuropsychiatric and neurodegen-
erative diseases. There is good patho-
physiological evidence for the role of
neuroprotectin D1 (NPD1), which is
formed in the brain from DHA [19]
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(¢ Figure 2): NPD1 protects neu-
rons, as it exhibits anti-apoptotic
and anti-inflammatory activity and
enhances neuronal resistance to oxi-
dative stress [24-26]. In addition,
NPD1 reduces the formation of die
p-amyloids [24], which are compo-
nents of senile plaques. The metabo-
lic disorder linked to these plaques
is regarded as the principle cause of
Alzheimer’s disease and other forms
of dementia - together with other
factors, such as changes in tau pro-
tein, reduced anti-oxidative reserves
and a presynaptic cholinergic defi-
cit [27]. It was therefore postulated
that a deficit in DHA might contrib-
ute to these diseases by reducing
NPD1 formation [28].

Age-related loss in
cognitive performance

During physiological aging, there
are decreases in the number of syn-
apses, the number of neurons and
brain volume [27]; there is a parallel
decrease in cognitive performance
[29-33]. Thus, gray matter starts to
decrease at the age of 20 and white
matter at about the age of 40 [27].
The DHA concentration in the brain
also decreases with increasing age.
Because of the known neurophysio-
logical functions of DHA, a causal
relationship would be conceivable,
as DHA is known to be a neurotro-
phic growth factor [34], which im-
proves neuroplasticity and stimu-
lates the formation of new synapses
[35-37].

On the other hand, there have been
very few studies on the possible ef-
fect of n3-FA supplementation on
the cognitive performance of healthy
old people [38]. In fact most of the
available data on the improvement
of cognitive performance have been
taken from animal experiments [39,
40]. The available human data on
the effect of nutritional DHA supply
on brain structure do in fact dem-
onstrate an increase in gray matter



and a greater brain volume after
an increase in DHA uptake. On the
other hand, there were no clinically
relevant endpoints in these studies,
which were restricted to radiologi-
cal volume measurements [23]. It
is nevertheless interesting that the
increase in gray substance after a
DHA-enriched diet was particularly
marked in the so-called corticolimbic
loop, an area of the brain that is de-
cisive in the generation and proces-
sing of emotions; when this area is
malfunctional, this apparently plays
a dominant pathophysiological role
in various psychiatric diseases [27].
Parallel studies with a diet rich in
trans-fatty acids demonstrated that
this form of diet led to a decrease in
brain volume and accelerated brain
atrophy in healthy adults [41].

There have only been a few inter-
ventional studies in man which
have examined the effect of n3-FA
(DHA alone or DHA+EPA) on cog-
nitive performance in age. These
have given inconsistent results,
with respect to both the presence of
any effects and their size [42-47].
This conclusion was confirmed
by a Cochrane review in 2012. In
healthy subjects aged over 60 years,
no efficacy was found with respect
to improvements in cognitive per-
formance or reduced incidence of
dementia [48].

Some recent meta-analyses have
found different results and may in-
dicate that EPA/DHA does exhibit
efficacy. On the other hand, these
meta-analyses too could not rectify
the methodological problems of the
corresponding original studies. For
example, ABUBAKARI et al. performed
a meta-analysis of the available stu-
dies and concluded that low dosed
n3-FA supplements (< 1.7 g/d)
improved memory, but not high
doses (> 1.7 g/d) [49]. The value
of these conclusions does however
appear questionable when, as in
this case, no distinction was made
between the different n3-FAs, fish

oil and combination preparations,
or between Alzheimer’s disease and
other forms of dementia. In addition,
the authors of a current meta-analysis
show that supplementation with DHA
can improve the episodic memory of
healthy subjects, best at dosages be-
tween 500 and 1,000 mg/d [50]. How-
ever, this conclusion only applies to
healthy subjects withmild memory com-
plaints, not to subjects without subjec-
tive memory problems or to patients
with diagnosed dementia.

