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Abstract Several sources of information suggest that
human beings evolved on a diet that had a ratio of
omega-6 to omega-3 fatty acids (FA) of about 1/1;
whereas today, Western diets have a ratio of 10/1 to 20—
25/1, indicating that Western diets are deficient in
omega-3 FA compared with the diet on which humans
evolved and their genetic patterns were established.
Omega-6 and omega-3 FA are not interconvertible in
the human body and are important components of
practically all cell membranes. Studies with nonhuman
primates and human newborns indicate that docosahex-
aenoic acid (DHA) is essential for the normal functional
development of the brain and retina, particularly in
premature infants. DHA accounts for 40% of the
membrane phospholipid FA in the brain. Both eicosa-
pentaecnoic acid (EPA) and DHA have an effect on
membrane receptor function and even neurotransmitter
generation and metabolism. There is growing evidence
that EPA and DHA could play a role in hostility and
violence in addition to the beneficial effects in substance
abuse disorders and alcoholism. The balance of omega-6
and omega-3 FA is important for homeostasis and normal
development throughout the life cycle.
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Introduction

The interaction of genetics and environment, nature, and
nurture is the foundation for all health and disease. In the
last two decades, using the techniques of molecular biology
and genetics, it has been shown that genetic factors
determine susceptibility to disease and environmental
factors determine which genetically susceptible individuals
will be affected [1-6]. Nutrition is an environmental factor
of major importance. Using the tools of molecular biology
and genetics, research is defining the mechanisms by which
genes influence nutrient absorption, metabolism and excre-
tion, taste perception, and degree of satiation; and the
mechanisms by which nutrients influence gene expression.
Whereas major changes have taken place in our diet over
the past 10,000 years since the beginning of the Agricul-
tural Revolution, our genes have not changed. The
spontaneous mutation rate for nuclear DNA is estimated
at 0.5% per million years. Therefore, over the past
10,000 years there has been time for very little change in
our genes, perhaps 0.005%. In fact, our genes today are
very similar to the genes of our ancestors during the
Paleolithic period 40,000 years ago, at which time our
genetic profile was established [7]. Genetically speaking,
humans today live in a nutritional environment that differs
from that for which our genetic constitution was selected.
Studies on the evolutionary aspects of diet indicate that
major changes have taken place in our diet, particularly in
the type and amount of essential fatty acids and in the
antioxidant content of foods [7-11] (Fig. 1).

Today industrialized societies are characterized by (1) an
increase in energy intake and decrease in energy expendi-
ture; (2) an increase in saturated fat, omega-6 fatty acids,
and frans-fatty acids, and a decrease in omega-3 fatty acid
intake; (3) a decrease in complex carbohydrates and fiber
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Fig. 1 Hypothetical scheme of fat, fatty acid (w6, w3, trans, and
total) intake (as percent of calories from fat) and intake of vitamins E
and C (milligrams per day). Data were extrapolated from cross-
sectional analyses of contemporary hunter—gatherer populations and
from longitudinal observations and their putative changes during the
preceding 100 years [9]

intake; (4) an increase in cereal grains and a decrease in
fruits and vegetables intake; and (5) a decrease in protein,
antioxidants, vitamin D, and calcium intake [7, 9, 12—15].
The increase in trans-fatty acids is detrimental to health
[16]. In addition, tranms-fatty acids interfere with the
desaturation and elongation of both omega-6 and omega-3
fatty acids, thus further decreasing the amount of arach-
idonic acid, eicosapentaenoic acid, and docosahexaenoic
acid availability for human metabolism [17].

The beneficial health effects of omega-3 fatty acids,
eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) were described first in the Greenland Eskimos
who consumed a high seafood diet and had low rates of
coronary heart disease, asthma, type 1 diabetes mellitus,
and multiple sclerosis. Since that observation, the beneficial
health effects of omega-3 fatty acids have been extended to
include benefits related to cancer, inflammatory bowel
disease, rheumatoid arthritis, psoriasis, and mental health
[18] (Table 1).

Imbalance of Omega-6/Omega-3

Food technology and agribusiness provided the economic
stimulus that dominated the changes in the food supply [19,
20]. From per capita quantities of foods available for
consumption in the US national food supply in 1985, the
amount of EPA is reported to be about 50 mg per capita/day
and the amount of DHA is 80 mg per capita/day. The two
main sources are fish and poultry [21]. It has been
estimated that the present Western diet is “deficient” in
omega-3 fatty acids with a ratio of omega-6 to omega-3 of
15-20/1, instead of 1/1 as is the case with wild animals and
presumably human beings [7-11, 13, 22-24] (Table 2).
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Before the 1940s cod-liver oil was ingested mainly by
children as a source of vitamin A and vitamin D with the
usual dose being a teaspoon. Once these vitamins were
synthesized, consumption of cod-liver oil was drastically
decreased, contributing further to the decrease of EPA and
DHA intake. Table 3 shows ethnic differences in fatty acid
concentrations in thrombocyte phospholipids, the ratios of
omega-6/omega-3 fatty acids, and percentage of all deaths
from cardiovascular disease [25].

An absolute and relative change of omega-6/omega-3 in
the food supply of Western societies has occurred over the
last 150 years. A balance existed between omega-6 and
omega-3 for millions of years during the long evolutionary
history of the genus Homo, and genetic changes occurred
partly in response to these dietary influences. During
evolution, omega-3 fatty acids were found in all foods
consumed: meat, wild plants, eggs, fish, nuts, and berries
[26-35]. Studies by Cordain et al. [36] on wild animals
confirm the original observations of Crawford and Sinclair
et al. [23, 37]. However, rapid dietary changes over short
periods of time as have occurred over the past 100-
150 years is a totally new phenomenon in human evolution
[13, 15, 38—40] (Table 4).

Biological Effects and the Omega-6/Omega-3 Ratio

About 80 years ago (1929-1930) Burr and Burr were the
first to discover the importance of linoleic acid (LA)
18:2w-6 and alpha-linolenic acid (ALA) 18:3w-3 in
restoring the effects caused by the fat-free diet in
deprived animals. They coined the term “essential fatty
acids” (EFAs). Whereas healthy skin and successful
growth, reproduction and lactation were obtained in
mammals fed LA as the only source of EFA, linolenic
acid was found to permit growth but was unable to
prevent the skin lesions of EFA deficiency or support
reproduction [41].

Today we know that LA and ALA are essential for
normal growth and development of human beings. The two
families of omega-6 (LA) and omega-3 (ALA) fatty acids
are physiologically and metabolically distinct, cannot be
synthesized in the human body and must be obtained from
the diet. Figure 2 shows the metabolism of LA and ALA
into very long chain polyunsaturated fatty acids (LC-
PUFAs) through a series of desaturases and elongases.
Both LA and ALA use the same enzymes and compete with
each other for enzyme availability. During evolution, there
was a balance in the intake of LA and ALA with a ratio of
w-6/w-3=1; whereas, today in Western societies the ratio is
about 16/1 w-6/w-3 due to the high intake of vegetable
oils-soybean, corn oil, sunflower, safflower, and linseed oil,
which are high in 18:2w-6 [2]. LA is found in high
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Table 1 Effects of n-3 fatty acids on factors involved in the pathophysiology of atherosclerosis, inflammation, and aging

