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  In 1972, Crawford and Sinclair published evidence 
that AA and DHA were independent determinants of 
brain growth and evolution [Crawford and Sinclair 1972; 
Broadhurst et al., 2002; Enard et al., 2002; Pennisi 2002]. 
Deficiency studies in rodents [Sinclair and Crawford 
1972; Benolken et al., 1973; Galli and Socini, 1983; Weis-
inger et al., 1999; Catalan et al., 2002], chickens [Budow-
ski et al., 1987], primates [Fiennes et al., 1973; Neuringer 
et al., 1986], and visual and cognitive trials in human 
 infants [Carlson and Werkman, 1996; Martinez and 
Vazquez, 1998; Birch et al., 2000] have indicated that both 
AA and DHA are essential for brain development and 
function. Moreover, the competition that exists between 
n–6/n–3 fatty acids applies to their balance being critical 
for brain development and structural integrity [Budow-
ski and Crawford, 1985]. DHA is essential in vision, brain 
neurones and cell signalling.

  What Is the Role of DHA in the Brain? 

 Dietary-induced reductions in brain DHA in animals, 
resulting from feeding on a diet deficient in n–3,   are as-
sociated with many changes in brain function including 
alterations in learning and memory [Suzuki et al., 2001], 
auditory [Haubner et al., 2002] and olfactory [Greiner et 
al., 2001] responses to stimuli, reductions in the size of 
neurons, changes in nerve growth factor levels [Sinclair 

   Brain Composition 

 The brain contains little parent essential fatty acid 
(EFA) and typically has arachidonic (AA), docosatetrae-
noic and docosahexaenoic acids (DHA) as the principal 
polyenoic fatty acids. Although the size of the brain dif-
fers between mammalian species, the profile of AA and 
DHA does not vary [Crawford et al., 1976a, 1993], suggest-
ing a high degree of evolutionary conservation of the neu-
ral lipid profile ( fig. 1 ). DHA is rapidly and selectively 
 incorporated in the stereospecifically numbered (sn)–2 
position of neural phospholipid membranes, and is con-
centrated in the photoreceptor [Benolken et al., 1975; 
Fliesler and Anderson, 1983] and selectively at synaptic 
signalling sites [Suzuki et al., 1997]. It is the most unsatu-
rated of the cell membrane fatty acids in the brain [Jump, 
2002]. DHA is synthesised from  � -linolenic acid (ALA). 
However, ALA is  � -oxidised at a rapid rate [Leyton et al., 
1987] and its desaturation – and hence conversion to
DHA – is rate limited, especially in the brain [Sprecher 
1993, 1999; Rapoport et al., 2007].
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et al., 2007], delayed cell migration in the developing 
brain [Yavin et al., 2009] and an increase in depressive 
and aggressive behaviour [DeMar et al., 2006].

  Various mechanisms have been suggested to account 
for these physiological changes, including alterations in 
membrane function (physical properties, receptor func-
tion, neurotransmission, membrane-related enzyme ac-
tivity, glucose transport, signal transduction) [for re-
view, see Sinclair et al., 2007], changes in the expression 
of many genes in the brain [for review, see Kitajka et al., 
2004], electron transfer [Crawford et al., 2008], changes 
in eicosanoid and docosanoid production (known to be 
involved in learning and memory), neuroinflammation 
and perhaps depression [Horrocks and Yeo, 1999]. Anti-
arrhythmic properties are thought due to modulation of 
voltage-gated Na +  and L-type Ca 2+  channels [Xiao et al., 
2005]. The same influence on electrophysiology was also 
shown to operate on neuronal excitability [Vreugdenhil 
et al., 1996]. Whilst the electrophysiological influence is 
seen with both EPA and DHA in cardiac myocytes, there 
is only DHA in the brain membrane lipids ( fig. 1 ). In-
deed, most membrane lipids contain very little EPA. 
Whilst DHA is clearly concentrated in the signalling sys-
tems of the brain ( fig. 1 ), EPA is more likely to be in-
volved in vascular, blood flow and eicosanoid activity 
where it and its own eicosanoids can compete with and 
down-regulate the AA metabolites to maintain homeo-
stasis and participate in the response to injury.

  Under the control of specific stimuli, polyunsaturated 
fatty acids (PUFA) are released from the glycerophos-
pholipids by the action of various phospholipases and are 
metabolised by cyclooxygenase (COX) and lipoxygenase 
(LOX) enzymes into a variety of oxygenated PUFA de-

rivatives known as eicosanoids (prostaglandins, throm-
boxanes, lipoxins, leukotrienes, hydroxyeicosatetraeno-
ic and epoxyeicosatetraenoic acids) and docosatrienes 
(neuroprotectins and resolvins) which are locally acting 
hormone-like compounds. COX and LOX are involved 
in the production of pro-inflammatory metabolites of 
AA, including prostaglandins and thromboxanes (COX-
derived) and leukotrienes (LOX-derived), respectively. 
LOX also generates anti-inflammatory DHA-derived 
metabolites (neuroprotectins and resolvins) and lipoxins 
derived from AA via the 5-LOX pathway. Non-steroidal 
anti-inflammatory drugs, such as aspirin and ibuprofen, 
have been used to prevent inflammation and have re-
cently been implicated as potential therapeutics for neu-
rodegenerative disease [Leone et al., 2007].

  EFA and the Brain 

 A comprehensive review of the field has been written 
by Lauritzen et al. [2001]. There are 2 families of EFA that 
have to be obtained in the food. The n–6, starting with 
linoleic acid, which occurs in seeds and is desaturated 
and elongated in animals to introduce more degrees of 
polyunsaturation and longer chain lengths (from 18 car-
bons to 20 and 22;  fig. 1 ).

  The second is the n–3 family, starting with ALA, which 
occurs in photosynthetic systems (e.g. green vegetation). It 
is similarly desaturated and chain elongated to eicosapen-
taenoic acid (EPA, 20:   5n–3) and then to DHA (22:   6n–3). 
The double bonds between the carbons that make up the 
polyunsaturation are separated by single methyl carbon 
units, and the sequence in the 2 families starts at different 
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  Fig. 1.  PUFA profiles in human arterial en-
dothelium and brain. 
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positions numbered from the methyl end (n–6 and n–3). 
These end double bonds (from the n–9 position) cannot be 
inserted by animals, although they can add more at the 
carboxyl end of the molecules, and so make up the more 
highly unsaturated fatty acids providing animal cells with 
a higher degree of membrane and physiological complex-
ity compared with plants. Note however, the synthesis of 
the multiple double bonds requires both an oxidative pro-
cess to remove the hydrogens and a final  � -oxidation in 
the step from 24:   6 to 22:   6 ( fig. 2 ).

  The n–6 family is essential for mammalian reproduc-
tion. AA is important in the blood vessels, being par-
ticularly rich in the inner cell membrane lipid (ethanol-
amine phosphoglyceride;  fig. 1 ). Following phospholi-
pase A2  activity, AA is released and converted into 
eicosanoids that maintain adequate blood flow (prosta-
cyclin) or to stop blood flow in the case of injury (throm-
boxanes).

  The synthesis of AA and especially DHA is rate lim-
ited and very slow, so there are advantages nutritionally 
to have them already made in the diet, especially during 

pre- and early postnatal development. Rapoport et al. 
[2007] have shown that in rats, the liver upregulates the 
conversion of ALA to DHA (but not in the brain) on diets 
low in ALA and devoid of DHA, slowing the loss of DHA 
from the brain during recycling and due to any peroxida-
tion. AA and DHA are selectively incorporated into the 
brain at an early stage [Sinclair and Crawford, 1972] in 
striking preference to their synthesis from precursors 
[Sinclair, 1975].

  It is important to note that both AA and DHA are es-
sential in different ways. There is more long-chain n–6 
than n–3 in the brain of over 30 mammalian species so 
far studied [Crawford and Sinclair, 1972; Crawford et al., 
1976a]. Brain AA is the precursor of a number of different 
endocannabinoids and eicosanoids which play important 
roles in the normal homeostasis of brain function [Tas-
soni et al., 2008]. PGD2 is crucial for the induction of 
sleep, and PGE2 and PGD2 are important signalling mol-
ecules in short-term and long-term memory formation, 
in a cascade involving brain-derived neurotrophic factor 
(BDNF) [Gomez-Pinilla, 2008; Stahl et al., 2008]. AA is 
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  Fig. 2.  Desaturation and elongation of  � -linolenic and linoleic acid. 
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also released from the sn–2 position of neural phospho-
lipids by phospholipase A 2  coupling to dopaminergic, se-
rotonergic, glutamatergic and cholinergic neuroreceptor 
activation. In addition, the inositol phosphoglycerides 
are rich in AA. In the activation events, the resultant stea-
royl-arachidonoyl-diacylglycerol is specifically involved 
in the activation of protein kinase C [Hindenes et al., 
2000]. A recent review by Gomez-Pinilla [2008] considers 
the effects of nutrients on brain function at a physiologi-
cal and molecular level.

  Both AA and DHA can be synthesised from their plant 
precursors, but during early development in humans, the 
placenta specifically selects preformed AA and DHA bio-
magnifying their proportions for foetal plasma, AA much 
more so than DHA. The proportion of AA in maternal 
plasma and red cell choline phosphoglycerides is typi-
cally about 6–9% of the fatty acids, whereas in the foetus 
it can be more than double this value. At the same time, 
the linoleic acid proportion is halved. There is little or no 
further amplification of AA beyond the foetal liver. How-
ever, the proportion of DHA is amplified again as it ar-
rives in the foetal liver from the plasma and again in the 
brain [Crawford et al., 1976b]. That the biomagnification 
process by the placenta is primarily one of specific selec-
tion of long-chain PUFA is supported by the lack of en-
zymes relevant to the desaturation and chain elongation 
process in the placenta [Crawford, 2000]. In any event, 
there is very little precursor for DHA (e.g. ALA and EPA) 
transferred by the placenta, which makes the often dis-
cussed issue as to whether the foetus can synthesise DHA 
somewhat academic.

  It is noteworthy that the placenta is basically a rapidly 
growing vascular system which is rich in AA. In studies of 
human placentas at the earliest time from selected abor-
tions, the proportion of AA was found to be even higher 
than at term [Bitsanis et al., 2006]. The negative press giv-
en to AA (that it is pro-thrombotic, pro-inflammatory 
etc.) may be misplaced. It disregards its positive structural 
and functional role in the vasculature and the brain.

  This special treatment for AA by the placenta may well 
be to serve the development of the immune and vascular 
systems: both are AA rich. The vascular system in the 
placenta, embryo and early foetus develops ahead of the 
foetal brain growth spurt which occurs in the last trimes-
ter. The intense vascular development is a logical prepa-
ration for the phenomenally high energy demand im-
posed by the foetal brain growth.

  AA is present in human milk, meat, eggs and some 
tropical fish. DHA is richest in the marine food chain, 
which is where the brain evolved 500–600 million years 

ago using DHA for signalling. Despite this long period of 
genomic change and species modifications, DHA has 
been found to be used in dinoflagelates, teleosts, amphib-
ians, reptiles, birds, mammals and humans. Despite the 
precursor of DHA with only 1 double bond less (doco-
sapentaenoic acid, 22:   5n–3) being readily available, more 
easily synthesised and less susceptible to peroxidation, it 
never replaced DHA in photoreception or neural signal-
ling. This is compelling evidence that DHA is essential, 
specifically to photoreception and the brain.