Alzheimer‘s disease

Brain tissue from Alzheimer’s pa-
tients contains not only raised
concentrations of B-amyloids, but
decreased concentrations of DHA
and NPD1 [19, 27]. This mainly af-
fects areas involved in learning and
memory [51].

Methodological problems

Although there is extensive neuro-
physiological knowledge that is in-
tended to demonstrate the importance
of DHA for Alzheimer’s pathogenesis,
this comes exclusively from studies on
mouse models [21, 52-54]. However,
observational studies with Alzheimer
patients indicate that there may be
a converse relationship between the
quantity of DHA ingested daily with
food and the prevalence of Alzheimer’s
disease [55, 56]. There is also evidence
that a Mediterranean diet may reduce
the risk of developing Alzheimer’s dis-
ease [57-60]. However, the results of
even these purely observational studies
are inconsistent [61-66].

The possible inter-relationships
are highly complex and certainly
cannot be reduced to the simple
conclusion that “more n3-FA in
food corresponds to a reduced risk
of Alzheimer’s disease” [67].

Aside from the possibility that n3-FAs have in fact no efficacy on age-re-
lated loss of cognitive ability, there are numerous methodological rea-
sons for the observed negative result (see text).

Firstly, the intervention period was always only a few weeks to a maxi-

mum of 24 months.

Secondly, a wide variety of doses were used (DHA: 176—1,720 mg/d;
EPA: 200-1 500 mg/d). More reliable conclusions may be possible if
future long-term studies employ dosages that have previously been
differentiated by testing. In this context, there are particular problems
with studies that do not employ isolated n3-FA at a defined dose, but
unspecified fish oil. This contains not only n3-FA, but numerous other
components (e.g. vitamin D) that might be active or influence activity.
Moreover, the composition of fish oil preparations may depend on the
type of fish, area of catch and purification procedures, so that it is virtu-
ally impossible to compare the results.

Thirdly, it is difficult to measure human “cognitive ability” in a valid
manner. There are in fact numerous different test procedures that are
intended to record either overall cognitive aspects or specific individual
abilities, such as recognition or vocabulary [17]; it is therefore hardly
possible to compare the results of different test procedures.

Fourthly, there is considerable heterogeneity between the cognitive
function of the subjects or patients examined (baseline function) and
this makes it more difficult to identify subgroups who might benefit.
Because of the methodological difficulties, there are no epidemiolo-
gical observational studies on correlations between nutritional habits
(including the ratio of n3-/n6-FAs) and the endpoint of age-related loss
in cognitive performance, although this has been attempted for Alzhei-

mer‘s disease (see below).
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This is even more the case when the
role of Mediterranean nutrition is
discussed. Even future epidemiologi-
cal studies are not expected to pro-
vide any important new insights,
as there are multifactorial links
between the pathogenesis of Alzhei-
mer’s disease and the neurophysio-
logical activity of n3-FA. Bearing in
mind that a host of factors are now
recognized and that the pathogene-
sis of Alzheimer’s disease extends
over decades, it would be methodo-
logically practically impossible to
plan a randomized controlled study
in which all relevant lifestyle fac-
tors were held constant aside from
n3-FA supply.

The results of interventional stu-
dies are less ambiguous than those
of observational studies. They con-
sistently show no effect of n3-FA
supplementation - either for the in-
cidence of Alzheimer’s disease [48]
or for clinically relevant endpoints
for patients already diagnosed with
Alzheimer’s disease [55, 56, 68-70].
Nevertheless, the significance of
these results is also restricted by the
fact that the interventions lasted for
a maximum of a few months. As
with the studies on age-related loss
of cognitive performance, future
studies on the interaction between
n3-FAs and Alzheimer’s disease
must consider both the multifacto-
rial pathogenesis and the length of
the observational period [71].