Factor Function Effect of n-3
fatty acid
Arachidonic acid Eicosanoid precursor, aggregates platelets, and stimulates white blood cells l
Thromboxane A, Platelet aggregation, vasoconstriction, and increase of intracellular Ca™" l
PGl,3 Prevent platelet aggregation, vasodilation, and increase cAMP i
LTB, Neutrophil chemoattractant and increase of intracellular Ca™ l
Fibrinogen A member of the acute-phase response and a blood clotting factor l
Tissue plasminogen activator Increase endogenous fibrinolysis 1
PAF Activates platelets and white blood cells l
PDGF Chemoattractant and mitogen for smooth muscles and macrophages l
Oxygen free radicals Cellular damage, enhance LDL uptake via scavenger pathway, and stimulate l
arachidonic acid metabolism
Lipid hydroperoxides Stimulate eicosanoid formation l
Interleukin 1 and tumor necrosis Stimulate neutrophil O, free radical formation, stimulate lymphocyte proliferation, l
factor stimulate PAF, express intercellular adhesion molecule-1 on endothelial cells, and
inhibit plasminogen activator, thus, procoagulants
Interleukin-6 Stimulates the synthesis of all acute-phase proteins involved in the inflammatory l
response: C-reative protein, serum amyloid A, fibrinogen, o;-chymotrypsin,
and haptoglobin
CRP An acute-phase reactant and an independent risk factor for cardiovascular disease l
Endothelial-derived relaxation factor Reduces arterial vasoconstrictor response i
Insulin sensitivity 1
VLDL !
HDL Decreases the risk for coronary heart disease i
Lp(a) Lipoprotein(a) is a genetically determined protein that has atherogenic and l
thrombogenic properties
Triglycerides and chylomicrons Contribute to postprandial lipemia l
Telomeres Have anti-aging effects whereas LA promotes shortening of telomeres and aging i
Resolvin E—E, (EPA) Anti-inflammatory important in the resolution of inflammation i
Resolvin D;—-D, (DHA) Anti-inflammatory important in the resolution of inflammation i
Neuroprotectin (DHA) Protects brain and is important in the patients with strokes or trauma 1
PPAR Upregulates the expression of genes involved in lipid metabolism and downregulates 1

the expression of genes involved in inflammation and suppresses NFxB

PGI2/3 prostacyclin, LTB4 leukotriene, PAF platelet-activating factor, PDGF' platelet-derived growth factor, CRP C-reactive protein, EPA
eicosapentaenoic acid, DHA docosahexaenoic acid

amounts in grains with the exception of flaxseed, chia,
perilla, rapeseed, and walnuts that are rich in ALA. The
green leaves of plants, particularly wild plants are higher in
ALA than LA [8, 26, 42, 43].

Table 2 Ratios of dietary omega-6/omega-3 fatty acids in the late
paleolithic period and in current western diets (USA; g/day)

Paleolithic Western
LA:ALA 0.70 18.75
AA+DTA/EPA+DPA+DHA 1.79 3.33
Total 0.79 16.74

Reprinted with permission from reference [15]

LA Linoleic acid, ALA Linolenic acid, A4 Arachidonic acid, EPA
Eicosapentaenoic acid, DTA docosatetranoic acid, DP4 docosapentae-
noic acid, DHA docosahexaenoic acid

The capacity for desaturation and chain elongation of
polyunsaturated fatty acids (PUFAs) appears to be limited
and variable. From isotope-labeled ALA feeding studies,
the range of conversion of ALA to EPA has been estimated
between 0.2% and 21% [44]. The PUFA composition of
phospholipids has been shown to be associated with normal
growth and development, as well as in the outcome of
chronic diseases such as coronary heart disease (CHD),
hypertension, cancer, arthritis, mental health, allergies and
other autoimmune diseases, since both omega-6 and
omega-3 PUFAs are processed to powerful promoters of
eicosanoids such as prostaglandins and leukotrienes
(Fig. 3). Plasma levels of LC-PUFAs are determined by
both dietary intake and endogenous metabolism. Desa-
turases and elongases catalyze the conversion of PUFAs in
humans. Figure 2 shows the metabolic pathway of omega-6
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Table 3 Ethnic differences in
fatty acid concentrations in

Europe and USA (%) Japan (%) Greenland Eskimos (%)

thrombocyte phospholipids and

percentage of all deaths from Arachidonic acid (20:4w6) 26 21 8.3

cardiovascular disease Eicosapentaenoic acid (20:5w3) 0.5 1.6 8.0
Ratio of w6/w3 50 12 1

Data modified from reference Mortality from cardiovascular disease 45 12 7

[25]

and omega-3 fatty acids. The key enzymes in this pathway
are the delta-5 and delta-6 desaturases, which are encoded
by fatty acid desaturase (FADS)1 and FADS2, respectively
[45, 46]. They are the rate limiting enzymes in the synthesis
of LC-PUFA, arachidonic acid (AA), EPA, and DHA from
their dietary precursors LA and ALA. AA and EPA are the
parent fatty acids for the formation of eicosanoids and DHA
for docosanoids.

Competition between the omega-6 and omega-3 fatty acids
occurs in prostaglandin formation. EPA competes with AA for
prostaglandin and leukotriene synthesis at the cyclooxygenase
and lipoxygenase level (Fig. 3). When humans ingest fish or
fish oil, the EPA and DHA from fish or fish oil lead to: (1) a
decreased production of prostaglandin E, (PGE,) metabo-
lites; (2) a decrease in thromboxane A,, a potent platelet
aggregator and vasoconstrictor; (3) a decrease in leukotriene
B, formation, an inducer of inflammation and a powerful
inducer of leukocyte chemotaxis and adherence; (4) an
increase in thromboxane Aj;, a weak platelet aggregator and
a weak vasoconstrictor; (5) an increase in prostacyclin PGI3,
leading to an overall increase in total prostacyclin by
increasing PGI; without a decrease in PGI,. Both PGI, and
PGI; are active vasodilators and inhibitors of platelet
aggregation; and (6) an increase in leukotriene Bs, a weak
inducer of inflammation and a weak chemotactic agent [47,
48]. Omega-3 fatty acids modulate prostaglandin metabolism
and decrease triglycerides; and in high doses lower choles-
terol and have antithrombotic and anti-inflammatory proper-
ties. These studies have been extensively reviewed [49-54].
In the early phase of inflammation, excessive amounts of
interleukins and lipid mediators are released and play a
crucial role. Pro-inflammatory eicosanoids of AA metabo-
lism are released from membrane phospholipids in the

Table 4 Omega-6/omega-3 ratios in various populations

Population w6/w3
Paleolithic 0.79
Greece prior to 1960 1.00-2.00
Current Japan 4.00
Current India, rural 5-6.1
Current UK and northern Europe 15.00
Current USA 16.74
Current India, urban 38-50
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course of inflammatory activation. EPA is released to
compete with AA for enzymatic metabolism inducing the
production of less inflammatory and chemotactic derivatives.

AA is involved in growth and produces PGE,, which is
important for the normal development of many organs and
cells including the central nervous system [55-60]. DHA is
found in high amounts in the membranes of brain and retina
and is critical for proper neurogenesis, neurotransmitter
metabolism, neuroprotection and vision. The consumption
of high amounts of DHA has been associated with multiple
health benefits including brain and retinal development,
aging, memory formation, synaptic membrane function,
photoreceptor biogenesis and function, and neuroprotec-
tion. DHA is essential for pre-natal brain development [61,
62].

The FADS1 and FADS2 gene cluster involved in the
metabolic pathway of LA and ALA as well as the enzymes
involved in the production of eicosanoids, 5-lipoxygenase
(5-LO), and cyclooxygenase from the AA and EPA, are
polymorphic. Recent studies on their polymorphisms
indicate that the minor alleles of the genetic variants in
FADS1 and FADS2 are associated with higher LA and
lower AA levels in red blood cell membrane and plasma
phospholipids which may influence the estimation of

n-6 n-3
(@ 6) (@3)
linoleic series linolenic series
linoleic acid linolenic acid
Ci18:2 Cl8:3
l desaturation l
A6 FADS2
C18:3 Cl18:4
l elongation l
C20:3 (GLA) C20:4
desaturation l
C20:4 (AA) 45 FADS | C20:5 (EPA)
J, elongation .
C22:4 C22:5 SI0NgRON | osis

l desaturation l

& 6-desaturase l
A 4-desaturase
C22:5 C2f2:6 (DHA)

C24:6
|

B-oxidation

Fig. 2 Desaturation and elongation of v-3 and v-6 fatty acids. The
enzymes D6 and D5 desaturases are encoded by FADS2 and FADSI,
respectively
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Fig. 3 Oxidative metabolism of arachidonic acid and eicosapentaenoic
acid by the cyclooxygenase and 5-lipoxygenase pathways. 5S-HPETE 5-
hydroperoxyeicosatetranoic acid, 5-HPEPE 5-hydroxyeicosapentaenoic
acid

dietary requirements [63, 64], particularly during pregnancy
and lactation [65] as well as the infant’s IQ [66]; whereas,
an increase in the activity of the desaturase increases the
AA-to-LA ratio and the risk for CHD [67]. Furthermore,
genetic variants in the 5-LO and cyclooxygenase-2 genes
have been associated with increased risk for CHD [68] and
cancer [69], respectively.