  This high degree of specificity for DHA in neural sig-
nalling systems is unlikely to be due to liquidity because 
the difference between 5 and 6 double bonds is marginal 
[Bloom et al., 1999]. However, molecular dynamic studies 
suggest that DHA may have unique electrical properties 
operating as a type of semi-conducting device which 
would not be feasible if 1 double bond were to be removed. 
The quantum properties of tunnelling electrons would 
provide an absolute energy level at which the signal would 
operate offering a theoretical explanation for the neces-
sary precision of response in phototransduction and syn-
aptic signalling [Crawford et al., 2008].

  The n–3/n–6 Ratio for Neurodevelopment and 

Maintenance 

 Because the enzymes involved in the metabolism of 
the EFA are shared, there is competition between them 
( fig. 2 ); the balance between EFA and their PUFA me-
tabolites in the diet is vital. In humans, the brain is the 
most outstanding biological development: it follows that 
the priority is brain growth and development, and in that 
organ the balance between n–6 and n–3 PUFA metabo-
lites is close to 1:   1.

  We argue that this ratio (between 2:   1 to 1:   1) should be 
the target for recommendations and a balanced diet for 
human nutrition. However, in modern foods, this ratio 
has slipped to between 10:   1 and 20:   1. This high n–6 pro-
portion is largely made up today by linoleic acid, is far 
from optimal and thought to be highly disadvantageous 
[Hibbeln et al., 2006a, b  ].

  Some consider that the proportion or ratio between 
the 2 families is not relevant. This consideration is large-
ly because a high level of linoleic acid (18:   2n–6) in the diet 
is thought to be advantageous to reduce blood cholester-
ol and help prevent heart disease. The link between lin-
oleic acid and blood cholesterol is considered to be inde-
pendent of n–3 fatty acids. This approach is derived from 
US data on blood cholesterol and does not take into ac-
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count the converse. In some other countries, notably Ja-
pan, where there are low levels of dietary and tissue lin-
oleic acid but high levels of long-chain n–3 fatty acids, 
heart disease is less prevalent than in Western countries. 
In addition, in the USA, the high level of linoleic acid 
would simply overwhelm variation in the very low level 
of ALA. In Japan, the wide variation in blood cholesterol 
does not fit with death from heart disease as it does in the 
USA [Lands, 2008].

  It is a fundamental principle of biochemistry that sim-
ilar molecules compete for enzyme active centres and in 
other ways. This principle is well known to operate be-
tween the different members of the n–3 and n–6 families 
of EFA which regulate each other [Mohrhauer and Hol-
man, 1963; Budowski and Crawford, 1985]. The propor-
tions of n–3 to n–6 in the diet is a determinant of bio-
chemical efficiency which is important in providing the 
optimal conditions for neurodevelopment and for main-
tenance of the brain’s EFA resources during the recycling 
processes and repair. Hence, approaching the ideal ratio 
of 2:   1 or 1:   1 could be of relevance to both neurodevelop-
ment and the prevention of early neurodegeneration 
[Crawford et al., 2003; Lukiw and Bazan, 2008].

  Reason for Concern: Brain Disorders and Mental Ill 

Health 

 The costs associated with brain disorders and mental 
ill health have been rising sharply, and have now over-
taken those of any other health burden. There is good 
evidence to implicate poor conditions at the start of life 
as a fundamental cause of disturbed development leading 
to high susceptibility to mental ill health. Moreover, men-
tal ill health contributes to overall health inequalities that 
are very common and is significantly associated with 
other lifestyle factors that are health risks, such as obe-
sity, smoking, alcohol, substance abuse, and also with 
physical illness. In the UK, the costs associated with men-
tal health problems are estimated to be GBP 77 billion a 
year; however, mental health does not have the high pro-
file these costs would suggest. This was noted by Dr. Jo 
Nurse, the UK Department of Health’s National Lead for 
Public Mental Health and Well-Being, when she spoke at 
the Westminster Health Forum Keynote Seminar on July 
17, 2008. She said:

  The impact of obesity – being about GBP 4 billion – is what is 
in most people’s minds. It should be noted that GBP 77 billion is 
close to the whole of the funding for the UK NHS [the country’s 
publicly run National Health Service], so it is a huge cost, and it 

is about 4% of GDP, as calculated by Richard Layard. In the UK, 
the cost of brain disorders is now greater than that of heart disease 
or cancer, the 2 most common causes of mortality from ill 
health. 

  The steepest rise in mental ill health has been among 
young children  [Hibbeln, pers. commun.]. In 1972, it was 
predicted that brain disorders would rise following the 
rise in death from heart disease [Crawford and Crawford, 
1972]. The prediction was based on: (i) the evidence-
based causal relationship considered to exist between 
hard, saturated dietary fats and cardiovascular disease; 
(ii) the dependence of brain development on prior vascu-
lar development, first in the placenta and then the foetus, 
and (iii) the similarity of nutritional requirements for 
specialised dietary fats for brain and vascular develop-
ment and function. That prediction has been fulfilled. 
Brain disorders have now overtaken all other burdens of 
ill health in the UK and also in the 25 member states of 
the EU (costing EUR 386 billion at 2004 prices) [Andlin-
Sobocki et al., 2005].

  The reason for linking heart disease and brain disor-
ders is that during early development, the brain relies 
heavily on a pre-existing and efficient placental vascular 
and foetal cardiovascular system. The foetal brain uses 
70% of the energy transferred to the foetus from the pla-
centa. The placenta itself is a rapidly growing vascular sys-
tem which needs to be in place ahead of the foetal brain 
growth spurt of the last trimester. Hence, healthy brain 
development is very much dependent on a good cardio-
vascular circulation. Put simply, if the cardiovascular sys-
tem is under attack in an adult from distorted nutrition, 
the brain in the next generation(s) is likely to follow.

  This paper raises several questions about the role of 
DHA in the brain and its extreme conservation in signal-
ling systems with its possible relevance to human evolu-
tion. Importantly, it raises a question on how to meet the 
challenge of human mental health in face of the problems 
in aquatic food resources. The Global Forum for Health 
predicts that by 2020 mental ill health will be in the top 
3 health burdens worldwide, alongside heart disease and 
perinatal conditions. All 3 of these conditions/diseases 
have common denominators in adverse nutrition and are 
related and relevant to both neurogenesis and neurode-
generation. 

 This paper further considers the evidence for the nor-
mal daily requirements of the adult brain for AA and 
DHA, the role of dietary fats (mainly long-chain PUFA) 
in various neuropsychological conditions and in age-re-
lated macular degeneration, and where the many gaps are 
in the literature.
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  Arachidonic Acid 

 It is often concluded that AA can be synthesised from 
linoleic acid without difficulty. The early isotope studies 
by James Mead and Andrew Sinclair demonstrated that 
this was not the case [Sinclair, 1975]. As referred to ear-
lier, the human placenta is extremely rich in AA and it 
might be considered as a super pump transferring it to the 
foetus. Indeed, the human placenta is much more active 
in transferring AA to the foetus than it is for DHA. There 
is also evidence from myographic studies of vascular 
function that it acts as an endothelial-derived relaxant, a 
property not witnessed with DHA or fully with EPA 
[Crawford et al., 2003].

  However, many authors focus on the inflammatory 
and thrombotic mediators derived from AA almost to the 
point of labelling it as a toxic substance which cannot be 
the case. For 99.9% of our time, vasodilatory and anti-ad-
hesive eicosanoids are being synthesised from the rich 
source of AA in the endothelium. Indeed, the US Food 
and Drug Administration commented on the pharma-
ceutical suppression of COX2 to down-regulate the in-
flammatory properties, affecting prostacyclin synthesis 
and hence contributing to the excess of deaths in the pa-
tients being so treated [e.g. Ray et al., 2002; James and 
Cleland, 2004].

  There are some locations in the brain with much more 
AA and its elongation product than DHA. Serhan et al. 
[2008] make the point in a recent paper: 

  The popular view that all lipid mediators are pro-inflamma-
tory arises largely from the finding that non-steroidal anti-in-
flammatory drugs block the biosynthesis of prostaglandins. The 
resolution of inflammation was widely held as a passive event un-
til recently, with the characterisation of novel biochemical path-
ways and lipid-derived mediators that are actively turned on in 
resolution and that possess potent anti-inflammatory and pro-
resolving actions. A lipid-mediator informatics approach was em-
ployed to systematically identify new families of endogenous lo-
cal-acting mediators from n–3 PUFA (EPA and DHA) in resolv-
ing exudates, which also contain lipoxins and aspirin-triggered 
lipoxins generated from AA.

   Figure 3  illustrates the reason why there is a question 
regarding the capability of the preterm infant to efficient-
ly synthesise AA from linoleic acid. Whilst there are 
many issues affecting the metabolism of the preterm in-
fant and stable isotope data indicate conversion, the real-
ity of the situation does suggest that the conversion is 
limited in relation to the high demand for growth. If the 
pre-term infant had remained as a foetus it would have 
benefited from the selection of AA by the placenta. At the 
same time, the return of linoleic acid to the maternal cir-

culation leaves a physiological message preferring the use 
of AA preformed during early development.

  The known functions of AA in the brain involve pro-
duction of eicosanoids, endocannabinoids, activation of 
protein kinase C and its intimate involvement in peroxi-
some proliferator-activated receptors, inositol phospho-
glyceride signalling as well as several other signalling 
pathways and as mentioned above, in resolution of injury 
and inflammation. With the adverse publicity focussed 
on AA, the research has been one-sided and there may be 
other positive functions yet to be discovered.

  There is a need for further research on the functions 
of dihomo-�-linolenic, AA and docosatetraenoic acid 
(22:   4n–6) in the brain, vascular and immune systems.

  Daily Consumption of AA and DHA by the Adult 

Human Brain 

 Rapoport et al. [2007] have reported studies on 1- 11 C-
labelled AA and DHA in adult humans. They have cal-
culated the incorporation rates of the labelled free fatty
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  Fig. 3.  Data from birth questions the idea that the preterm infant 
can efficiently convert linoleic acid (LA) to AA. Postnatally AA 
drops in the plasma choline phosphoglycerides to a third of the 
birth (intrauterine) level despite its precursor LA rising 3- to 4- 
fold. Data from 12 weeks preterm to expected date of delivery 0. 
After Leaf et al. [1992].   
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acid as 17.8 mg/day/1,500 g brain for AA and 4.6 mg/day/
1,500 g brain for DHA. Based on an estimation of the AA 
and DHA content of human brains, they calculated the 
brain half-life of AA at 147 days and that of DHA at 773 
days (2.5 years). While this half-life seems to be quite 
long, further calculations by this group suggested that
the brain DHA would fall by 5% if DHA disappeared 
from the plasma for only 41 days.