Parkinson‘s disease

The situation is similar for the stu-
dies on the possible efficacy of n3-
FAs in Parkinson’s disease. Numer-
ous laboratory studies and work
on mouse models have shown that
DHA shows neuroprotective effects
on dopaminergic neurons and also
exhibits anti-inflammatory activity
[72—78]. Moreover, DHA can reduce
dopamine deficiency dyskinesia in
animal models of Parkinson’s [79,
80]. However, as yet there has been

no reliable study that demonstrates
that n3-FA supplements or n3-FA
rich nutrition have a protective or
even therapeutic effect in patients
with Parkinson’s disease.

Neuropsychiatric diseases

The best available data on the clini-
cal efficacy of n3-FAs are on the use
of EPA supplements in depression.
Thus, several large meta-analyses
of placebo-controlled interventional
studies have shown that the daily
administration of EPA (200-2 200
mg/d), but not of DHA, causes a
measurable reduction in the symp-
toms of depression [81-83]. For
combined supplements, the dosage
is important, as is the ratio of the
individual n3-FAs; the EPA/DHA
ratio must be at least 60 % [81].
There is currently intensive research
on the underlying mechanisms.

Because of this favorable data on
the treatment of depression, the effi-
cacy of n3-FA supplementation has
now been examined for virtually all
neuropsychiatric diseases, including
bipolar disorders [84], borderline
disorder [85], schizophrenia [86],
autism [87], learning disorders in
children [88] and attention deficit
hyperactivity disorder (ADHD) [89].
As yet, there is no proof that n3-FA
nutrition or supplementation exhib-
its clinical activity for any of these
indications. On the basis of the cur-
rent data, it is impossible to predict
whether any practicable therapeutic
benefit will be identified in future.

Pregnancy

In contrast, there is comprehensive
proof that an adequate supply of
n3-FAs - particularly DHA - is im-
portant for the visual and cognitive
development of the child [17, 19].
The importance of DHA in vision
and the dependency on DHA con-
centration in photoreceptors have
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already been discussed (vide supra).
Thus, above average supply of DHA
during pregnancy has favorable ef-
fects on the child’s visual acuity, co-
gnitive functions, sleep patterns and
fine motor skills [6, 90-92].

However, recent studies have called
this view into question and have
shown that the advantages of DHA
supplementation can only be es-
tablished for the first months of a
child’s life. They level off in older
children and are presumably negli-
gible in the first years of life in com-
parison to environmental effects
[93]. These conclusions must be
confirmed by further studies. Until
then, pregnant and nursing mo-
thers should ensure that their chil-
dren receive at least 200 mg DHA
daily. If this value cannot be reached
through regular consumption
of fish, appropriate supplements
should be used [90, 94].

Conflict of Interest
Prof. Smollich has received lecture fees from
Bayer Vital AG.

Prof. Dr. rer. nat. Martin Smollich
Mathias Hochschule Rheine,

Clinical Nutrition

Frankenburgstralle 31, 48431 Rheine
E-Mail: m.smollich@mhrheine.de



References

—_

. Janssen CI, Kiliaan AJ (2014) Long-chain
polyunsaturated fatty acids (LCPUFA) from
genesis to senescence: the influence of LCPUFA
on neural development, aging, and neurodegen-
eration. Prog Lipid Res 53: 1-17

Mostofsky DI, Yehuda S, Salem Jr N (Hg).
Fatty acids: physiological and behavioral

]

functions. Nutrition and health. Humana
Press Inc, Totawa, USA (2001)

.Dagai L, Peri-Naor R, Birk RZ (2009)
Docosahexaenoic acid significantly stimulates

o

immediate early response genes and neurite
outgrowth. Neurochem Res 34: 867-875
Innis SM (2008) Dietary omega 3 fatty acids
and the developing brain. Brain Res 1237:
35-43

Hadders-Algra M (2005) The role of long-
chain polyunsaturated fatty acids (LCPUFA)
in growth and development. Adv Exp Med Biol
569: 80-94

Helland IB, Smith L, Saarem K et al. (2003)
Maternal supplementation with very-long-