Omega-3 Fatty Acids and Newly Identified Lipid
Mediators: Lipoxins, Resolvins, and Protectins

Recent studies have shown that additional lipid mediators
are produced from AA, EPA, and DHA with potent anti-
inflammatory properties [62]. Lipoxins are derived from
AA as a result of cell-cell interaction and the sequential
transformation by different lipoxygenases. Leucocyte 5-
lipoxygenase generates LT4 from AA which is then trans-
formed to the lipoxin LXA4 in platelets by the oxidase
activity of their 12-lipoxygenase. In addition to their anti-
inflammatory properties lipoxins have potent pro-resolution
properties, inhibit the formation of inflammatory cytokines,
immune cell proliferation and migration. In the presence of
aspirin, the acetylation of cyclo-oxygenase 2 enables it to
act as a lipoxygenase forming the lipoxin precursor 15-
hydroxy eicosatetraenoic acid from AA, which is then
transformed by leucocyte 5-lipoxygenase to 15-epi-LXA4
or 15-epi LXB4 referred to as aspirin-triggered lipoxins.
These aspirin-triggered lipoxins seem to be more potent
anti-inflammatory agents than the conventional LX4 [70].

In analogy to the aspirin-triggered lipoxins from AA,
bioactive mediators are also produced from EPA+DHA.
Serhan and his group [62] used lipidomics and informatics
in studies on EPA and DHA metabolites in the resolution of
inflammation which are called resolvins. The resolvin from
EPA is RvEl. RvEl inhibits nuclear factor-kB by tumor
necrosis factor-o« (TNF-«). ChemR23 is the receptor for
RvEl and it is a specific G-protein-coupled receptor.
Transcription of ChemR23 is found in cardiovascular,
gastrointestinal, renal, brain, and myeloid tissue. The
ChemR23 shares homology with the receptor identified
for the AA derived aspirin-triggered lipoxins but is
molecularly distinct.

Resolvins are derived from EPA and DHA with two
chemically unique structural forms, the E-series and the D-
series, respectively. Resolvin E; is produced in healthy
individuals and is increased in the plasma of individuals
taking aspirin and or EPA. DHA is the substrate for two
groups of resolvins produced by different biosynthetic
routes, referred to as the 17S and 17RD-series resolvins
during the resolution of inflammatory exudates. D-series
resolvins have potent anti-inflammatory actions and are
particularly interesting because the brain, synapses, and
retina are highly enriched in DHA. The D-series resolvins
are of interest in the control of resolution of inflammation
in host defense and in neural tissues.

Another class of lipid mediators produced from DHA are
the 10—17S-docosatriene, now known as protectins. When
produced by nervous tissues this protectin is termed
neuroprotectin D; because of its unique biosynthetic origin
from free DHA in the brain [61]. Sterospecific oxygenated
derivatives of DHA created through lipoxygenase action on
free DHA further generate neuroprotectin D, that elicits
potent cyto- and neuroprotective effects. NPD1 is important
in homeostatic brain function (see chapter by Bazan et al. in
this volume). Protectin D; blocks T cell migration in vivo,
reduces TNF and Interferon-y secretion and promotes T cell
apoptosis [61]. Resolvin E; and protectin D; derived from
EPA+DHA, respectively, are potent resolution agonists that
activate cell type, neutrophils, macrophages, and epithelial
cells to accelerate resolution. Lipoxins, resolvins, and
protectins have potent multilevel mechanisms of action in
disease models and promote resolution in animal models of
oral, lung, ocular, kidney, skin and gastrointestinal inflam-
mation, as well as in ischemia-reperfusion injury and
angiogenesis. Lipoxins, resolvin E;, and protectins act on
T cells, dendritic cells, and phagocytic cells; therefore they
represent a link between the innate and the immune system.
Considering that lipoxins, resolvin E;, and protectins are
produced from AA, EPA+DHA, it follows that these fatty
acids represent a molecular link between the two systems.

Inflammation is at the base of many chronic diseases
such as cardiovascular disease, obesity, diabetes, arthritis,
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mental illnesses and cancer, as well as many autoimmune
diseases. These diseases are characterized by increased
amounts of IL-1 and IL-6. Increased dietary intake of
omega-6 fatty acids is associated with higher levels of
TXA2, and LTB4. Leuoktriene B4 is a proinflammatory
AA metabolite that along with IL-1 and IL-6 contributes to
inflammation. The discovery of the newly identified
mediators lipoxins, resolvins, protectins, and neuroprotec-
tins form AA (lipoxins), EPA (resolvins), and DHA
(protectins and neuroprotectins) indicate that the resolution
of inflammation is not just a passive termination of
inflammation, but rather an active biochemical and meta-
bolic process. These families of endogenous pro-resolution
molecules are not immunosuppressive but instead function
in the resolution of inflammation by activating specific
mechanisms to promote homeostasis [70].

The Balance of Omega-6/Omega-3 Fatty Acids
Is Important for Health: The Evidence from Gene
Transfer Studies

Further support for the need to balance the omega-6/omega-
3 EFA comes from the studies of Kang et al. [71] and Ge et
al. [72], which clearly show the ability of both normal rat
cardiomyocytes and human breast cancer cells in culture to
form all the omega-3’s from omega-6 fatty acids when fed
the cDNA encoding omega-3 fatty acid desaturase obtained
from the roundworm Caenorhabditis elegans. The omega-3
desaturase efficiently and quickly converted the omega-6
fatty acids that were fed to the cardiomyocytes in culture to
the corresponding omega-3 fatty acids. Thus, omega-6 LA
was converted to omega-3 ALA and AA was converted to
EPA, so that at equilibrium, the ratio of omega-6 to omega-
3 PUFA was close to 1/1. Further studies demonstrated that
the cancer cells expressing the omega-3 desaturase under-
went apoptotic death whereas the control cancer cells with a
high omega-6/omega-3 ratio continued to proliferate [73].
More recently, Kang et al. [74, 75] and Lai et al. [76]
showed that transgenic mice and pigs expressing the C.
elegans fat-1 gene encoding an omega-3 fatty acid
desaturase are capable of producing omega-3 from omega-
6 fatty acids, leading to enrichment of omega-3 fatty acids
with reduced levels of omega-6 fatty acids in almost all
organs and tissues, including muscles and milk, with no
need of dietary omega-3 fatty acid supply. This discovery
provides a unique tool and new opportunities for omega-3
research, and raises the potential of production of fat-I
transgenic livestock as a new and ideal source of omega-3
fatty acids to meet the human nutritional needs. Further-
more, the transgenic mouse model is being used widely by
scientists for the study of chronic diseases and for the study
of mechanisms of the beneficial effects of omega-3 fatty
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acids in decreasing the risk of various forms of cancer and
CHD [77]. The fat-1 transgenic mice produce and store
higher levels of EPA+DHA in their tissues than wild type
mice, and as a result generate increased levels of resolvins
and protectins.

Omega-3 Fatty Acids and Gene Expression

Previous studies have shown that fatty acids released from
membrane phospholipids by cellular phospholipases, or
made available to the cell from the diet or other aspects of
the extracellular environment, are important cell signaling
molecules. They can act as second messengers or substitute
for the classical second messengers of the inositide
phospholipid and the cyclic AMP signal transduction
pathways. They can also act as modulator molecules
mediating responses of the cell to extracellular signals.
Recently it has been shown that fatty acids rapidly and
directly alter the transcription of specific genes [78]. In the
case of genes involved in inflammation, such as IL-1f3,
EPA and DHA suppress IL-13 mRNA whereas AA does
not, and the same effect appears in studies on growth-
related early response gene expression and growth factor
[78]. In the case of vascular cell adhesion molecule
(VCAM), AA has a modest suppressing effect relative to
DHA. The latter situation may explain the protective effect
of fish oil toward colonic carcinogenesis, since EPA and
DHA did not stimulate protein kinase C. PUFA regulation
of gene expression extends beyond the liver and includes
genes such as adipocyte glucose transporter-4, lymphocyte
stearoyl-CoA desaturase-2 in the brain, peripheral mono-
cytes (IL-13 and VCAM-1), and platelets (platelet-derived
growth factor). Whereas some of the transcriptional effects
of PUFA (both omega-6 and omega-3 fatty acids) appear to
be mediated by eicosanoids, the PUFA suppression of
lipogenic and glycolytic genes is independent of eicosanoid
synthesis, and appears to involve a nuclear mechanism
directly modified by PUFA.