  The functional consequences of such a decline are un-
known at this stage. What is not known is the dietary in-
take of PUFA required to supply AA and DHA at levels 
to maintain the turnover of these PUFA in this tissue. 
Every other tissue in the body will have a demand for AA 
and DHA, with DHA specifically in demand by mito-
chondria, the testes and spermatozoa, whilst the vascular 
endothelium, immune cells, muscle and platelets have a 
substantial requirement for both AA and DHA.

  Studies are lacking in humans on the uptake of AA 
and DHA from phospholipids in plasma, though earlier 
research by Lagarde et al. [2001] in rats suggested that ly-
sophosphatidylcholine may be a preferred carrier of DHA 
for the brain.

  Depression and Bipolar Disorder 

 This section discusses the epidemiological data asso-
ciating long-chain n–3 PUFA intakes with depression 
and the results of intervention trials of long-chain n–3 
PUFA in treating depression and bipolar disorder. Over 
the past few years, there have also been a substantial 
number of reviews published on this topic [Freeman et 
al., 2006; Parker et al., 2006; Sinclair et al., 2007; Appleton 
et al., 2008].

  Epidemiology 

 Three ecological studies on seafood consumption, ma-
jor depression and post-partum depression report that 
seafood consumption was correlated with lower rates of 
depression, post-partum depression or bipolar disorders 
in relationships that were highly statistically significant 
[Hibbeln, 1998, 2002; Noaghiul and Hibbeln, 2003].

  Ten studies have analysed serum/plasma, red blood 
cell, adipose and even brain long-chain n–3 PUFA levels 
in subjects of all ages with depression. The number of 
participants studied ranged from 24 to 3,884. All studies 
reported lower long-chain n–3 PUFA levels in the sub-
jects with depression (in some studies, the ratios of AA/

EPA or the ratio of the n–6 to n–3 PUFA were higher in 
depression).

  Two studies considered patients who had experienced 
myocardial infarction. In the first study, of 50 patients, 
the depressed subjects had higher serum levels of AA/
EPA [Schins et al., 2007]. In the second study, which in-
volved 812 subjects, depressed subjects had significantly 
lower plasma concentrations of total n–3 and DHA [Fra-
sure-Smith et al., 2004]. In a study of post-mortem brain 
tissue, it was found that DHA was the only fatty acid that 
was significantly lower in the orbitofrontal cortex of the 
individuals with major depressive disorder, and that such 
deficits in DHA were greater in female than male patients 
[McNamara et al., 2007].

  Two cohort studies examined the relationship between 
intakes of n–3 PUFA and depression. In 1 cohort study of 
29,133 subjects from Finland, the n–3 intake was assessed 
by a food frequency questionnaire related to the diet over 
the previous 12 months, and the outcome measures were 
self-reported depressed mood, hospital treatment due to 
depressed mood or death from suicide. It was found that 
neither n–3 nor fish intake were associated with depressed 
mood [Hakkarainen et al., 2004]. In the second study, of 
7,903 subjects from the USA, the n–3 and fish intakes 
were assessed by a semi-quantitative food frequency 
questionnaire, and the outcome measures were incident 
mental disorder defined as a self-reported physician di-
agnosis of depression, anxiety or stress and/or use of an-
tidepressant medication or tranquilisers. Subjects with 
moderate fish consumption (third and fourth quintiles of 
consumption, amounting to median fish intakes of 83.3 
and 112 g/day) had a relative risk reduction of greater 
than 30% [Sanchez-Villegas et al., 2007].

  Six cross-sectional studies have examined the rela-
tionship between intakes of n–3 PUFA and depression. 
These studies, which had large subject numbers (range 
755–21,835), relied on the use of food frequency question-
naires to determine n–3 or fish intakes. The outcome 
measures included the Beck Depression Inventory and 
the Hospital Anxiety and Depression Scale. The results 
were consistent in 5 of the 6 studies; that is, the greater 
the fish/fish oil intake the less likely the subjects were to 
have depressive symptoms [Tanskanen et al., 2001; Silvers 
and Scott, 2002; Suzuki et al., 2004; Timonen et al., 2004; 
Raeder et al., 2007]. The negative study of 755 women 
used a self-report questionnaire based on DSM-IV crite-
ria to determine 12-month prevalence rates of depression 
and a biennial food frequency questionnaire for seafood 
and fish oil consumption over a 6-year period [Jacka et 
al., 2004].
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  Intervention Studies 

 The 12 studies reviewed are listed in  table 1 .

  Major Depressive Disorder 
 Peet and Horrobin [2002] carried out the first placebo-

controlled double blind study examining the effects of 
ethyl-EPA (E-EPA) supplementation as an adjunct to an-

tidepressant medication in 70 treatment-resistant pa-
tients with major depressive disorder. They administered 
1, 2, and 4 g/day of E-EPA or a liquid paraffin placebo for 
12 weeks, and utilised the HDRS (Hamilton Depression 
Rating Scale) as the primary outcome measure, with 
scores on the Beck Depression Inventory and MADRS 
(Montgomery-Asberg Depression Rating Scale) as sec-
ondary outcomes. Supplementation with 1 g/day E-EPA 

Table 1. Intervention studies using long-chain n–3 PUFA in depression

Authors Subjects, n Treatment Outcome

Peet and
Horrobin, 2002

Placebo: 18
Treatment 1: 17
Treatment 2: 18

1 g E-EPA for 12 weeks; adjunctive therapy Supplementation with 1g/day clearly
reduced depression severity

Nemets
et al., 2002

Placebo: 10
Treatment: 10

2 g E-EPA for 4 weeks; adjunctive therapy Clinically relevant reduction in symptoms 
on the HDRS scores

Su
et al., 2003 

Placebo: 11
Treatment: 11

2.2 g EPA + 1.1g DHA for 8 weeks;
adjunctive therapy

Intervention group showed significantly 
reduced HDRS scores

Nemets
et al., 2006

Placebo: 10
Treatment: 10

0.4 g EPA + 0.2 g DHA for 16 weeks;
monotherapy (in children)

Significantly reduced scores in CDRS, 
CDI, and CGI

Marangell
et al., 2003

Placebo: 17
Treatment: 18

2 g DHA for 6 weeks; monotherapy Treatment outcomes not significantly
different to placebo

Silvers
et al., 2005

Placebo: 37
Treatment: 40

0.6 g EPA + 2.4 g DHA for 12 weeks;
adjunctive therapy

Treatment outcomes not significantly
different to placebo 

Grenyer
et al., 2007

Placebo: 10
Treatment: 10

0.6 g EPA  +  2.2 g DHA for 16 weeks;
adjunctive therapy

Treatment outcomes not significantly
different to placebo

Stoll
et al., 1999b

Bipolar
Placebo: 16
Treatment: 14

6.2 g EPA + 3.4 g DHA for 16 weeks;
adjunctive therapy

Treatment group showed amelioration of 
depressive symptoms

Frangou
et al., 2006

Bipolar
Placebo: 26
Treatment 1: 24
Treatment 2: 25

1 or 2 g E-EPA for 12 weeks, not significantly 
different to placebo; adjunctive therapy

Results for treatment group not different 
to placebo

Keck
et al., 2006

Bipolar
Placebo 1: 28
Placebo 2: 29
Treatment 1: 28
Treatment 2: 31

6 g E-EPA for 16 weeks, not significantly
different to placebo; adjunctive therapy

No benefit for individuals in treatment 
group

Frangou
et al., 2007

Bipolar
Placebo: 7
Treatment: 7

2 g E-EPA for 12 weeks; adjunctive therapy Results for treatment group not different 
to placebo

Osher
et al., 2005

Bipolar
Treatment: 12

1.5–2 g E-EPA for 24 weeks, positive;
adjunctive therapy

Positive outcome in open-label design 
study

CDI = Children’s Depression Inventory scale; CDRS = Children’s Depression Rating Scale; CGI = Clinical Global Impression; 
HDRS = Hamilton Depression Rating Scale.
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(but not 2 or 4 g/day) demonstrated clearly reduced de-
pression severity on each outcome measure compared 
with placebo, even from the first time point recorded (4 
weeks), leading to large and significant differences in self-
rated depression, anxiety, sleep, lassitude, libido and sui-
cidal ideation. The only other study to date that has 
utilised E-EPA in addition to standard antidepressant 
medication supplemented 2 g/day of E-EPA to 20 par-
ticipants for 4 weeks and demonstrated significant effects 
compared with placebo [Nemets et al., 2002]. The group 
receiving E-EPA showed a clinically relevant reduction in 
symptoms on the HDRS characterised by significantly 
reduced insomnia, depressed mood and feelings of guilt 
and worthlessness. These 2 studies demonstrated a lack 
of significant clinical side effects arising from n–3 sup-
plementation. An apparent antidepressant effect of n–3 
PUFA was also demonstrated by Su et al. [2003] who sup-
plemented the medication of 22 depressed individuals for 
8 weeks with EPA + DHA (2.2 g EPA and 1.1 g DHA) or 
an olive oil placebo. After 4 weeks of supplementation, 
patients in the intervention group exhibited significantly 
reduced HDRS scores compared with placebo. Interest-
ingly, this study utilised orange flavouring to disguise the 
taste of the fish oil capsules.

  One study in children, where long-chain n–3 PUFA 
was used as monotherapy in childhood depression, has 
been reported. Nemets et al. [2006] and colleagues ad-
ministered 0.4 g EPA and 0.2 g DHA or a safflower oil 
placebo to 20 children for 16 weeks. The children in the 
treatment group demonstrated significantly reduced 
scores on the Children’s Depression Rating Scale, Chil-
dren’s Depression Inventory, and Clinical Global Impres-
sion (CGI), with changes evident after 8 weeks of supple-
mentation.

  Three randomised controlled trials (RCT) have ex-
plored the effect of administering supplements contain-
ing primarily DHA to patients being treated for a current 
depressive episode. In the first study, 18 participants were 
administered 2 g of DHA daily as a monotherapy for 6 
weeks, and statistically significant differences in MADRS 
or HDRS scores were not found compared with placebo 
[Marangell et al., 2003]. Similarly, Silvers et al. [2005] sup-
plemented the diets of 77 individuals with fish oil cap-
sules containing 2.4 g DHA and 0.6 g EPA for 12 weeks 
and again did not obtain evidence that supplementation 
improved mood. A significant flaw with this particular 
study is that inclusion into the study was dependent on 
self-reported depression symptoms as determined by the 
HDRS, as opposed to the clinical interviews based on the 
DSM-IV criteria endorsed by the other trials discussed. 

A consequence of this was that the participants in the 
study had considerably fewer depression symptoms at 
baseline, and at the conclusion of the study, none of the 
participants had any remaining depression symptom-
atology, which indicates that perhaps the participants 
were not clinically depressed. Recently, Grenyer et al 
[2007] administered long-chain n–3 PUFA (2.2 g DHA 
and 0.6 g EPA) or an olive oil placebo to 83 depressed out-
patients as an adjunct to conventional treatment for 16 
weeks. Despite excellent compliance, there were no dif-
ferences in HDRS or Beck Depression Inventory scores 
between the groups, nor were there any differences in 
personal, occupational or interpersonal functioning.