-

Sl

IS

chain n-3 fatty acids during pregnancy and
lactation augments children’s IQ at 4 years of
age. Pediatrics 111: 39-44

Hoffman DR, Boettcher JA, Diersen-Schade DA
(2009) Toward optimizing vision and cogni-

~

tion in term infants by dietary docosahexae-
noic and arachidonic acid supplementation:
a review of randomized controlled trials.
Prostaglandins Leukot Essent Fatty Acids 81:
151-158

. Umhau JC, Zhou W, Carson RE et al.
(2009) Imaging incorporation of circulating

o

docosahexaenoic acid into the human brain
using positron emission tomography. J Lipid
Res 50: 1259-1268
9. Chalon S, Vancassel S, Zimmer L et al. (2001)
Polyunsaturated fatty acids and cerebral func-
tion: focus on monoaminergic neurotransmis-
sion. Lipids 36: 937-944
Salem N Jr, Litman B, Kim HY et al. (2001)
Mechanisms of action of docosahexaenoic acid

10.

in the nervous system. Lipids 36: 945-959
. Gomez-Pinilla F, Tyagi E (2013) Diet and
cognition: interplay between cell metabolism

1

—_

and neuronal plasticity, Curr Opin Clin Nutr
Metab Care 16: 726-733

Murphy T, Dias GP, Thuret S (2014) Effects of
diet on brain plasticity in animal and human
studies: mind the gap. Neural Plast 2014: ID
563160 Epub 2014 May 12

13. Calderon F, Kim HY (2004) Docosahexaenoic

12.

1

N

1

1

o

17.

18.

1

20.

21.

22.

23.

24.

25.

Sl

A

acid promotes neurite growth in hippocampal
neurons. J Neurochem 90: 979-988

. Innis SM (2003) Perinatal biochemistry and

physiology of long-chain polyunsaturated
fatty acids. J Pediatr 143: 1-8

Sinclair AJ, Attar-Bashi NM, Li D (2002)
What is the role of alpha-linolenic acid for
mammals? Lipids 37: 1113-1123

. Barcelo-Coblijn G, Hogyes E, Kitajka K et al.

(2003) Modification by docosahexaenoic acid
of age-induced alterations in gene expres-
sion and molecular composition of rat brain
phospholipids. Proc Natl Acad Sci USA 100:
11321-11326

McCann JC, Ames BN (2005) Is docosahexae-
noic acid, an n-3 long-chain polyunsaturated
fatty acid, required for development of normal
brain function? An overview of evidence from
cognitive and behavioral tests in humans and
animals. Am J Clin Nutr 82: 281-295

Haast RA, Kiliaan AJ (2015) Impact of fatty
acids on brain circulation, structure and func-
tion. Prostaglandins Leukot Essent Fatty Acids
92C: 3-14

Bazan NG, Molina MF, Gordon WC (2011)
Docosahexaenioc acid signalolipidomics in nu-
trition: Significance in aging, neuroinflamma-
tion, macular degeneration, Alzheimer's, and
other neurodegenerative diseases. Annu Rev
Nutr 31: 321-351

Jackson PA, Reay JL, Scholey AB et al. (2012)
Docosahexaenoic acid-rich fish oil modulates
the cerebral hemodynamic response to cognitive
tasks in healthy young adults. Biol Psychol
89:183-190

Hooijmans CR, van der Zee CE, Dederen PJ et
al. (2009) DHA and cholesterol containing
diets influence Alzheimer-likepathology, cog-
nition and cerebral vasculature in APPswe/
PS1dE9 mice. Neurobiol Dis 33: 482-498
Blondeau N, Petrault O, Manta S (2007) Poly-
unsaturated fatty acids are cerebral vasodila-
tors via theTREK-potassium channel. Circ Res
101: 176-184

Sabayan B, Jansen S, Oleksik AM et al. (2012)
Cerebrovascular hemodynamics in Alzheimer’s
disease and vascular dementia: a meta-analy-
sis of transcranial Doppler studies. Ageing Res
Rev 11: 271-277