Omega-3 Fatty Acids in Mental Health

Psychologic stress in humans induces the production of
proinflammatory cytokines such as IFNy, TNF«, IL-6, and
IL-1. An imbalance of omega-6 and omega-3 PUFA in the
peripheral blood causes an overproduction of proinflamma-
tory cytokines. There is evidence that changes in fatty acid
composition are involved in the pathophysiology of major
depression [79]. Changes in serotonin (5-HT) receptor
number and function caused by changes in PUFA provide
the theoretical rationale connecting fatty acids with the
current receptor and neurotransmitter theories of depression
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[80—84]. The increased C20/4w6/C20/5w3 ratio and the
imbalance in the omega-6/omega-3 PUFA ratio in major
depression may be related to the increased production of
proinflammatory cytokines and eicosanoids in that illness
[82]. There are a number of studies evaluating the
therapeutic effect of EPA and DHA in major depression.
Stoll and colleagues [85, 86] have shown that EPA and
DHA prolong remission, that is, reduce the risk of relapse
in patients with bipolar disorder.

Kiecolt-Glaser et al. studied depressive symptoms,
omega-6/omega-3 fatty acid ratio and inflammation in
older adults [87]. As the dietary ratio of omega-6/omega-3
increased, the depressive symptoms, TNF-«, IL-6, and IL-6
soluble receptor increased. The authors concluded that diets
with a high omega-6/omega-3 ratio may enhance the risk
for both depression and inflammatory diseases.

Conklin et al. [88] studied postmortem changes in brain
fatty acids within the anterior cingulate cortex according to
the presence of depression at the time of death. A
significant negative correlation between age and the ratio
of AA/DHA was found in patients but not in controls. The
decreases in DHA may be caused, in part, by the
diminished formation of EPA (20:5w3) which is derived
from 20:4w-3 through a delta-5 desaturase reaction. An
increased AA/DHA ratio could be considered a biomarker
for depression that results from higher dietary intake of AA
or endogenous decrease production of DHA.

While essential fatty acid deficiencies may be due to
dietary intake, a number of enzymatic desaturation and
elongation processes are required for longer chain fatty
acids to be metabolized from the shorter chain parent
precursor fatty acids (Fig. 2). Therefore individuals vulner-
able for the development of affective disorders, because of
genetic variation in desaturation and elongation of omega-6
and omega-3 metabolic pathways may not achieve an
optimal level of serum or brain fatty acids. In fact increased
free radical production, secondary to behavioral factors
associated with mood disorders such as smoking, alcohol
consumption, poor sleep quality and lack of exercise, could
reduce the availability of PUFA despite adequate dietary
patterns and intake. Furthermore, an inability to optimally
transfer the AA, EPA and DHA across the blood brain
barrier could lead to reduced concentration of brain fatty
acids.

Cognitive Effects of Omega-3 PUFA

In the nervous system as in all cells PUFAs can be released
from membrane phospholipids when neurons are stimulated
with neurotransmitters and can be metabolized in the brain
giving rise to a series of a group of oxygenated C20
compounds, which include prostaglandins, thromboxanes,

leukotrienes, and a variety of hydroxy and hydroperoxy
fatty acids resolvins and protectins including neuroprotectin
D; from DHA [62]. These products may act in the
intracellular environment as neuronal secondary messen-
gers and may be released in the extracellular space and
interact with G-protein-coupled receptors on neurons and
glial cells, thus influencing neuro-modulation, synaptic
plasticity, and control of inflammation [62]. The PUFAs
also have influence on cell migration and apoptosis [89, 90]
contribute to synaptogenesis [91] and are involved in
cholinergic, serotoninergic, and catecholaminergic trans-
mission [91-93] and influence the length of telomeres. LA
more than any other nutrient is associated with shorter
telomeres and shorter telomeres are associated with aging,
cancer and coronary heart disease [94, 95].

Animal studies have shown that omega-3’s may play a
role in cognitive development and omega-3 fatty acid
deficiency impairs the ability to respond to environmental
stimulation in rats, which suggests that the provision of
omega-3’s as well as omega-6’s to the developing brain
may be necessary for normal growth and functional
development [96]. As omega-3 deficiency in rat brain
has been associated with reduced biosynthesis of cate-
cholamine and decreased learning ability, with a lower
synaptic vesicle density in the hippocampus [97, 98]
whereas chronic administration of omega-3’s helps to
improve reference memory-related learning [99] probably
due to increased neuroplasticity of neural membranes
[100]. Clinical studies show that cognitive performance
improves with omega-3’s [101] and different mechanisms
have been proposed to explain this effect such as increased
hippocampal acetylcholine levels [102], the anti-
inflammatory effects of omega-3’s, decreased risk of
CVD or increased neuroplasticity [100].

On the basis of these mechanisms, positive effects of
omega-3’s on dementia, schizophrenia, and other central
nervous system diseases have been reported [103, 104].
The description of effects on depression although contro-
versial [105—108], has led to the conclusion that omega-3’s
can affect not only cognitive functions, but also mood and
emotional states and may act as a mood stabilizer. Omega-
3’s have beneficial effects in some neurological diseases
[109, 110] in addition to the chronic fatigue syndrome
[111]. Both DHA and EPA appear to be necessary for these
effects and this has been shown in depressive disorders
[112]. Some controversial effects observed in depressive
and schizophrenic patients may be related to DHA and EPA
different functions or to differences in the AA/EPA ratios,
since in many studies the ratio of omega-6/omega-3 has not
been determined in the background diet. In a very important
study on the effects of EPA and DHA in normal healthy
adults, Fontani et al. showed that the addition of 2.8 g of
EPA and DHA at a ratio of 2:1 led to a decrease in the AA/
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EPA ratio after 35 days of supplementation without any
changes in the control group (olive oil) from 14.26+8.87
before supplementation to 4.29+2.60 after supplementation
[113]. The subjects underwent extensive neurophysiologi-
cal testing including electroencephalogram and electromyo-
gram. The profile of mood states showed significant
changes. There was more vigor and less anger, anxiety,
fatigue, depression and confusion in the supplemented
group versus the control. The results of the experiments
indicate a positive influence of omega-3 fatty acids on
cognitive functions, while the decrease of the AA/EPA ratio
could be considered confirmation of the biological effect of
omega-3’s, the changes in the reaction time and physiolog-
ical parameters could be considered to be due to the effects
of omega-3 fatty acids on the central nervous system. The
possible mechanisms involved may be related to the fact
that omega-3’s act as a controller of neuronal excitability
which influences protein kinases and thus protects the
structure and function of the cell membranes [114].
Consequently, omega-3’s can modulate many of the signal
transduction mechanisms operating at the synaptic level
[91]. Therefore, they may influence several pathways with
different neurotransmitters such as serotonin, noradrenalin,
dopamine and acetylcholine, which may explain their
effects on learning, mood stability and other important
cognitive functions [91, 97, 98, 102].

Childhood and old age are two critical and vulnerable
periods when the supply of omega-3 PUFAs would be
fundamental for a good brain functioning. In these periods,
deficiency is associated with learning and memory deficits,
sensory systems and mood. Furthermore, the deficiency in
childhood might have delayed brain development, and
produced irreversible effects, while the same deficiency in
aging could entail acceleration in the deterioration of brain
function.