  Bipolar Disorder 
 Five studies have explored the effect of n–3 PUFA sup-

plementation on individuals with bipolar disorder. The 
first, conducted by Stoll et al. [1999a, 1999b], adminis-
tered 6.2 g EPA and 3.4 g DHA daily to 30 participants for 
16 weeks. The treatment group demonstrated an amelio-
ration of depressive symptoms (using the HDRS, CGI and 
Global Assessment Scale), and a Kaplan-Meier survival 
analysis indicated that the n–3 fatty acid-treated patient 
group had a significantly longer period of symptom re-
mission than the placebo group. In another study using a 
relatively small number of patients and an open-label de-
sign, E-EPA treatment also had a positive outcome. Spe-
cifically, 12 bipolar I outpatients with depressive symp-
toms diagnosed according to DSM-IV criteria were treat-
ed with 1.5–2 g/day of E-EPA for up to 6 months. Eight of 
the 10 patients who completed at least 1 month of follow-
up achieved a 50% or greater reduction in HDRS scores, 
and none of the participants developed hypomania or 
manic symptoms [Osher et al., 2005]. This study was lim-
ited by both its open-label design and small sample size.

  A further study attempted to confirm the results of the 
Stoll study [Stoll et al., 1996] by administering 6 g/day
E-EPA or placebo as an adjunct to mood stabilising med-
ications to 116 bipolar individuals for 16 weeks. The out-
come measures in the study were the Young Mania Rat-
ing Scale, Inventory of Depressive Symptomatology, and 
Clinical Global Impression Scale-Bipolar Disorder (CGI-
BP); however, the results indicated no benefit for indi-
viduals in the treatment group compared with placebo 
[Keck et al., 2006].

  Frangou and colleagues [2006] examined the efficacy
of E-EPA as an adjunctive therapy in 75 outpatients with 
bipolar depression. The participants were randomly as-
signed to receive adjunctive treatment with 1 g/day of
E-EPA (n = 24), 2 g/day of E-EPA (n = 25) or liquid paraf-
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fin placebo (n = 26) for 12 weeks. HDRS and CGI scores 
decreased in both of the treatment groups; however, the 
results were not significantly different from placebo. The 
same group investigated further the mechanism by which 
E-EPA works in the brain of individuals with bipolar dis-
order [Frangou et al., 2007]. Fourteen participants were 
administered 2 g E-EPA or liquid paraffin placebo per day 
for 12 weeks. Quantitative proton magnetic resonance 
spectroscopy images were obtained prior to and following 
12 weeks of treatment, from a 12 ml volume of interest 
above the corpus callosum. A significant rise in brain lev-
els of  N- acetyl-aspartate, a putative marker of neuronal in-
tegrity, was observed in participants in the treatment con-
dition compared with the placebo group; however, there 
were no differences between the groups on the HDRS.

  Mechanisms 
 Several neurophysiological mechanisms have been 

proposed to explain the relationship between n–3 PUFA 
and depression.

  The most commonly suggested effect is on eicosanoid 
production. This is because EPA and DHA, as well as the 
mood stabilising drugs commonly used to treat bipolar 
disorder (lithium, carbamazepine and valproic acid) [Bo-
setti et al., 2003; Bazinet et al., 2006; Basselin et al., 2007], 
interfere with the AA cascade, including competitively 
inhibiting COX and thus decreasing production of the 2-
series prostaglandins.

  Other proposed mechanisms include effects on down-
stream functions, including cytokine expression (n–3 
PUFA inhibit expression of IL-1, IL-6, IL-8, TNF- �  and 
IFN- � ) [De Caterina et al., 1994; Maes et al., 1995; Kelley 
et al., 1999; Raison et al., 2006] and neurotransmitter re-
lease (serotonergic and dopaminergic neurotransmission 
is enhanced by long-chain n–3 PUFA) [Chalon et al., 
1998; Zimmer et al., 2002; Kodas et al., 2004].

  In addition, cAMP response element-binding protein 
and BDNF have been implicated, as n–3 PUFA increase 
BDNF by suppressing pro-inflammatory cytokines thus 
triggering a cAMP cascade, leading to expression of cAMP 
response element binding protein and BDNF [Nibuya et 
al., 1995; Mamounas et al., 2000; Chen et al., 2001; Shi-
mizu et al., 2003; Beltz et al., 2007; Rao et al., 2007b].

  Furthermore, it has been identified that increased ce-
rebral blood flow [Katsumata et al., 1999] and enhanced 
vascular reactivity [Abeywardena and Head, 2001] occur 
following n–3 PUFA supplementation, which is impor-
tant as both of these are down-regulated in depressed in-
dividuals [Ellis et al., 1992; Liotti et al., 2002; Neu et al., 
2004; Conway et al., 2006].

  The brain contains very low levels of EPA compared 
with DHA [Crawford et al., 1976], yet of all the studies con-
ducted, those using EPA have shown the most consistent 
benefits. It is possible that EPA exerts some of its effects in 
mood disorders by improving blood flow and therefore 
supplying the brain with nutrients such as glucose. This 
EPA effect could be mediated by the endothelial cells in
the extensive blood vessel architecture of the brain. Other 
studies have shown an increase in EPA levels in endothe-
lial cells following supplementation and this leads to im-
proved vascular function [Chisaki et al., 2003; Conway et 
al., 2006; Walser et al., 2006; Wan et al., 2007].

  An interesting new concept arises from the work of 
Holmsen and his colleagues at Bergen University. Chlor-
promazine is a cationic, amphiphilic psychotropic drug 
of the phenothiazine group that was the first drug used 
to treat schizophrenia and other psychiatric disease, and 
is still used in therapy. They have produced strong mo-
lecular evidence using solid-state magic angle spinning 
 13 C-NMR, demonstrating the drug interacts not with 
proteins of the receptor but with the brain phosphatidyl-
serine. Further studies with pure 18:   0/22:   6n–3-phospha-
tidylserine showed that chlorpromazine reduced the mo-
bility of the C4 and C5 atoms in DHA, which are attached 
to each other with a double bond [Chen et al., 2005].

  All psychotropic drugs distribute between membranes 
and water with distribution coefficients in the range of 
10,000–20,000 [for references, see Oruch et al., 2008]. This 
suggests that the drugs will enter the membranes through 
the outer leaflet, diffuse through the acyl layer and are 
able to interact with the phosphatidylserine in the inner 
leaflet. One would assume that the structural changes 
caused will affect the positioning of the proteins, such as 
membrane-bound enzymes and receptors, and thereby al-
ter their functions. Thus, in addition to acting as antago-
nists for receptors, the drugs may also alter membrane 
protein activities. Conversely, this evidence provides a 
mechanism whereby diet could affect key receptors and 
transporters related to psychosis simply by manipulating 
the physical chemistry of the surrounding domain.

  This explanation for the long-chain n–3 PUFA effect 
on the brain does not fit with the idea of EPA having a 
stronger effect than DHA, except if the EPA is influenc-
ing blood vessel function or having an effect on the brain 
that has not yet been described. Clearly, there is a great 
deal that needs to be known before definite conclusions 
can be drawn.

  The studies which support this distinction between 
EPA and DHA are few, and there are problems with the 
design, mainly related to the duration, dose and fatty acid 
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control. A further criticism relates to the controls in EFA 
trials when it comes to claims regarding the effect of n–3 
versus n–6 fatty acids. Various controls have been used 
with the placebos of olive oil or even liquid paraffin. Spe-
cific claims may be made for a specific effect of EPA com-
pared to n–6 PUFA. The validity is questionable if, for ex-
ample, linoleic acid is used as representing the n–6 family 
to compare with the n–3, EPA- and/or DHA-rich oils. As 
the properties of the 18, 20 and 22 carbon chain length are 
quite clearly different, it may be more scientific to compare 
like with like by, for example, comparing AA with EPA.

  The criticism of the short nature of most studies in 
depression/bipolar disorder, and possibly of all studies in 
this area, is perhaps best highlighted by comparing them 
with the GISSI (the Italian Group for the Study of the Sur-
vival of Myocardial Infarction) n–3 PUFA intervention
in heart disease. Such studies were planned for a 5-year 
time frame and although a significant protective effect 
emerged in the first year, the time scales of the neuropsy-
chiatric studies with EPA and DHA for the most part are 
performed within the time scale during which no result 
was seen in the GISSI trial.

  Conclusions on Depression 
 This section has outlined epidemiological and inter-

vention studies conducted in depression using long-chain 
n–3 PUFA. The epidemiological studies generally, but
not in all instances, supported a benefit of consumption 
of long-chain n–3 PUFA in mood disorders. Some might 
argue that eating higher amounts of fish is associated 
with other healthy lifestyle behaviours (food quality and 
variety, exercise patterns, etc.) and this should be consid-
ered as a potential confounding factor in studies of this 
nature. The intervention studies have been extremely 
heterogeneous, often with small sample sizes. The sub-
jects have varied in the severity of depression, the use of 
n–3 PUFA as monotherapy or adjunct therapy, the type 
of long-chain n–3 PUFA (fish oil containing EPA + DHA, 
DHA from algal oil or purified E-EPA), the dose of long-
chain n–3 PUFA and the duration of the intervention. To 
date, there has not been an adequate dose-response study. 
There are several proposed mechanisms for the benefits 
of the n–3 PUFA.

  It is interesting that the majority of the studies con-
ducted to date have utilised long-chain n–3 PUFA as ad-
junctive therapy to traditional antidepressants and mood 
stabilisers. Given that a number of the studies in which 
EPA was supplemented as an adjunct treatment demon-
strated increased symptom remission, it is possible that 
EPA operates in a synergistic fashion with the mood 

medications. One promising theory is that EPA enhances 
endothelial cell function in blood vessels, which has the 
effect of increasing cerebral blood flow, thus EPA may 
augment the effects of the antidepressants which are 
known to act on other mechanisms, including involving 
monoaminergic neurotransmitters (serotonin and nor-
adrenalin) [Gardier, 2005].

  While research indicates that orally administered 
DHA is rapidly incorporated into neural tissue [Sinclair, 
1975], no studies have been reported on the uptake of oth-
er long-chain n–3 PUFA (EPA and docosapentaenoic 
acid, 22:   5n–3) into neural endothelial blood vessels or 
brain cells.

  In summary, future research in this area should in-
volve studies with purified preparations of long-chain 
n–3 PUFA (alone and in combination), relevant controls 
(which has often not been the case), dose-response stud-
ies, studies on the duration of supplementation required 
for greatest benefit, larger numbers of subjects in each 
treatment group, studies to delineate the importance of 
n–3 PUFA as monotherapy or adjunct therapy and stud-
ies which identify the mechanism(s) of action of these 
PUFA in mood disorders.