Lukiw WJ, Cut J, Marcheselli VL et al. (2005)
Arole for docosahexacnoic acid-derived neuro-
protectin D1 in neural cell survival and Alz-
heimer disease. J Clin Invest 115: 2774-2783
Marcheselli VL, Hong S, Lukiw WIJ et al.
(2003) Novel docosanoids inhibit brain is-

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

chemia-reperfusion-mediated leukocyte infil-
tration and pro-inflammatory gene expression.
J Biol Chem 278: 43807-43817

Mukherjee PK, Marcheselli VL, Serhan CN et
al. (2004) Neuroprotectin D1: a docosahexae-
noic acid-derived docosatriene protects human
retinal pigment epithelial cells from oxidative
stress. Proc Natl Acad Sci USA 101: 8491-
8496

Nair AK, Sabbagh MN (Hg.). Geriatric Neu-
rology. Wiley-Blackwell, Hoboken, New Jersey,
USA (2014)

Haass C (2010) Initiation and propagation of
neurodegeneration. Nat Med 16: 1201-1204
Masliah E, Crews L, Hansen L (2006) Synap-
tic remodeling during aging and in Alzheimer’s
disease. J Alzheimers Dis 9: 91-99

Brown DR (2009) Role of microglia in age-re-
lated changes to the nervous system. Sci World
J9:1061-1071

Raz N, Gunning FM, Head D et al. (1997)
Selective aging of the human cerebral cortex
observed in vivo: differential vulnerability of
the prefrontal gray matter. Cereb Cortex 7:
268-282

Tisserand DJ, Pruessner JC, Arigita EJS et al.
(2002) Regional frontal cortical volumes de-
crease differentially in aging: an MRI study
to compare volumetric approaches and voxel-
based morphometry. Neuroimage 17: 657-669
Salat DH, Kaye JA, Janowsky JS (1999) Pre-
frontal gray and white matter volumes in
healthy aging and Alzheimer disease. Arch
Neurol 56: 338-344

Cole GM, Ma QL, Frautschy SA (2009)
Omega-3 fatty acids and dementia. Pros-
taglandins Leukot Essent Fatty Acids 81:
213-221

Wu A, Ying Z, Gomez-Pinilla F (2008)
Docosahexaenoic acid dietary supplementa-
tion enhances the effects of exercise on synaptic
plasticity and cognition. Neuroscience 155:
751-759

Wurtman RJ (2008) Synapse formation
and cognitive brain development: effect of
docosahexaenoic acid and other dietary con-
stituents. Metabolism 57: 6-10

Agrawal R, Gomez-Pinilla F (2012) Metabolic
syndrome in the brain: deficiency in omega-3
fatty acid exacerbates dysfunctions in insulin
receptor signalling and cognition. J Physiol
590: 2485-2499

Martin CR, Preedy VR (Hg). Diet and nutrition
in dementia and cognitive decline. Academic
Press, Waltham, Massachusetts, USA (2014)

Ernaehrungs Umschau international | 10/2015 175



Special | Omega-3-Fatty Acids

39. Petursdottir AL, Farr SA, Morley JE et al.
(2008) Effect of dietary n-3 polyunsaturated
fatty acids on brain lipid fatty acid compo-
sition, learning ability, and memory of senes-
cence-accelerated mouse. J Gerontol A Biol Sci
Med Sci 63: 1153-1160

40. Lim SY, Hoshiba J, Moriguchi T et al. (2005)

N-3 fatty acid deficiency induced by a modi-
fied artificial rearing method leads to poorer
performance in spatial learning tasks. Pediatr
Res 58: 741-748
. Bowman GL, Silbert LC, Howieson D et al.
(2012) Nutrient biomarker patterns, cognitive

4

—_

function, and MRI measures of brain aging.
Neurology 78: 241-249

Witte AV, Kerti L, Hermannstadter HM et
al. (2013) Long-chain omega-3 fatty acids

42.

improve brain function and structure in older
adults. Cereb Cortex 24: 3059-3068
Yurko-Mauro K, McCarthy D, Rom D et al.
(2010) Beneficial effects of docosahexacenoic
acid on cognition in age-related cognitive de-
cline. Alzheimers Dement 6: 456-464

Stough C, Downey L, Silber B et al. (2012) The
effects of 90-day supplementation with the

43.