An ongoing study on the relationship of the total diet to
violence in prisoners showed multiple dietary deficiencies
with 0% intake of selenium and omega-3 fatty acids from
fish [115] (Table 5). The omega-3 intake from ALA in the
presence of genetic variants in FADS1 and FADS2 will not
be providing adequate intakes of EPA and DHA. This is an
important area for further research to better understand the
complex relationships of dietary intake, endogenous pro-
duction of PUFA, the complex relationships between
peripheral and central lipids play in the normative variabil-
ity in effect, and psychopathology.

Omega-3’s and Substance Abuse

Alcoholics are known to have poor diets and be deficient in
omega-3 fatty acids, especially in DHA. However, the

Table 5 Diet of disaffection: nutrient intakes from a sample of disadvantaged young people

Nutrient Percentage Possible effects of low intakes on the brain
getting adequate
intakes (%)

B-12 Cobalamin 94 Pernicious anemia. Spinal cord damage. Raised homocysteine; this has been linked to CVS disease
and hostility

B-6 Pyridine 83 Cofactor for conversion of tryptophan to serotonin (5-HT) and regulation of homocysteine.
Depression. Alzheimer’s

B-1 Thiamin 61 “Dry beriberi”: peripheral neuropathy, Wernicke’s and Korsakoff’s encephalopathy. Reduced
learning ability associated with impaired hippocampal neurogenesis in animal models

B-2 Riboflavin 33 Cofactor in electron transport chain, energy metabolism, and reduces ischemic brain injury

lIodine 33 Thyroid hormones—low intake of iodine is the commonest cause of mental deficiency worldwide

Folic acid 28 Methylation agent in synthesis of serotonin. Low intakes are associated with depression and raised
homocysteine

Zinc 28 Found in over 100 enzymes, affecting membrane structure, neurogenesis, neurotransmitters, fatty
acid metabolism. Low zinc intakes have been associated with ADHD and criminality

Calcium 28 Neural hyperexcitability, paresthesia, and impulsivity

Iron 22 Anemia. Also required for dopamine synthesis. Low iron is associated with impaired cognitive
development in humans and aggression in animal studies

Magnesium 17 Involved in glycolysis and cerebral blood flow. Low intakes are associated with hyperexcitability
and in animal studies with the severity of behavioral deficits

Selenium 0 Low intakes are associated with reduced cognitive function

Omega-3 from 0 Impaired attention, impulsivity, reduced memory, impaired cognition, depression, and excess

fish inflammation

Reprinted with permission from reference [115]
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deficiency of omega-3’s is not limited to alcoholics. It is
also found in poly-substance abusers but data are scan.
Cocaine addicts have a high index of alcohol abuse (88%)
and codependence (61%). The concurrent ingestion leads to
the formation of cocaethylene, an active metabolite that
seems to prolong and magnify the effects of cocaine.
Chemical dependents (not only cocaine addicts) have poor
eating habits and higher relapse rates and also have lower
levels of total cholesterol and lower omega-3’s especially
the most aggressive participants. Omega-3’s could be used
as coadjuvants in the treatment of cocaine dependence and
alcoholism since they can stabilize neuron membranes and
act on the neural systems that were altered by the chronic
use of these drugs, as well as by possible deficient or
indadequate diets.

Substance abusers have been known to have low omega-
3 fatty acid intake due to poor dietary habits. Because of the
strong association between aggression, anxiety and sub-
stance use disorders Buydens-Branchey et al. [116] carried
out a supplementation intervention study with 3 g of EPA
and DHA with soybean oil as the control. The trial was
double-blind, randomized and lasted 3 months. Anger and
anxiety scales were administered at base line and once a
month. The patient’s dietary intake was below recommen-
ded levels. Daily administration of 3 g of omega-3’s for
3 months significantly decreased feelings of anger and
anxiety among substance abusers compared with the
placebo group. Administration of omega-3’s reduced the
anxiety associated with the onset of craving, which is
strongly connected to relapse. This decrease persisted for
3 months after treatment. There was a strong correlation
between an increase in plasma EPA and lower end-of-trial
anxiety scores and between an increase in plasma DHA and
lower end-of-trial anger scores. There were strong associ-
ations between high frequency and high severity of
aggressive behaviors and substance abuse disorders sug-
gesting that an insufficient intake of omega-3’s may be one
of the factors contributing to increased violence in some
individuals. An increase in DHA intake may increase
plasma serotonin. The authors associated aggressiveness
with impulsiveness and concluded that the levels of omega-
3’s were more important relapse predictors, than the
previous pattern of drug abuse or clinical and sociodemo-
graphic parameters. This small short trial clearly showed
that cursory adequate EPA and DHA intake through
supplementation benefits substance abusers by reducing
their anger and anxiety levels.

Conclusions and Recommendations

Western diets are characterized by high omega-6 and low
omega-3 fatty acid intake, whereas during the Paleolithic

period when human’s genetic profile was established, there
was a balance between omega-6 and omega-3 fatty acids.
Therefore, humans today live in a nutritional environment
that differs from that for which our genetic constitution was
selected. Both omega-6 and omega-3 fatty acids influence
gene expression. The balance of omega-6/omega-3 fatty
acids is an important determinant in maintaining homeo-
stasis, normal development, and mental health throughout
the life cycle.

The types of fatty acids that are available to composition
of cell membranes depend on diet and endogenous
metabolism of LA and ALA. However, the critical factor
in fatty acids efficacy is not their absolute level, but rather
the ratio between various groups of fatty acids. It is known
that the relative amounts of omega-6 and omega-3 in the
cell membrane are responsible for affecting cellular
function as the AA competes directly with EPA for
incorporation into cell membranes. A low AA/EPA ratio
has been proposed as an index of the beneficial effects of
omega-3’s which have been shown in animal and clinical
experiments.

Animal studies have shown that omega-3’s may play a
role in cognitive development and their deficiency impairs
the ability to respond to environmental stimulation in rats;
indicating that the provision of omega-3 and omega-6 fatty
acids to the developing brain may be necessary for normal
growth and functional development. Omega-3 deficiency in
rat brain is associated with reduced biosynthesis of
catecholamines and decreased learning ability, with a lower
synaptic vesicle density in the hippocampus; whereas,
chronic administration of omega-3’s improves reference
memory-related learning probably due to increased neuro-
plasticity of the neural membranes.

Clinical studies indicate that cognitive performance
improves with omega-3’s supplementation possibly due to
increased hippocampal acetylcholine levels, the anti-
inflammatory effects of omega-3’s, decreased risk of
cardiovascular disease or increased neuroplasticity. Positive
effects in patients with dementia, schizophrenia and other
central nervous systems diseases have been reported. The
effects of omega-3’s on depression although controversial
suggest that omega-3’s affect not only cognition functions,
but also mood and emotional states and may act as a mood
stabilizer. The controversial effects observed in some
depressive and schizophrenic patients may be related to
DHA and EPA different functions or to differences in the
AA/EPA+DHA ratios, since in many studies the omega-6/
omega-3 ratio in the background diet has not been
determined.

Alcoholics and drug abusers (cocaine) have poor diets
with many nutrient deficiencies including omega-3 fatty
acid deficiency. There is growing evidence that omega-3
fatty acid supplementation could play a role in hostility and
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violence in addition to the beneficial effects in substance
abuse disorders and alcoholism. The studies, so far, have
been of small sample size, short duration and lack of
information of the background diet relative to the omega-6
and omega-3 ratio. In carrying out clinical intervention
trials, it is essential to increase the omega-3 and decrease
the omega-6 fatty acid intake in order to have a balanced
omega-6 to omega-3 intake in the background diet. Since
blood levels of the omega-6 and omega-3 fatty acids
depend on dietary intake and endogenous metabolism,
genetic variation in the FADS1+FADS2 should be deter-
mined and red cell membrane or plasma phospholipids
should be measured at baseline and during the clinical trial.