  Cognition 

 In view of the increasing interest in the role of n–3 
PUFA and brain function, especially in relation to ageing, 
this section considers the relationship between n–3 PUFA 
intake or status (circulating levels) and cognition. In gen-
eral terms, the subjects taking part in relevant studies 
were of normal age and tested with a battery of cognitive 
function tests. The search terms we used to find relevant 
studies were ‘n–3’, ‘DHA’, ‘EPA’ linked with ‘mood’ and 
with ‘cognition’. This approach identified most of the 
studies referred to above on depression, some studies in 
schizophrenic subjects, some studies related to Alzhei-
mer’s disease and 13 studies relevant to mood and cogni-
tion ( table 2 ). To summarise these studies, 3 were inter-
vention (number of subjects studied ranged from 21 to 
218) and 11 were observational (number of subjects stud-
ied ranged from 15 to approximately 8,000). Two of the 
intervention studies were negative, and 1 found some 
benefit. Of the observational studies, all found a positive 
association between n–3 intake/status and improved 
mood/cognition.

  This literature reveals that there is limited evidence to 
support the relationship between n–3 PUFA intakes and 
altered mood/cognition though there is significant sup-
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port from observational studies to conduct thorough in-
tervention studies in appropriate subjects using suffi-
ciently sensitive tests designed to measure effects on cog-
nition.

  It is worth noting that the study by Kotani et al. [2006] 
reported that supplementation of a small number of 

adults, who had mild cognitive dysfunction, with AA and 
DHA (240 mg/day of each) resulted in an improvement 
in short-term memory retention and attention.

  In summary, there is limited evidence to support the 
relationship between n–3 PUFA intake/status and altered 
cognition although there is significant support from ob-

Table 2. Studies on n–3 PUFA and cognition in adults

Authors Number of subjects and treatment Outcome

Rogers
et al., 2008

n = 218; 1.5 g/day of EPA + DHA,
12 weeks

No effect of long-chain n–3 PUFA (EPA and DHA) supplementation on 
depressed mood and cognitive function (RCT)

Kotani
et al., 2006

n = 21; 240 mg/day of each of AA
or DHA

Dietary supplementation of AA and DHA can improve cognitive dys-
function due to organic brain damage or ageing

Whalley
et al., 2008

n = 120; aged at least 64 years Cognitive benefits were associated with higher n–3 fatty acid erythrocyte 
membrane content, but only in the absence of APOE �4 allele

Dullemeijer
et al., 2007

n = 807 Higher n–3 fatty acid proportions in plasma predicted less cognitive
decline in some tests of performance in older adults

Beydoun
et al., 2008

n = >10,000 Increased dietary long-chain n–3 fatty acids associated with decreased
risk of 6-year cognitive decline in verbal fluency in older adults with
hypertension

Beydoun
et al., 2007

n = 2,251 Higher plasma n–3 fatty acids had a reduced risk of cognitive decline
(verbal fluency) in older adults with hypertension and dyslipidaemia

Whalley
et al., 2004

n = 120 Food supplement use and red cell n–3 content associated with better
cognitive ageing

Kalmijn
et al., 2004

n = 1,613; FFQ Dietary intake of fatty acids and fish associated with reduced risk of
impaired cognitive function

Heude
et al., 2003

n = 246 Inverse association between cognitive decline and proportion of long-
chain n–3 fatty acids in erythrocyte membranes

Conklin
et al., 2007

n = 105 Serum n–3 fatty acid status was associated with reduced risk of a high 
score on a standard depression index in hypercholesterolemic commu-
nity volunteers

McNamara
et al., 2007

n = 15 with MDD; n=27 control Selective deficits in the n–3 fatty acid DHA in the postmortem orbito-
frontal cortex of patients with major depressive disorder

Schaefer
et al., 2006

n = 899; followed for 9.1 years The top quartile of plasma phosphatidylcholine DHA content was
associated with a significant reduction in risk of dementia in the Fram-
ingham Heart Study

Assisi
et al., 2006

A review paper Fish oil and mental health: the role of long-chain n–3 PUFAs in cognitive 
development and neurological disorders

Freund-Levi
et al., 2006

n = 204; 1.7 g DHA + 0.6 g EPA/day
for 6 months + 6 months

n–3 fatty acid treatment in patients with mild to moderate AD did not 
delay the decline in AD. A positive effect was noted in a small group with 
very mild AD

Barberger-Gateau
et al., 2007

n = 8085; dietary patterns Frequent consumption of fruits and vegetables, fish and n–3 oils may
decrease risk of dementia and AD, especially among APOE �4
non-carriers

AD = Alzheimer’s disease; APOE = apolipoprotein; FFQ = food frequency questionnaire; MDD = major depressive disorder. 
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servational studies to justify thorough intervention stud-
ies in appropriate subjects using sufficiently sensitive 
tests designed to measure effects in cognition.

  Aggression, Hostility and Anti-Social Behaviour 

 This area has been reviewed by Appleton et al. [2008] 
and the details of the studies are reported in table 5 of that 
paper. These authors reported there was 1 epidemiologi-
cal study, conducted among 3,581 young adults, that 
found negative associations between hostility and the 
DHA content of the diet [Iribarren et al., 2004].

  Three studies investigated the relationship between
n–3 status and aggressive or violent behaviour. One study 
found lower DHA status in aggressive versus non-aggres-
sive cocaine dependents [Buydens-Branchey and Bran-
chey, 2006]. Neither of the other 2 studies found differ-
ences between violent and non-violent controls or be-
tween individuals with intermittent explosive disorder 
and controls [Virkkunen et al., 1987; Umhau et al., 2006]. 
Twelve placebo-controlled studies were identified investi-
gating effects of n–3 supplementation on aggression, an-
ger, hostility, tension, irritability and anti-social behav-
iour. Two studies found decreases in aggression after n–3 
treatment (E-EPA or EPA + DHA) [Hamazaki et al., 2002; 
Zanarini and Frankenburg, 2003], and 1 study found de-
creases in tension after treatment with EPA + DHA [Fon-
tani et al., 2005]. Of considerable significance to the com-
munity was the study reported by Gesch et al. [2002]. 
They found a decrease in anti-social behaviour, including 
violence, after treatment of young prisoners with a com-
plex mix of nutrients including EPA + DHA + n–6 PUFA 
+ vitamins and minerals [Gesch et al., 2002]. This study 
was in 231 prisoners, and the outcome measure was the 
number of offences. This study has attracted much atten-
tion in the press and elsewhere. Two studies reported in-
creases in aggression in the placebo, but no change in the 
treated groups (EPA + DHA) [Hamazaki et al., 1996; Ito-
mura et al., 2005]. The remaining studies did not report 
any benefits from treatment with the active compounds 
(mostly EPA + DHA) [Appleton et al., 2008].

  In summary, the results of epidemiological and inter-
vention studies with long-chain n–3 PUFA have been 
equivocal. The study populations have been heteroge-
neous, sometimes with only a small number of subjects. 
Despite this, there are some encouraging data emerging 
in treatment of violence among prisoners, and this is 
clearly an area where more research is required in defined 
populations with larger numbers of subjects.

  Fat Intake and Age-Related Maculopathy 

 Age-related maculopathy (ARM) is the leading cause 
of blindness in industrialised countries, representing 
50% of all cases of blindness in these countries [Resn-
ikoff et al., 2004]. This disease affects the visual centre of 
the retina (called macula) [Jager et al., 2008]. The early 
phase of the disease, usually asymptomatic, is character-
ised by the presence of drusen (accumulation of extracel-
lular material seen as yellow spots on the retina on oph-
thalmoscopic examination) and/or of pigmentary ab-
normalities (areas of hyper- and/or hypo-pigmentation). 
The late stage is characterised by the presence of geo-
graphic atrophy (disappearance of the neuroretinal tis-
sue) or of choroidal neovascularisation (neovascular 
ARM). Neovascular ARM is the major cause of severe 
visual loss.

  ARM is currently thought to result from gene-envi-
ronment interactions. Indeed, several gene polymor-
phisms are strongly associated with an increased risk for 
ARM [Scholl et al., 2007; Yates et al., 2007]. Most of them 
belong to the alternative pathway of the complement 
(complement factors H, B, C3), suggesting an important 
role of inflammation in ARM. Subjects bearing the apo-
lipoprotein E4 allele have also been shown to have a re-
duced risk for ARM, suggesting a role of lipid metabolism 
in ARM [Friedman et al., 2007]. With regard to environ-
mental factors, smoking is now considered as a causal 
factor, while nutritional factors receive increasing inter-
est [Jager et al., 2008].

  Diet has already been identified as an important mod-
ifiable risk factor and the management of age-related 
macular degeneration (AMD) has been influenced by ev-
idence from the Age-Related Eye Disease Study (AREDS) 
which demonstrated that a high-dose zinc and antioxi-
dant vitamin supplement (vitamin C, E and  � -carotene) 
slowed AMD progression by around 25% in relatively ad-
vanced ARM stages [AREDS, 2001]. Dietary fatty acids 
are another important potential dietary factor worthy of 
investigation. Dietary fatty acids may be related to AMD 
development through their effect on atherosclerosis and 
their presence in retinal and macular cells.

  Among nutritional factors, long-chain n–3 fatty acids 
(DHA and EPA) may be protective against ARM [San-
Giovanni and Chew, 2005]. Indeed, DHA is a major com-
ponent of the retina, representing 50% of the fatty acids 
of the outer segments of photoreceptors. Biophysical and 
biochemical properties of DHA may affect photoreceptor 
membrane function by altering permeability, fluidity, 
thickness, and lipid phase properties. Tissue DHA status 
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affects retinal cell signalling mechanisms involved in 
phototransduction. In addition, DHA and EPA probably 
have anti-angiogenic and anti-inflammatory effects in 
the retina.

  These biological hypotheses are supported by the epi-
demiology. Although published epidemiological studies 
remain few, their results are consistent in finding a re-
duced risk for ARM in regular fish consumers and in sub-
jects with high dietary intakes of long-chain n–3 fatty ac-
ids ( table 3 ). Although the associations are not statistical-
ly significant in some of the studies, they are always in the 
same direction and appear to be stronger with fatty fish 
than with white fish (which has lower content of EPA and 
DHA). In particular, the 3 population-based prospective 
studies (in USA, Australia and Iceland) show a statisti-
cally significant reduction in risk for incident ARM in 
subjects with high fish (or herring) intake at baseline [Cho 
et al., 2001; Arnarsson et al., 2006; Chua et al., 2006]. Two 
hospital-based clinical prospective studies [Seddon et al., 
2003b; SanGiovanni et al., 2008], evaluating progression 
of ARM in subjects with the early stage of the disease, also 
suggest a reduction of progression (although not signifi-
cant in the study by Seddon et al., 2003b).

  Recently, a meta-analysis examining the first 9 studies 
(published before May 2007), including almost 89,000 
subjects and 3,203 AMD cases [Chong et al., 2008], esti-
mated a pooled 38% reduction of risk of late AMD in sub-
jects with high long-chain n–3 fatty acid intake, and a re-
duction of the risk of early and late ARM in subjects eating 
fish at least twice a week by 24 and 33%, respectively. All 
of these estimates were highly statistically significant.