44.

omega-3 essential fatty acid docosahexaenoic
acid (DHA) on cognitive function and visual
acuity in a healthy aging population. Neuro-
biol Aging 33: 1-3

Dangour AD, Allen E, Elbourne D et al. (2010)
Effect of 2-y n-3 long-chain polyunsaturated

4

“

fatty acid supplementation on cognitive func-
tion in older people: a randomized, double-
blind, controlled trial. Am J Clin Nutr 91:
1725-1732

.van de Rest O, Geleijnse JM, Kok FJ et al.
(2008) Effect of fish oil on cognitive perfor-
mance in older subjects: a randomized, con-
trolled trial. Neurology 71: 430-438

Nilsson A, Radeborg K, Salo I et al. (2012) Ef-

fects of supplementation with n-3 polyunsat-

4

o

4

~

urated fatty acids on cognitive performance
and cardiometabolic risk markers in healthy
51 to 72 years old subjects: a randomized con-
trolled cross-over study. Nutr J 11: 99

. Sydenham E, Dangour AD, Lim WS (2012)
Omega 3 fatty acid for the prevention of cogni-

4

==

tive decline and dementia. Cochrane Database
Syst Rev 6: CD005379

. Abubakari AR, Naderali MM, Naderali EK
(2014) Omega-3 fatty acid supplementation

4

el

and cognitive function: are smaller dosages

more beneficial? Int J Gen Med 7: 463-473
50. Yurko-Mauro K, Alexander DD, van Elswyk

ME (2015) Docosahexaenoic acid and adult

5

—_

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

—_

02.

03.

04.

memory: a systematic review and meta-anal-
ysis. PLoS One 10: 0120391

. Soderberg M, Edlund C, Kristensson K et al.

(1991) Fatty acid composition of brain phos-
pholipids in aging and in Alzheimer’s disease.
Lipids 26: 421-425

Hooijmans CR, Rutters F, Dederen PJ et al.
(2007) Changes in cerebral blood volume and
amyloid pathology in aged Alzheimer APP/PS1
mice on a docosahexaenoic acid (DHA) diet or
cholesterol enriched Typical Western Diet
(TWD). Neurobiol Dis 28: 16-29

Calon F, Lim GP, Yang F et al. (2004)
Docosahexaenoic acid protects from dendritic
pathology in an Alzheimer’s disease mouse
model. Neuron 43: 633-645

Cole GM, Frautschy SA (2006) Docosahexae-
noic acid protects from amyloid and dendritic
pathology in an Alzheimer’s disease mouse
model. Nutr Health 18: 249-259

Freund-Levi Y, Eriksdotter-Jonhagen M, Ceder-
holm Tet al. (2006) Omega-3 fatty acid treat-
ment in 174 patients with mild to moderate
Alzheimer disease: OmegAD study: a ran-
domized double-blind trial. Arch Neurol 63:
1402-1408

Cunnane SC, Plourde M, Pifferi F et al. (2009)
Fish, docosahexaenoic acid and Alzheimer’s
disease. Prog Lipid Res 48: 239-256
Scarmeas N, Stern Y, Tang MX et al. (2006)
Mediterranean diet and risk for Alzheimer’s
disease. Ann Neurol 59: 912-921

Scarmeas N, Luchsinger JA, Mayeux R et al.
(2007) Mediterranean diet and Alzheimer dis-
case mortality. Neurology 69: 1084-1093
Frisardi V, Panza F, Seripa D et al. (2010)
Nutraceutical properties of Mediterranean
diet and cognitive decline: possible underlying
mechanisms. J Alzheimers Dis 22: 715-740
Gu Y, Luchsinger JA, Stern Y et al. (2010)
Mediterranean diet, inflammatory and meta-
bolic biomarkers, and risk of Alzheimer’s dis-
case. J Alzheimers Dis 22: 483-492