Because the enzymes involved in the metabolism of the
LA and ALA are shared, there is competition between
them, and the omega-3 and omega-3 fatty acids also
regulate each other. The balance between LA and ALA
and their (PUFA) metabolites in the diet is vital. In humans,
the brain is the most outstanding organ in biological
development: it follows that the priority is brain growth
and development, and in the brain the balance between
omega-6 and omega-3 PUFA metabolites is close to 1:1.
This ratio should be the target for human nutrition. In
Western diets, the omega-6/omega-3 ratio has increased to
between 10:1 and 20:1. This high omega-6 proportion is
largely made up by LA, is far from optimal and is highly
inappropriate for normal growth and development. The
ratio of omega-6/omega-3 fatty acids in the brain between
1:1 and 2:1 is in agreement with the data from the
evolutionary aspects of diet, genetics, and the studies with
the fat-1 animal model. Therefore a ratio of 1:1 to 2:1
omega-6/omega-3 fatty acids should be the target ratio for
health.

References

1. Simopoulos AP, Childs B (eds) (1990) Genetic variation and
nutrition. World Rev Nutr Diet 63. Karger, Basel

2. Simopoulos AP, Robinson J (1999) The omega diet. The
lifesaving nutritional program based on the diet of the Island of
Crete. HarperCollins, New York

3. Simopoulos AP, Nestel PJ (eds) (1997) Genetic variation and
dietary response. World Rev Nutr Diet 80. Karger, Basel

4. Simopoulos AP, Pavlou KN (eds) (2001) Nutrition and fitness 1:
diet, genes, physical activity and health. World Rev Nutr Diet 89.
Karger, Basel

5. Simopoulos AP (2002) Genetic variation and dietary response:
nutrigenetics/nutrigenomics. Asia Pac J Clin Nutr 11(S6):S117-S128

6. Simopoulos AP, Ordovas JM (eds) (2004) Nutrigenetics and
nutrigenomics. World Rev Nutr Diet 93. Karger, Basel

7. Eaton SB, Konner M (1985) Paleolithic nutrition. A consider-
ation of its nature and current implications. New Engl J Med
312:283-289

8. Simopoulos AP (1991) Omega-3 fatty acids in health and disease
and in growth and development. Am J Clin Nutr 54:438-463

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Simopoulos AP (1999) Genetic variation and evolutionary

aspects of diet. In: Papas A (ed) Antioxidants in nutrition and
health. CRC Press, Boca Raton, pp 65-88

Simopoulos AP (1999) Evolutionary aspects of omega-3 fatty
acids in the food supply. Prostaglandins Leukotr Essent Fatty
Acids 60:421-429

Simopoulos AP (1999) New products from the agri-food
industry: the return of n-3 fatty acids into the food supply.
Lipids 34(suppl):S297-S301

Eaton SB, Konner M, Shostak M (1988) Stone agers in the fast
lane: chronic degenerative diseases in evolutionary perspective.
Am J Med 84:739-749

Eaton SB, Eaton SB III, Sinclair AJ, Cordain L, Mann NJ (1998)
Dietary intake of long-chain polyunsaturated fatty acids during
the Paleolithic. World Rev Nutr Diet 83:12-23

Leaf A, Weber PC (1987) A new era for science in nutrition. Am
J Clin Nutr 45:1048-1053

Simopoulos AP (1998) Overview of evolutionary aspects of w3
fatty acids in the diet. World Rev Nutr Diet 83:1-11
Simopoulos AP (1995) Evolutionary aspects of diet: fatty acids,
insulin resistance and obesity. In: Vanltallie TB, Simopoulos AP
(eds) Obesity: new directions in assessment and management.
Charles, Philadelphia, pp 241-261

Simopoulos AP (1995) Trans fatty acids. In: Spiller GA (ed)
Handbook of lipids in human nutrition. CRC Press, Boca Raton,
pp 91-99

Simopoulos AP (2002) Omega-3 fatty acids in inflammation an
autoimmune diseases. ] Am Coll Nutr 21:495-505

Hunter JE (1989) Omega-3 fatty acids from vegetable oils. In:
Galli C, Simopoulos AP (eds) Biological effects and nutritional
essentiality. Series A: life sciences, vol 171. Plenum, New York,
pp 43-55

Litin L, Sacks F (1993) Trans-fatty-acid content of common
foods. N Engl J Med 329:1969-1970

. Raper NR, Cronin FJ, Exler J (1992) Omega-3 fatty acid content

of the US food supply. ] Am Coll Nutr 11:304

Ledger HP (1968) Body composition as a basis for a compar-
ative study of some East African animals. Symp Zool Soc Lond
21:289-310

Crawford MA (1968) Fatty acid ratios in free-living and
domestic animals. Lancet i:1329-1333

Crawford MA, Gale MM, Woodford MH (1969) Linoleic acid
and linolenic acid elongation products in muscle tissue of
Syncerus caffer and other ruminant species. Biochem J 115:25—
27

Weber PC (1989) Are we what we eat? Fatty acids in nutrition
and in cell membranes: cell functions and disorders induced by
dietary conditions. Svanoy Foundation (Report no 4), Svanoy-
bukt, Norway. pp. 9-18

Simopoulos AP, Norman HA, Gillaspy JE, Duke JA (1992)
Common purslane: a source of omega-3 fatty acids and
antioxidants. J] Am Coll Nutr 11:374-382

Simopoulos AP, Norman HA, Gillaspy JE (1995) Purslane in
human nutrition and its potential for world agriculture. World
Rev Nutr Diet 77:47-74, Karger, Basel

Simopoulos AP, Salem N Jr (1986) Purslane: a terrestrial source
of omega-3 fatty acids. N Engl J Med 315:833

Simopoulos AP, Gopalan C (eds) (2003) Plants in human health
and nutrition policy. World Rev Nutr Diet 91. Karger, Basel
Zeghichi S, Kallithrka S, Simopoulos AP, Kypriotakis Z (2003)
Nutritional composition of selected wild plants in the diet of
Crete. World Rev Nutr Diet 91:22—40

Simopoulos AP (2002) Omega-3 fatty acids in wild plants, seeds
and nuts. Asian Pac J Clin Nutr 11(S6):S163-S173

Simopoulos AP (2004) Omega-3 fatty acids and antioxidants in
edible wild plants. Biol Res 37(2):263-277



Mol Neurobiol (2011) 44:203-215

213

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Simopoulos AP, Salem N Jr (1989) n-3 fatty acids in eggs from
range-fed Greek chickens. N Engl ] Med 321:1412

Simopoulos AP, Salem N Jr (1992) Egg yolk as a source of long-
chain polyunsaturated fatty acids in infant feeding. Am J Clin
Nutr 55:411-414

van Vliet T, Katan MB (1990) Lower ratio of n-3 to n-6 fatty
acids in cultured than in wild fish. Am J Clin Nutr 51:1-2
Cordain L, Martin C, Florant G, Watkins BA (1998) The fatty
acid composition of muscle, brain, marrow and adipose tissue in
elk: evolutionary implications for human dietary requirements.
World Rev Nutr Diet 83:225, Karger, Basel

Sinclair AJ, Slattery WJ, O’Dea K (1982) The analysis of
polyunsaturated fatty acids in meat by capillary gas-liquid
chromotography. J Food Sci Agric 33:771-776

Sugano M, Hirahara F (2000) Polyunsaturated fatty acids in the
food chain in Japan. Am J Clin Nutr 71(suppl):189S-196S
Pella D, Dubnov G, Singh RB, Sharma R (2003) Effects of an
Indo-Mediterranean diet on the omega-6/omega-3 ratio in
patients at high risk of coronary artery disease: the Indian
paradox. World Rev Nutr Diet 92:74-80, Karger, Basel

Sanders TAB (2000) Polyunsaturated fatty acids in the food
chain in Europe. Am J Clin Nutr 71(suppl):S176-S178

Burr GO, Burr MM (1930) On the nature and role of fatty acids
essential in nutrition. J Biol Chem 86:587-622

Simopoulos AP (2008) The importance of the omega-6/omega-3
fatty acid ratio in cardiovascular disease and other chronic
diseases. Exp Biol Med Maywood 233:674-688

Simopoulos AP (2009) Omega-6/0Omega-3 essential fatty acids:
biological effects. In: Simopoulos AP, Bazan NG (eds). Omega-3
fatty acids, the brain and retina. World Rev Nutr Diet 99:1-16
Burdge G (2004) Alpha-linolenic acid metabolism in men and
women: nutritional and biological implications. Curr Opin Clin
Nutri Metab Care 7:137-144