  High intake of the other types of fat (saturated, mono-
unsaturated, n–6 PUFA and ALA) has been associated 
with an increased risk for ARM, although not consistent-
ly between studies [Mares-Perlman et al., 1995; Cho et al., 
2001; Seddon et al., 2001, 2003b; Chua et al., 2006; Del-
court et al., 2007; Robman et al., 2007; SanGiovanni et al., 
2007]. There is no clear association with each subtype, 
while high total fat intake may be deleterious for the ret-
ina. This is supported by animal models combining hu-
man apolipoprotein genes and high fat intake [Espinosa-
Heidmann et al., 2004; Malek et al., 2005] and by the in-
creased risk of ARM observed in obese subjects [Delcourt 
et al., 2001; Schaumberg et al., 2001; Seddon et al., 2003a; 
Clemons et al., 2005].

  In conclusion, findings from a range of epidemiologi-
cal studies and a recent meta-analysis support the hy-
pothesis that an increased dietary intake of long-chain 
n–3 PUFA and regular fish in the diet protect against the 
development and progression of AMD. A plausible mech-

anism is that long-chain n–3 PUFA promote healthy ocu-
lar tissue by regulating inflammatory and immune re-
sponses in the retina, thereby reducing the risk of AMD. 
It may be that the presence of higher n–6 fatty acids 
(mainly linoleic and possibly AA) dampens the effect of 
n–3 PUFA. Evidence for association between other fatty 
acid sub-types (monounsaturated and saturated fatty ac-
ids) and AMD, however, has been less consistent. In ad-
dition to the observational epidemiological studies, it 
would be valuable to have information from clinical trials 
about the effect of dietary interventions or supplements 
with long-chain n–3 PUFA and AMD. Such a study is 
currently underway with the AREDS trial extension, 
which will test the role of n–3 PUFA supplementation on 
AMD progression. Findings, however, will not be avail-
able for some years [AREDS, 2006].

  Alzheimer’s Disease 

 Alzheimer’s disease (AD), the most common demen-
tia among older adults, is a neurodegenerative disease 
characterised by malfunction or loss of neurons. Al-
though the most common symptom of AD is memory 
loss, other mental functions including mood and lan-
guage can be impaired. The biochemical hallmarks of 
AD include neuritic plaques ( � -amyloid) and neurofi-
brillary tangles (aggregates of the cytoskeletal protein 
tau), and other factors, including inflammation, may play 
a role in disease pathogenesis. Despite putative molecular 
targets, to date, therapies for AD target common symp-
toms as there are no medications that reverse or prevent 
the progression of AD.

  With the development of transgenic cell culture and 
animal models to study  � -amyloid deposition, initial 
studies on the role of n–3 PUFA in AD were undertaken. 
Evidence from these and other models suggested that
n–3 PUFA supplementation attenuated  � -amyloid depo-
sition, a hallmark of AD [Calon et al., 2004; Lim et al., 
2005; Lukiw et al., 2005; Florent et al., 2006; Oksman et 
al., 2006; Green et al., 2007]. Furthermore, mechanistic 
studies have demonstrated that along with having anti-
inflammatory properties [Marcheselli et al., 2003; Rao et 
al., 2007a; Orr and Bazinet, 2008], DHA promotes neu-
ronal survival via Akt [Akbar   et al., 2005], Bcl-2 [Marche-
selli et al., 2003] and BDNF [Rao et al., 2007b] signalling 
pathways. Collectively, these studies, along with post-
mortem studies, demonstrate lower brain DHA in brains 
of AD patients [Soderberg et al., 1991; Prasad et al., 1998; 
Lukiw et al., 2005] and provide mechanistic support for 
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Table 3. Epidemiological and clinical studies on the associations of long-chain n–3 PUFA and the risk for ARM

Author, Study Location Population, number
of AMD cases

Type Dietary intake Associations
OR (95% CI)

Eye disease
case-control study
[Seddon et al. 2001]

USA 349 cases of NV-ARM, 504 
controls

Case-
control

EPA + DHA 0.75 (0.44–1.25)

AREDS
[SanGiovanni et al., 2007]

USA 657 cases of NV-ARM, 1,115 
controls

Case-
control

Fish ≥2
servings/week

0.61 (0.37–1.00)

EPA + DHA 0.61 (0.41–0.90)

US Twin Study
[Seddon et al., 2006]

USA 681 twins, 222 ARM cases Cross-
sectional

EPA + DHA 0.55 (0.32–0.95)
Fish ≥2
servings/week

0.64 (0.41–1.00)

Beaver
Dam Eye Study
[Mares-Perlman et al., 
1995]

USA n = 1,968, 30 late ARM cases Cross-
sectional

Seafood 0.68 (0.2–2.5)

NHANES
[Heuberger et al., 2001]

USA n = 7,405; 644 cases of early 
ARM, 53 cases of late ARM

Cross-
sectional

Fish ≥5
servings/month

1.0 (0.7–1.4)
early ARM
0.4 (0.2–1.2)
late ARM

POLA
[Delcourt et al., 2007]

France n = 701; 48 ARM cases Cross-
sectional

Fatty fish ≥1
serving/month

0.42 (0.21–0.83)

White fish 1.41 (0.65–3.04)

EUREYE
[Augood et al., 2008]

Europe 105 cases of NV-ARM, 2,170 
controls

Cross-
sectional

Fatty fish ≥1
serving/week

0.47 (0.33–0.68)

DHA 0.32 (0.12–0.87)
EPA 0.29 (0.11–0.73)

Nurses and Health
Professionals Studies
[Cho et al., 2001]

USA n = 72,489; 567 incident
cases of ARM with visual loss

Prospective
(10 years)

Fish ≥4
servings/week
DHA

0.65 (0.46–0.91)

0.70 (0.52–0.93)

Blue Mountains
Eye Study
[Chua et al., 2006]

Australia n = 2,258; 158 and 26
incident early and late cases

Prospective
(5 years)

n–3 0.41 (0.22–0.75)
early

Fish ≥1
serving/week

0.58 (0.37–0.90)
early

Fish ≥3
servings/week

0.25 (0.06–1.00)
late

Reykjavik Study
[Arnarsson et al., 2006]

Iceland n = 846; 126 incident cases
of early ARM

Prospective
(5 years)

Herring ≥2
servings/week

0.61 (0.37–1.00)

Clinical study
[Seddon et al., 2003b]

USA n = 261 early ARM cases, 101 
progressions to late ARM

Prospective
(4.6 years)

Fish ≥2
servings/week

0.88 (0.49–1.60)

AREDS
[SanGiovanni et al., 2008]

USA n = 2,132 early ARM cases, 
113 incident CGA,
198 incident NV-ARM

Prospective
(6 years)

EPA + DHA CGA: 0.45 (0.23–0.90)
NV-ARM: 0.85 (0.47–1.54)

Tuna = 1–2
servings/week

CGA: 0.57 (0.27–1.19)
NV-ARM: 0.48 (0.24–0.95)

CGA = Central geographic atrophy; NV-ARM = neovascular ARM; AREDS = Age-related Eye Disease Study; POLA = Pathologies 
Oculaires Liées à l’Age; NHANES = National Health and Nutrition Examination Survey.
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a series of clinical studies examining the relationship be-
tween n–3 PUFA intake and AD risk and symptoms. In 
addition, Cole and Frautschy [2006] claim that DHA pro-
tects from amyloid and dendritic pathology in an AD 
mouse model.

  Epidemiological Studies 
 We found 11 prospective, 3 cross-sectional and 1 case-

control study examining n–3 PUFA status (dietary intake 
or blood levels) and risk of developing AD. These studies 
are summarised in  table 4 . Overall, 1 study shows a posi-
tive relationship between plasma phospholipid levels and 
risk of AD, while 2 studies demonstrate no significant ef-
fect and 12 studies report an inverse relationship between 
AD risk and n–3 PUFA status.

  Randomised Clinical Trials 
 There are 3 reported RCTs of n–3 PUFA supplementa-

tion in patients diagnosed as probably having AD ( ta-
ble 5 ). The study of longest duration (6 months) admin-
istered a combination of DHA and EPA and found im-
provements in cognitive decline in a subgroup of patients 
with mild AD. In another small study, patients with mild 
cognitive impairment also had improved memory, while 
a study using EPA found no benefits.

  In summary, cell culture animal models show promis-
ing mechanistic support for DHA in AD. Non-random-
ized epidemiological studies examining n–3 PUFA in-
take or blood levels support a role of DHA in the preven-
tion of AD. Data from clinical trials are limited but 
suggestive that DHA may be of benefit to patients with 
milder forms of AD. Larger, randomised clinical trials in 
the prevention and treatment of AD are needed before 
conclusions can be drawn.

  Schizophrenia 

 For a number of years, there have been studies on n–3 
PUFA and schizophrenia, starting with those which re-
ported reduced levels of PUFA, particularly AA and 
DHA, in the cell membranes of red blood cells from 
schizophrenic patients [for review, see Peet, 2008]. This 
has led to double-blind placebo-controlled trials that n–3 
fatty acids might prevent conversion from a prodromal 
state into first episode psychosis, and reduce the antipsy-
chotic drug requirement in first episode patients. Results 
from 5 clinical trials have produced inconsistent results 
with small effect sizes, which may be of little clinical sig-
nificance [Ross et al., 2007]. Peet [2008] discusses the 

problems associated with single nutrient studies and sug-
gests that optimal nutritional treatment will most likely 
involve combinations of nutrients.

  In summary, results from 5 clinical trials have pro-
duced inconsistent results with small effect sizes, which 
may be of little clinical significance.

  Huntington’s Disease 

 Huntington’s disease is a very severe disease of the 
brain, usually beginning around the age of 30 years. Sig-
nificant features of the disease include selective neuronal 
loss in the striatum and mitochondrial dysfunction. 
Studies from animal models of Huntington’s disease 
show significant benefits from treatment with E-EPA 
[Murck and Manku, 2007]. An open label study in hu-
mans reported a beneficial effect of E-EPA on motor 
function [Vaddadi et al., 2002] and this was confirmed by 
a small placebo-controlled trial in late-stage Hunting-
ton’s disease [Puri et al., 2002]. A recent double-blind ran-
domised, placebo-controlled study with E-EPA showed 
no benefit, but there were some promising data from a 
subgroup, suggesting that further studies are warranted 
[Puri et al., 2005].

  In summary, results from animal studies and several 
small-scale human studies report some beneficial effects 
in some of the studies with pure E-EPA, though clearly 
further studies are warranted. Furthermore, the design 
and appraisal of studies in this entire field need to be 
more critically evaluated.

  A Root of Brain Disorders in Food 

 Low birthweight is the strongest predictor of risk for 
chronic ill health, heart disease, stroke and diabetes along 
with learning and numeracy difficulties, behavioural pa-
thology, low skill level, restricted job opportunities and 
crime.

  As birthweight falls, the incidence of severe neurode-
velopmental disorders rises sharply from about 1 in 1,000 
live births to over 200 in 1,000 live births below 1.5 kg  
 (UK Office of Population Censuses and Surveys data). 
These will be mostly premature deliveries. The conse-
quences in terms of disability impose a disproportion-
ately high cost on the health services and society because 
of the life-long impact. With courts in the UK awarding 
in some cases over GBP 4 million for alleged mishap, the 
cost of severe central nervous system damage associated 
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Table 4. AD: epidemiological studies and n–3 PUFA

Type of study Age/length
of follow-up
years

Outcome Relationship
(relative
to AD risk)

Ref.