. Morris MC, Evans DA, Bienias JL et al. (2003)

Dietary fats and the risk of incident Alzheimer
disease. Arch Neurol 60: 194-200

Morris MC, EvansDA, Bienias JL et al. (2003)
Consumption of fish and n-3 fatty acids and
risk of incident Alzheimer disease. Arch Neurol
60: 940-946

Barberger-Gateau P, Raffaitin C, Letenneur L
et al. (2007) Dietary patterns and risk of de-
mentia: The three-city cohort study. Neurology
69:1921-1930

Nurk E, Drevon CA, Refsum H et al. (2007)

176 Ernaehrungs Umschau international | 10/2015

65.

60.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Cognitive performance among the elderly and
dietary fish intake: The Hordaland Health
Study. Am J Clin Nutr 86: 1470-1478
Kalmijn S, van Boxtel MP, Ocke M et al.
(2004) Dietary intake of fatty acids and fish
in relation to cognitive performance at middle
age. Neurology 62: 275-280

Schaefer EJ, Bongard V, Beiser AS et al. (2006)
Plasma phosphatidylcholine docosahexaenoic
acid content and risk of dementia and Alz-
heimer disease: The Framingham Heart Study.
Arch Neurol 63: 1545-1550

Fotuhi M, Mohassel P, Yaffe K (2009) Fish
consumption, long-chain omega-3 fatty acids
and risk of cognitive decline or Alzheimer dis-
ease: A complex association. Nat Clin Pract
Neurol 5: 140-152

Chiu CC, Su KP, Cheng TC et al. (2008) The
effects of omega-3 fatty acids monotherapy in
Alzheimer’s disease and mild cognitive impair-
ment: A preliminary randomized double-blind
placebo-controlled study. Prog Neuropsycho-
pharmacol Biol Psychiatry 32: 1538-1544
Kotani S, Sakaguchi E, Warashina S et al.
(2006) Dietary supplementation of arachi-
donic and docosahexaenoic acids improves cog-
nitive dysfunction. Neurosci Res 56: 159-164
Quinn JF, Raman R, Thomas RG et al. (2010)
Docosahexaenoic acid supplementation and
cognitive decline in Alzheimer disease: a ran-
domized trial. JAMA 304: 1903-1911

Qiu C (2012) Preventing Alzheimer’s disease by
targeting vascular risk factors: hope and gap.
J Alzheimers Dis 32: 721-731

Tanriover G, Seval-Celik Y, Ozsoy O et al.
(2010) The effects of docosahexaenoic acid on
glial derived neurotrophic factor and neurturin
in bilateral rat model of Parkinson's disease.
Folia Histochem Cytobiol 48: 434-441
Hacioglu G, Seval-Celik Y, Tanriover G et al.
(2012) Docosahexacnoic acid provides protec-
tive mechanism in bilaterally MPTP-lesioned
rat model of Parkinson'’s disease. Folia Histo-
chem Cytobiol 50: 228-238

Cansev M, Ulus IH, Wang L et al. (2008) Re-
storative effects of uridine plus docosahexae-
noic acid in a rat model of Parkinson’s disease.
Neurosci Res 62: 206-209