Cho HP, Nakamura MT, Clarke SD (1999) Cloning, expression,
and nutritional regulation of the mammalian delta-6 desaturase. J
Biol Chem 274:471-477

Cho HP, Nakamura M, Clarke SD (1999) Cloning, expression,
and fatty acid regulation of the human delta-5 desaturase. J Biol
Chem 274:37335-37339

Weber PC, Fischer S, von Schacky C, Lorenz R, Strasser T
(1986) Dietary omega-3 polyunsaturated fatty acids and eicos-
anoid formation in man. In: Simopoulos AP, Kifer RR, Martin
RE (eds) Health effects of polyunsaturated fatty acids in
seafoods. Academic, Orlando, pp 49-60

Lewis RA, Lee TH, Austen KF (1986) Effects of omega-3 fatty
acids on the generation of products of the 5-lipoxygenase
pathway. In: Simopoulos AP, Kifer RR, Martin RE (eds) Health
effects of polyunsaturated fatty acids in seafoods. Academic,
Orlando, pp 227-238

Burr ML, Fehily AM, Gilbert JF, Rogers S, Holliday RM,
Sweetnam PM, Elwood PC, Deadman NM (1989) Effects of
changes in fat, fish, and fibre intakes on death and myocardial
reinfarction: diet and reinfarction trial (DART). Lancet 2:757-761
Leaf A (1990) Cardiovascular effects of fish oils. Beyond the
platelet. Circulation 82:624—628

Leaf A, Weber PC (1988) Cardiovascular effects of n-3 fatty
acids. N Engl J Med 318:549-557

Simopoulos AP, Kifer RR, Martin RE (eds) (1986) Health effects
of polyunsaturated fatty acids in seafoods. Academic Press,
Orlando

Simopoulos AP, Kifer RR, Martin RE, Barlow SM (eds) (1991)
Health effects of w3 polyunsaturated fatty acids in seafoods.
World Rev Nutr Diet 66. Karger, Basel

Von Schacky C (1988) Prophylaxis of atherosclerosis with
marine omega-3 fatty acids: a comprehensive strategy. Ann
Intern Med 107:890-899

55.

56.

57.

8.

59.

60.

6l1.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Innis SM (1991) Essential fatty acids in growth and develop-
ment. Prog Lipid Res 30:39-103

Cha YI, Solnica-Krezel L, DuBois RN (2006) Fishing for
prostanoids: deciphering the developmental functions of
cyclooxygenase-derived prostaglandins. Dev Biol 289:263-272
Harizi H, Gualde N (2005) The impact of eicosanoids on the
crosstalk between innate and adaptive immunity: the key role of
dendritic cells. Tissue Antigens 65:507-514

Leu BH, Schmidt JT (2008) Arachidonic acid as a retrograde
signal controlling growth and dynamics of retinotectal arbors.
Dev Neurobiol 68:18-30

Khanapure SP, Garvey DS, Janero DR, Letts LG (2007)
Eicosanoids in inflammation: biosynthesis, pharmacology and
therapeutic frontiers. Curr Top Med Chem 7:311-340

Peskar BM, Sawka N, Ehrlich K, Peskar BA (2003) Role of
cyclooxygenase-1 and -2, phospholipase C, and protein kinase C
in prostaglandin mediated gastroprotection. J Pharmacol Exp
Ther 305:1233-1238

Niemoller TD, Stark DT, Bazan NG (2009) Omega-3 fatty acid
docosahexaenoic acid is the precursor of neuroprotectin D1 in the
nervous system. In: Simopoulos AP, Bazan NG (eds) Omega-3 fatty
acids, the brain and retinavol. World Rev Nutr Diet 99: 46-54
Serhan CN, Chiang N, Van Dyke TE (2008) Resolving
inflammation: dual anti-inflammatory and pro-resolution lipid
mediators. Nat Rev Immunol 8(5):349-361

Koletzko B, Demmelmair H, Schaeffer L, Illig T, Heinrich J
(2008) Genetically determined variation in polyunsaturated fatty
acid metabolism may result in different dietary requirements.
Nestle Nutr Workshop Ser Pediatr Program 62:35—44, discussion
44-9

Schaeffer L, Gohlke H, Muller M, Heid IM, Palmer LJ,
Kompauer I, Demmelmair H, Illig T, Koletzko B, Heinrich J
(2006) Common genetic variants of the FADS1 FADS2 gene
cluster and their reconstructed haplotypes are associated with the
fatty acid composition in phospholipids. Hum Mol Genet 15
(11):1745-1756

Xie L, Innis SM (2008) Genetic variants of the FADS1 FADS2
gene cluster are associated with altered (n-6) and (n-3) essential
fatty acids in plasma and erythrocyte phospholipids in women
during pregnancy and in breast milk during lactation. J Nutr 138
(11):2222-2228

Caspi A et al (2007) Moderation of breastfeeding effects on the
1Q by genetic variation in fatty acid metabolism. Proc Natl Acad
Sci 104:18860-18865

Martinelli N et al (2008) FADS genotypes and desaturase
activity estimated by the ratio of arachidonic acid to linoleic
acid are associated with inflammation and coronary artery
disease. Am J Clin Nutr 88:941-949

Allayee H, Baylin A, Hartiala J, Wijesuriya H, Mehrabian M,
Lusis AJ, Campos H (2008) Nutrigenetic association of the 5-
lipoxygenase gene with myocardial infarction. Am J Clin Nutr
88:934-940

Fradet V, Cheng I, Casey G, Witte JS (2009) Dietary omega-3
fattyacids, cyclooxygenase-2 geneticvariation, and aggressive
prostate cancer risk. Clin Cancer Res 15(7):2559-2566
McMahon B, Godson C (2004) Lipoxins: endogenous
regulators of inflammation. Am J Physiol Ren Physiol 286
(2):F189-F201

Kang ZB, Ge Y, Chen Z, Brown J, Lapasota M, Leaf A, Kang
JX (2001) Adenoviral transfer of Caenorhabditis elegans n-3
fatty acid desaturase optimizes fatty acid composition in
mammalian heart cells. Proc Natl Acad Sci USA 98:4050-4054
Ge Y-L, Chen Z, Kang ZB, Cluette-Brown J, Laposata M, Kang
JX (2002) Effects of adenoviral transfer of Caenorhabditis
elegans n-3 fatty acid desaturase on the lipid profile and growth
of human breast cancer cells. Anticancer Res 22:537-544

@ Springer



214

Mol Neurobiol (2011) 44:203-215

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Kang JX (2003) The importance of omega-6/omega-3 fatty acid
ratio in cell function. The gene transfer of omega-3 fatty acid
desaturase. World Rev Nutr Diet 92:23-36

Kang JX, Wang J, Wu L, Kang ZB (2004) Fat-1 mice convert n-
6 to n-3 fatty acids. Nature 427:504

Kang JX (2004) Balance of omega-6/omega-3 fatty acids is
important for health: the evidence from gene transfer studies.
World Rev Nutr Diet 95:93-102

Lai L, Kang JX, Li R, Wang J, Witt WT, Yong HY, Hao Y, Was
DM, Murphy CN, Rieke A, Samuel M, Linville ML, Korte SW,
Evans RW, Starzl TE, Prather RS, Dai Y (2006) Generation of
cloned transgenic pigs rich in omega-3 fatty acids. Nat
Biotechnol 4:435-436

Kang JX (2007) Fat-1 transgenic mice: a new model for omega-3
research. Prostaglandins Leukot Essent Fatty Acids 77:263-267
Simopoulos AP (1996) The role of fatty acids in gene
expression: health implications. Ann Nutr Metab 40:303-311
Hibbeln JR, Salem N Jr (1995) Dietary polyunsaturated fatty
acids and depression: when cholesterol does not satisfy. Am J
Clin Nutr 62:1-9

Hibbeln JR, Umhau JC, George LM, DT RPW, Shoaf SE,
Vaughan MR, Rawlings R, Salem N Jr (1998) A replication
study of violent and nonviolent subjects: cerebrospinal fluid
metabolites of serotonin and dopamine are predicted by plasma
essential fatty acids. Biol Psychiatry 44:243-249