Prospective cohort
(Rotterdam Study)

55+/2.1 Higher fish consumption is associated with lower AD risk Inverse Kalmijn
et al., 1997

Prospective cohort
(Rotterdam Study)

55+/6 No association between n–3 PUFA and AD None Engelhart
et al., 2002

Prospective cohort
(PAQUID Study)

68+/2–7 Fish or seafood once a week lowered risk of AD Inverse Barberger-
Gateau
et al., 2002

Prospective cohort
(Chicago Health
and Aging Project)

65+/3.9 Fish once a week or more lowered risk of AD by 60%; DHA and n–3 
PUFA were associated with lower AD risk; EPA was not associated 
with AD

Inverse Morris
et al., 2003

Prospective cohort
(Canadian Study of
Health and Aging)

65+/5 Increased EPA in plasma PL of cognitively impaired cases; increased 
n–3 PUFA and PUFA in dementia cases

Direct Morris
et al., 2003

Cross-sectional
(Canadian Study of
Health and Aging)

65+/n.a. No difference in EPA, DHA, PUFA, n–3 and n–6 PUFA concentra-
tions in plasma PL between controls and dementia or cognitively
impaired cases

None Morris
et al., 2003

Prospective (Cardio-
vascular Health
Cognition Study)

65+/5.4 Fatty fish at least twice a week is associated with risk of AD reduced 
by 41%; no effect for people with the APOE �4 allele

Inverse Huang
et al., 2005

Prospective cohort
(Framingham
Heart Study)

76/9.1 Increased PC DHA levels in plasma (18g/day of DHA or 3 servings/
week of fish) associated with lower dementia risk

Inverse Schaefer
et al., 2006

Cross-sectional n.a. Lower fish and n–3 PUFA intake for AD female patients;
increased n–6/n–3 ratio for male and female AD patients

Inverse Otsuka
et al., 2002

Case-control
study

76.5/n.a. Lower serum cholesteryl ester EPA and DHA in AD patients Inverse Tully
et al., 2003

Cross-sectional 82.7/n.a. Lower 20:5n–3, DHA and total n–3 PUFA in plasma PL, PC and PE 
for AD patients; increased total n–6 PUFA in plasma total PL for AD 
patients; no difference in fatty acid levels of lysoPC

Inverse Conquer
et al., 2000

Prospective cohort
(Zutphen Elderly
Study)

70+/5 Lower 5-year cognitive decline among fish consumers; increased
EPA + DHA intake is associated with reduced 5-year
cognitive decline

Inverse van Gelder
et al., 2007

Prospective cohort
(Atherosclerosis Risk
in Communities)

50+/10 Increased AA and reduced 18:2n–6 in plasma cholesteryl esters are 
associated with higher risk of cognitive decline; increased plasma
EPA + DHA is associated with a lower risk of word fluency decline

Inverse Beydoun
et al., 2007

Prospective cohort
(Three City Study)

65+/4 Higher baseline plasma EPA or DHA is associated with a lower risk
of dementia

Inverse Samieri
et al., 2008

Prospective cohort 64+/4 Higher erythrocyte DHA is associated with better cognition; after 
controlling for APOE �4 allele, only total erythrocyte n–3 PUFA was 
associated with cognition

Inverse Whalley
et al., 2008

Updated from Boudrault et al. [2009], with permission. PC = phosphatidylcholine; PE = phosphatidylethanolamine; PL = total phos-
pholipids; n.a. = not applicable. 
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with pregnancy and the perinatal condition is in the or-
der of GBP 4–8 billion a year.

  Studies in London’s Eastend, and those of others, de-
scribe this issue as a major cause of health inequalities 
and hence social inequalities and behavioural disorders. 
They link poor maternal/foetal nutrition and living con-
ditions causatively to low birthweight regardless of socio-
economic status, ethnicity or smoking habit [Doyle et al., 
1989; Wynn et al., 1994; Rees et al., 2005].

  Whilst by no means offering an explanation for all 
mental ill health, the logic and evidence base of poor ma-
ternal nutrition affecting brain development is compel-
ling. This is especially true in the current environment in 
which the collapse of fisheries this and last century has 
been linked to a decline in mental health. The rise in n–6 
fatty acids from the escalation of n–6 rich vegetable oils 
in food processing and the kitchen is also considered to 
contribute [Hibbeln et al., 2004, 2006b].

  Similarly, the increasing practice of intensive poul-
try and beef production has debased these traditionally
n–3-rich food sources. Studies in chicken meat in 1970 
gave a figure of 170 mg/100 g meat. In 2004, the level was 
down to 25 mg/100 g. Organic chicken studied were little 
different as they were fed on organic cereal which still had 
little n–3. This loss is a consequence of lack of exercise 
and foraging for food, gene selection for rapid weight gain 
and cereal feeding. The birds are also often kept in build-
ings where the artificial lights stay on for 22 h/day to en-
courage feeding. Moreover, both chicken and beef now 
produce 3–5 times the dietary energy compared to pro-
tein – which is obesigenic and atherogenic – and the op-
posite of how it should be.

  Rising obesity is of major concern, and how much is 
due to lifestyle, genetics, food composition and even def-
icits of brain regulatory systems [Stice et al., 2008] is an 
open question. However, it is an inescapable fact that eat-
ing more calories than is needed results in weight gain, 
even if there is genetic variation between one person and 
the next. The rise in hidden calories in food which is as-
sociated with the proportionate decrease, or even a loss, 
of nutrients is a matter ignored in the equation and it re-
quires urgent investigation. This is especially so as obe-
sity leads to type II diabetes which raises the risk of neu-
rodegenerative disorders later in life [de Sá Roriz-Filho et 
al., 2008; Cukierman-Yaffee, 2009].

  Implications of the Food System for Brain Disorders 

in Developing Countries 

 There is an urgent need to address the security of the 
food system. In intensive systems, the delivery of a diet 
balanced in EFA has been distorted, which is exacerbat-
ing the reduction of long-chain n–3 fatty acids from sea 
foods and indeed, from the few land foods traditionally 
rich in n–3 fatty acids, such as those derived from the 
green foods naturally eaten and seldom provided in in-
tensive systems. Moreover, modern foods rich in fat and 
salt are being exported from Europe and the USA to de-
veloping countries ( fig. 4 ) with a predictable rise in obe-
sity, diabetes, cardiovascular disease and mental ill
health. With the knowledge available to the World Health 
Organization and Food and Agriculture Organization, 
this is an unethical and unacceptable situation.

Table 5. AD: clinical trials and n–3 PUFA

Type of Trial Population Treatment Outcome Ref.

Randomised, double-
blind and placebo-
controlled (OmegAD)

AD patients 
(n = 204; 
age =74 years)

1.7 g DHA + 0.6 g EPA
per day for 6 months

No effect on cognitive decline; reduced
cognitive decline only for subgroup of
patients with mild AD

Freund-Levi
et al., 2006

Pilot study AD patients 
(n = 20; 
age = 65+ years)

500 mg E-EPA twice
a day for 12 weeks

No effect on cognitive decline; increased
EPA, DPAn–3 and total n–3 in erythrocyte 
membrane

Boston
et al., 2004

Randomised, double-
blind and placebo-
controlled

AD and MCI
patients (n = 8;
age = 67 years)

240 mg AA and 240 mg
DHA per day for 90 days

No effect on memory and attention for AD
patients; improved immediate memory and
attention for MCI patients

Kotani
et al., 2006

Adapted from Boudrault et al. [2009], with permission. MCI = Mild cognitive impairment; DPAn–3 = docosapentaenoic acid.

D
ow

nloaded from
 http://w

w
w

.karger.com
/anm

/article-pdf/55/1-3/202/2224888/000229003.pdf by guest on 18 April 2024



 Crawford   /Bazinet   /Sinclair   

 

Ann Nutr Metab 2009;55:202–228220

   Figure 4  shows an example of the present export to 
developing countries of high fat, high salt products. Pre-
viously in 1990, the  Straits Times  in Kuala Lumpur re-
ported several medical authorities concerned about this 
issue and the rise in obesity and diabetes in Kuala Lum-
pur. A similar situation was witnessed by one of us
(M.A.C.) in the Philippines. Heart disease had become 
the number 1 killer in Manila. At the same time in Indo-
nesia, the Ministry of Health was dealing with 2 different 
faces of malnutrition – micronutrient and iodine defi-
ciencies in the country, and heart disease, diabetes and 
obesity in the cities. Mental ill health follows, as predict-
ed by the Global Forum for Health.

  Summary and Recommendations 

 Assumptions and Limitations 

 (1) Brain disorders and mental ill health. The cost of 
brain disorders and mental ill health has been rising 
sharply. It has overtaken all other burdens of ill health. In 
2004, it cost EUR 386 billion (2004 prices) to the 25 states 
that were members of the European Union at that time. 
In the UK in 2007, the cost was GBP 77 billion, greater 
than those for heart disease and cancer combined. The 
global cost is estimated to rise to be in the top 3 burdens 
of ill health worldwide by 2020 (Global Forum for 
Health).

  (2) DHA has, despite similar molecules of only 1 double 
bond difference such as docosapentaenoic acid, been the 
only n–3 fatty acid used as a major structural and func-
tional constituent of the photoreceptor, neurons and their 
signalling synapses throughout the 600 million years of 
animal evolution. This is one of many compelling reasons 
for the absolute necessity of DHA for the human brain.

  (3) The question arises as to how the requirement for 
DHA in the brain can be met. DHA can be synthesised 
from ALA; however, this process appears to be very inef-
ficient. Data in primate and rodent/animal experiments 
demonstrate dietary DHA is used for brain growth with 
an efficiency that is an order of magnitude greater com-
pared with its endogenous synthesis from ALA, which is 
likely to provide an advantage during growth and main-
tenance.

  (4) We argue that the priority in the biological devel-
opment of humans is the brain. Based on this fact, one 
can argue that the target balance of n–6 to n–3 PUFAs in 
the diet should be between 2:   1 and 1:   1.

  (5) The neural system develops extensively prenatally 
and in the first years of life, and is influenced by multi-
generational considerations. There is convincing evi-
dence that early, neural developmental milestones deter-
mine long-term brain functional capacity. Once brain 
milestones are passed, it may be too late to intervene with 
long-chain PUFA in neurological/neuropsychological 
disorders such as depression and bipolar disorder, mood 
and cognition, AD, AMD, schizophrenia and Hunting-
ton’s disease. However, this does not mean they may not 

  Fig. 4.  A supermarket in Beijing selling 
high fat, high saturated fat animal prod-
ucts derived from a subsidised system that 
undercuts traditional farm products in 
China. The recommendation is that a new 
food security enquiry should be called to 
investigate the situation and provide a 
green paper for international consultation 
on the way forward. It should include the 
expansion of fresh water and marine sys-
tems in both cold and warm habitats, and 
outline the effects of plant and animal se-
lection as well as of feeding on the nutri-
tional value pertaining to the health of 
brain development and sustenance.   
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help stabilise or even partially reverse such conditions. 
There is a need for well-designed trials with sufficient 
power, adequate length and supplements that are relevant 
to supporting the neurovascular systems. Factors that 
might influence the delivery of energy to brain cells need 
to be researched in view of their extraordinarily high re-
quirement and dependence. In addition, we acknowledge 
a potential role for EPA in these conditions due to its in-
fluence on improving vascular function and the resulting 
effect on the delivery of glucose to the brain.