Ozsoy O, Seval-Celik Y, Hacioglu G et al.
(2011) The influence and the mechanism of
docosahexacnoic acid on a mouse model of Par-
kinson's disease. Neurochem Int 59: 664670
Bousquet M, Gue K, Emond V et al. (2011)
Transgenic conversion of omega-6 into
omega-3 fatty acids in a mouse model of Par-



kinson’s disease. J Lipid Res 52: 263-271
77.Ji A, Diao H, Wang X et al. (2012) N-3 poly-
unsaturated fatty acids inhibit lipopolysac-
charide-induced microglial activation and
dopaminergic injury in rats. Neurotoxicology
33:780-788
78. Cardoso HD, Passos PP, Lagranha CJ et al.
(2012) Differential vulnerability of substantia
nigra and corpus striatum to oxidative insult
induced by reduced dietary levels of essential
fatty acids. Front Human Neurosci 6: 249
79. Samadi P, Grégoire L, Rouillard C et al. (2006)
Docosahexaenoic acid reduces levodopa-in-
duced dyskinesias in 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine monkeys. Biochem-
istry 45: 15610-15616
80. Mahmoudi S, Samadi P, Gilbert F et al.
(2009) Nur77 mRNA levels and L-Dopa-in-
duced dyskinesias in MPTP monkeys treated
with docosahexaenoic acid. Neurobiol Dis 36:
213-222
. Sublette ME, Ellis SP, Geant AL et al. (2011)
Meta-analysis of the effects of eicosapentac-

8

—_

noic acid (EPA) in clinical trials in depression.
J Clin Psychiatry 72: 1577-1584

82. Ross BM, Seguin J, Sieswerda LE (2007)
Omega-3 fatty acids as treatments for mental
illness: which disorder and which fatty acid?
Lipids Health Dis 6: 21

83. Martins JG (2009) EPA but not DHA appears
to be responsible for the efficacy of omega-3
long chainpolyunsaturated fatty acid supple-
mentation in depression: evidence from a me-
ta-analysis of randomized controlled trials. J
Am Coll Nutr 28: 525-542

84. Rakofsky JJ, Dunlop BW (2014) Review of
nutritional supplements for the treatment of
bipolar depression. Depress Anxiety 31: 379-
390

85. Amminger GP, Chanen AM, Ohmann S et al.
(2013) Omega-3 fatty acid supplementation in
adolescents with borderline personality disor-
der and ultra-high risk criteria for psychosis: a
post hoc subgroup analysis of a double-blind,
randomized controlled trial. Can J Psychiatry
58: 402-408

86. Marano G, Traversi G, Nannarelli C et al.
(2013) Omega-3 fatty acids and schizo-
phrenia: evidences and recommendations. Clin
Ter 164: 529-537

87. Amminger GP, Berger GE, Schafer MR et al.
(2007) Omega-3 fatty acids supplementation
in children with autism: a double-blind ran-
domized, placebo-controlled pilot study. Biol
Psychiatry 61: 551-553

88. Tan ML, Ho JJ, Teh KH (2012) Polyunsat-
urated fatty acids (PUFASs) for children with
specific learning disorders. Cochrane Database
Syst Rev 12: CD009398

89. Barragdn E, Breuer D, Dopfner M (2014) Ef-
ficacy and safety of omega-3/6 fatty acids,
methylphenidate, and a combined treatment
in children with ADHD. J Attend Disord (epub
ahead of print)

90. Koletzko B, Cetin I, Brenna JT et al. (2007)
Dietary fat intakes for pregnant and lactating
women. BrJ Nutr 98: 873-877

91. Hibbeln JR, Davis JM, Steer C et al. (2007)
Maternal seafood consumption in pregnancy
and neurodevelopmental outcomes in child-
hood (ALSPAC study): an observational cohort
study. Lancet 369: 578-585

92. Jensen CL (2006) Effects of n-3 fatty acids
during pregnancy and lactation. Am J Clin
Nutr 83: 1452-1457

93. Makrides M, Gould JF, Gawlik NR et al.
(2014) Four-year follow-up of children born to
women in a randomized trial of prenatal DHA
supplementation. JAMA 311: 1802-1804

94. Koletzko B (2013) Erndhrung in der
Schwangerschaft: Fiir das Leben des Kindes
pragend. Dtsch Arztebl Int 110: 612

DOI: 10.4455/eu.2015.032

Ernaehrungs Umschau international | 10/2015 177