  (6) We consider that the ability to conduct RCTs on the 
role of AA and DHA in brain development in humans in 
the perinatal period is likely to be limited by ethical con-
siderations. In adult brain disorders, any RCT will face 
the difficulty of addressing a system in which the origin 
of the disorder is likely to have a life history, possibly in-
cluding the developmental period.

  (7) In view of the rising burden of brain disorders, 
there is an urgent need to target food production to be in 
line with requirements for the brain, vascular and gen-
eral health. The future requirements for the increasing 
human population cannot be met by the diminishing 
fishery catch. Furthermore, this requirement is unlikely 
to be met by land products. Additionally, land-based 
products do not have the full package of essential nutri-
ents found in seafood (iodine, n–3 fatty acids, Se, Cu, etc). 
We recommend expansion of both fresh water and ma-
rine aquaculture with an extension to the use of exten-
sive, agricultural principles to expand the productivity of 
the estuaries, coast lines and oceans. Apart from produc-
ing food for an expanding population, such a policy 
would help address global warming through the en-
hancement of carbon dioxide fixation.

  (8) In developing countries where children may be in 
energy deficit and it is planned to increase energy density 
of the diet with fats and oils, every encouragement should 
be given to the development of indigenous oils that have 
a more physiological balance of linoleic acid and ALA as 
opposed to importing the linoleic acid-rich oils which 
dominate the Western markets. Similarly, developing 
countries need to guard against importing food products 
that are high in fats that are rich in atherogenic and throm-
bogenic fats and do not provide a balance of EFAs.

  (9) Limitations of current studies on brain research in 
humans:
  • studies thus far have been carried out over too short 

time scales and with too small numbers of subjects; 
 • epidemiological evidence on benefits attributed to n–3 

fatty acids is associated with fish and seafood and not 
just fish fat; 

 • seafood and fish are not just oils, they are particularly 
rich in iodine, Se, Cu, Zn and Mn as well as a variety 
of antioxidants and fat soluble vitamins; 

 • there is evidence that single nutrients do not have the 
same effect as the integrated food or even nutrient 
cluster; interaction between the different macro- and 
micronutrients should be recognised and encouraged 
as a specific direction in research. 

 Summary of Requirements 

 Daily Requirement of Adult Brain for PUFA 
 Limited data from 1 human study reveal that there is 

a requirement (based on turnover of labelled fatty acids) 
of approximately 18 mg of AA per adult brain/day and
5 mg DHA/brain/day as free fatty acid in the plasma 
compartment. More research is required to translate this 
figure into a daily dietary intake of AA and DHA, par-
ticularly as both AA and DHA are compartmentalised 
into different phosphoglycerides, triglycerides and cho-
lesterol ester molecules and avidly taken up by cell mem-
brane phosphoglycerides in all organs.

  No studies have been conducted on other plasma lip-
ids or red blood cells, which are potentially rich sources 
of long-chain PUFA for the brain as phospholipids. There 
is some evidence (in rats) that plasma lysoPC-DHA could 
be a carrier of DHA to brain. The concentrations of AA 
and DHA are high in the vascular endothelium and the 
brain, but the proportions in the free fatty acid fractions 
are very low, suggesting that mechanisms other than free 
fatty acids may be responsible for the biomagnifications. 
As with the placenta, it is plausible that phospholipids are 
used with selective sn–2 incorporation accounting for the 
biomagnifications across the cell membranes. More basic 
research is required on the turnover from sources other 
than the free fatty acid fraction in plasma.

  Long-Chain n–3 PUFA and Depression and Bipolar 
Disorder 
 Encouraging data have been obtained from some epi-

demiological and intervention studies in this area. Doses 
used in intervention studies have ranged from 0.6 to
6 g/day. Future directions in this area should involve 
studies with purified preparations of long-chain n–3 
PUFA (alone and in combination), attention to mode of 
delivery, dose-response studies and studies on the dura-
tion required for greatest benefit, and they should be ad-
equately powered for the purpose. Studies are needed to 
delineate the importance of n–3 PUFA as monotherapy 
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or adjunct therapy, with identification of the mecha-
nism(s) of action of these PUFA in depression and bipolar 
disorder. The evidence suggests that there are more con-
sistent benefits with the use of EPA and/or fish oil at a 
level of 1–2 g/day. The strength of the evidence is regard-
ed as ‘probable’ for depression.

  In the case of bipolar disorder, where there have been 
fewer studies, the strength of the evidence is ‘possible’.

  Cognitive Decline 
 There is limited evidence in adults to support the re-

lationship between long-chain n–3 PUFA intake/status 
and altered cognition, although there is support from 
 observational studies. Future directions should involve 
thorough intervention studies in appropriate subjects us-
ing sufficiently sensitive tests designed to measure effects 
in mood and cognition.

  The strength of the evidence is regarded as ‘possible’.

  Aggression, Hostility and Anti-Social Behaviour 
 Epidemiological studies have suggested a link between 

poor EFA status and violence. The results of intervention 
studies with long-chain n–3 PUFA plus other ingredients 
have been equivocal. The study populations have been 
heterogeneous, sometimes with only a small number of 
subjects. Despite this, there are some encouraging data 
emerging. Studies in prisoners in the USA have provided 
some support regarding micronutrients.

  A recent RCT in the UK brought about a  6 30% reduc-
tion in violence amongst violent young offenders in pris-
on. A 24-hour video surveillance, as employed for legal 
purposes in the prisons, was used as the outcome mea-
sure. The intervention was a combination of EFAs and 
micronutrients on the grounds of their interdependence. 
The study is being replicated on a larger scale. This is 

clearly an area where more research is required in defined 
populations with larger numbers of subjects.

  The strength of the evidence is regarded as ‘possible’.

  Age-Related Maculopathy 
 Epidemiological and observational data are strongly 

suggestive of a 30–40% reduction of risk for ARM in reg-
ular fish eaters. On this basis, several interventional stud-
ies are currently ongoing, examining the potential ben-
efit of supplementation with long-chain n–3 PUFA for 
the prevention of late ARM, but none have been pub-
lished to date. There is also a lack of observational data 
with blood measurement of fatty acids, which could con-
firm the dietary data.

  The strength of the evidence is regarded as ‘possible’.

  Alzheimer’s Disease 
 Epidemiological studies examining long-chain n–3 

PUFA intake or blood levels support a role of DHA in the 
prevention of AD. Cell culture and animal models show 
promising mechanistic support for DHA in AD. Data 
from clinical trials are limited, but show some evidence 
that DHA may be of benefit to patients with milder forms 
of AD. Larger, randomised clinical trials in the preven-
tion and treatment of AD are required.

  The strength of the evidence is regarded as ‘insuffi-
cient evidence to date’.

  Schizophrenia 
 Results from 5 clinical trials have produced inconsis-

tent results with small effect sizes, which may be of little 
clinical significance.

  The strength of the evidence is regarded as ‘insuffi-
cient evidence to date’.

  Huntington’s Disease 
 Results from animal studies and several small-scale 

human studies report some beneficial effects in some of 
the studies with pure E-EPA.

  The strength of the evidence is regarded as ‘insuffi-
cient evidence to date’.

  Recommendations for Adults: CNS Function ( table 6 ) 

 Probable 
 • Supplementation with long-chain n–3 PUFA as treat-

ment for depression. Dose, treatment time, preferred 
n–3 PUFA (EPA, DHA or both), adjunct or monother-
apy yet to be defined. 

Table 6. Current level of evidence for long-chain n–3 fatty acids 
in relation to CNS functioning

Condition Evidence strength

Depression probable
Bipolar disorder possible
Cognitive decline possible
Aggression, hostility and

anti-social behaviour possible
Age-related macular degeneration possible
Alzheimer’s disease insufficient evidence to date
Schizophrenia insufficient evidence to date
Huntington’s disease insufficient evidence to date
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 Possible 
 • Supplementation with long-chain n–3 PUFA as treat-

ment for bipolar disorder. Dose, treatment time, pre-
ferred n–3 PUFA, adjunct or monotherapy yet to be 
defined. 

 • Supplementation with long-chain n–3 PUFA in ag-
gression, hostility and antisocial behaviour. Dose, pre-
ferred n–3 PUFA, adjunct or monotherapy yet to be 
defined. 

 • Supplementation with long-chain n–3 PUFA in age-
related macular degeneration. Dose and preferred n–3 
PUFA yet to be defined. 

 • Supplementation with long-chain n–3 PUFA in im-
provements in cognitive decline. Dose and preferred 
n–3 PUFA yet to be defined. 

 Insufficient Evidence to Date 
 • Supplementation with long-chain n–3 PUFA as treat-

ment for AD. 
 • Supplementation with long-chain n–3 PUFA as treat-

ment for Schizophrenia. 
 • Supplementation with long-chain n–3 PUFA as treat-

ment for Huntington’s disease. 
 • Requirement for optimal neurogenesis and relevance 

of early development to subsequent risk to dementia 
and AD. 

 Concluding Remarks 

 (1) There can be little doubt about the essentiality of 
DHA and AA for the brain. The rise in brain disorders is 
the most disturbing feature of the changing panorama of 
disease and disorder. There is a need to address the poten-
tial role of the food system as the root cause of globalisation 
of mental ill health. Based on the epidemiology and sup-
ported by basic science, there is a need to enhance better 
use of fresh water and marine food webs, including atten-
tion to the ways and means of restoring healthy rivers, es-
tuaries, coastlines and all aspects of marine productivity. 
At the same time, the distortions of food and animal pro-
duction which have amplified the non-essential, athero-
genic and obesigenic fats at the expense of the fats essential 
to vascular, immune system and brain development, would 
need to be corrected. The Food and Agriculture Organiza-
tion/World Health Organization report on dietary fats and 
oils in 1978 specifically commented on this need, but the 
situation has become more exaggerated since then.

  (2) The Japanese have the least depression, cardiovas-
cular disease, and breast and colon cancer of the indus-

trialised nations. Any assessment for optimal intakes and 
balance of fatty acids required should take advantage of 
the amounts eaten in the traditional Japanese diets. How-
ever, the presence of competing fatty acids and the re-
quirement for adequate antioxidants in the diet need to 
be taken into account.

  (3) The recommendations outlined here emphasise the 
need for more research:
  • to define the requirement of the adult brain for a con-

tinuing supply of AA and DHA from the plasma, for 
optimal neural functioning; 

 • to define the requirement in adults and children for 
the optimal development of the neurovascular system 
in the next generation, with the inclusion of epigenetic 
studies; 

 • on the role of PUFA in a variety of neural disorders 
including depressive illness, age-related macular de-
generation, aggression, hostility and anti-social be-
haviour, AD, schizophrenia and Huntington’s dis-
ease; 

 • on AA and its companion long-chain PUFAs; 
 • on a cost-benefit analysis to assess the potential con-

tribution of an optimal intake of AA and DHA on 
health status and healthcare costs. 
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