Hibbeln JR, Linnoila M, Umhau JC, Rawlings R, George DT,
Salem N Jr (1998) Essential fatty acids predict metabolites of
serotonin and dopamine in cerebrospinal fluid among healthy
control subjects, and early- and late-onset alcoholics. Biol
Psychiatry 44:235-242

Maes M, Smith R, Christophe A, Cosyns P, Desnyder R, Meltzer
H (1996) Fatty acid composition in major depression: decreased
omega 3 fractions in cholesteryl esters and increased C20: 4
omega 6/C20:5 omega 3 ratio in cholesteryl esters and
phospholipids. J Affect Disord 38:35-46

Maes M, Smith R, Christophe A, Vandoolaeghe E, Van Gastel A,
Neels H, Demedts P, Wauters A, Meltzer HY (1997) Lower serum
high-density lipoprotein cholesterol (HDL-C) in major depression
and in depressed men with serious suicidal attempts: relationship with
immune-inflammatory markers. Acta Psychiatr Scand 95:212-221
Peet M, Murphy B, Shay J, Horrobin D (1998) Depletion of
omega-3 fatty acid levels in red blood cell membranes of
depressive patients. Biol Psychiatry 43:315-319

Locke CA, Stoll AL (2001) Omega-3 fatty acids in major
depression. World Rev Nutr Diet 89:173—185

Stoll AL, Severus WE, Freeman MP, Rueter S, Zboyan HA,
Diamond E, Cress KK, Marangell LB (1999) Omega 3 fatty
acids in bipolar disorder: a preliminary double-blind, placebo-
controlled trial. Arch Gen Psychiatry 56:407-412
Kiecolt-Glaser JK, Belury MA, Porter K, Beversdorf DQ,
Lemeshow S, Glaser R (2007) Depressive symptoms, omega-6:
omega-3 fatty acids, and inflammation in older adults. Psycho-
som Med 69(3):217-224

Conklin SM, Runyan CA, Leonard S, Reddy RD, Muldoon MF,
Yao JK (2010) Age-related changes of n-3 and n-6 polyunsat-
urated fatty acids in the anterior cingulate cortex of individuals
with major depressive disorder. Prostaglandins Leukot Essent
Fatty Acids 82(2-3):111-119

Fletcher MP, Ziboh VA (1990) Effects of dietary supplementa-
tion with eicosaptaenoic acid or gamma-linolenic acid on
neutrophil phospholipid fatty acid composition and activation
responses. Inflammation 14:585-597

Arita K, Yamamoto Y, Takehara Y, Utsumi T, Kanno T,
Miyaguchi C et al (2003) Mechanisms of enhanced apoptosis
in HL-60 cells by UV-irradiated n-3 and Omega-6 polyunsatu-
rated fatty acids. Free Rad Biol Med 35:189-199

@ Springer

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Haag M (2003) Essential fatty acids and the brain. Can J
Psychiat 48:195-203

Martin RE, Bazan NG (1992) Changing fatty acid content of
growth cone lipids prior to synaptogenesis. J Neurochem
59:318-325

Jones CR, Arai T, Rapoport SI (1997) Evidence for the
involvement of docosahexanoic acid in cholinergic stimulated
signal transduction at the synapse. Neurochem Res 22:663-670
Cassidy A, De Vivo I, Liu U, Han J, Prescott J, Hunter DJ, Rim
EB (2010) Associations between diet, lifestyle factors, and
telomere length in women. Am J Clin Nutr 91(5):1273-1280
Farzaneh-Far R, Lin J, Epel ES, Harris WS, Blackburn EH,
Whooley MA (2010) Association of marine omega-3 fatty acid
levels with telomeric aging in patients with coronary heart
disease. JAMA 303(3):250-257

Wainwright PE (2002) Dietary essential fatty acids and brain
function: a developmental perspective on mechanism. Proc Nutr
Soc 61:61-69

Takeuchi T, Fukumoto Y, Harada E (2002) Influence of a dietary
omega-3 fatty acid deficiency on the cerebral catecholamine-
contents, EEG and learning ability in rats. Behav Brain Res
131:193-203

Yoshida S, Yasuda A, Kawazato H, Sakai K, Shimada T, Takeshita
M et al (1997) Synaptic vesicle ultrastructural changes in the rat
hippocampus induced by a combination of alpha-linolenate
deficiency and learning task. J Neurochem 68:1261-1268

Gamoh S, Hashimoto M, Sugioka K, Hossain MS, Hata N,
Misawa Y et al (1999) Chronic administration of docosahex-
aenoic acid improves reference memory-related learning ability
in young rats. Neurocience 93:237-241

Minami M, Kimura S, Endo T, Hamaue N, Hirafuji M, Togashi
H et al (1997) Dietary docosahexanoic acid increases cerebral
acetylcholine levels and improves passive avoidance perfor-
mance in stroke-prone spontaneously hypertensive rats. Pharma-
col Biochem Behav 58:1123-1129

Kalmijn S, van Boxtel MPJ, Ocké¢ M, Verschuren WMM,
Kromhout D, Laurner LJ (2004) Dietary intake of fatty acids
and fish in relation to cognitive performance at middle age.
Neurology 62:275-280

Kalmijn S, Launer LJ, Ott A, Witteman JC, Hofman A, Breteler
MM (1997) Dietary fat intake and the risk of incident dementia
in the Rotterdam Study. Ann Neurol 42:776-782

Fabrigoule C, Rouch I, Taberly A, Letenneur L, Commenges D,
Maxaus JM et al (1998) Cognitive process in preclinical phase of
dementia. Brain 121:135-141

Freeman MP (2000) Omega-3 fatty acids in psychiatry: a review.
Ann Clin Psychiat 12:159-165

Assies J, Lok A, Bockting CL, Weverling GJ, Lieverse R, Visser
I et al (2004) Fatty acids and homocysteine levels in patients
with recurrent depression: an explorative pilot study. Prostaglan-
dins Leukot Essent Fatty Acids 70:349-356

Hakkarainen R, Partonen T, Haukka J, Albanes D, Lonngqvist J
(2004) Is low dietary intake of omega-3 fatty acids associated
with depression? Am J Psychiat 161:567-569

Mischoulon D, Fava M (2000) Docosahexanoic acid and
Omega-3 fatty acids in depression. Psychiat Clin N Am
23:785-794

Stoll AL, Severus WE, Freeman MP, Rueter S, Zboyan HA,
Diamond E et al (1999) Omega-3 fatty acids in bipolar disorder:
a preliminary double-blind, placebo-controlled trial. Arch Gen
Psychiat 56:407—412

Vaddadi KS, Courtney P, Gilleard CJ, Manku MS, Horrobin DF
(1989) A double-blind trial of essential fatty acid supplementation
in patients with tardive dyskinesia. Psychiatry Res 27:313-323
Alessandri JM, Guesnet P, Vancassel S, Astorg P, Denis I,
Langelier B et al (2004) Polyunsaturated fatty acids in the central



Mol Neurobiol (2011) 44:203-215

215

111.

112.

113.

nervous system: evolution of concepts and nutritional implica-
tions throughout life. Rep Nutr Dev 44:509-538

Puri BK, Holmes J, Hamilton G (2004) Eicosapentaenoic acid-
rich essential fatty acid supplementation in chronic fatigue
syndrome associated with symptom remission and structural
brain changes. Int J Clin Pract 58:297-299

Peet M, Stokes C (2005) Omega-3 fatty acids in the treatment of
psychiatric disorders. Drugs 65:1051-1059

Fontani G, Corradeschi F, Felici A, Alfatti F, Migliorini S, Lodi
L (2005) Cognitive and physiological effects of omega-3

114.

115.

116.

polyunsaturated fatty acid supplementation in healthy subjects.
Eur J Clin Invest 35(11):691-699

Ryback R (2001) Bioelectrical modulators and the cell
membrane in psychiatric medicine. Psycopharmacol Bull
35:5-44

Bohannon J (2009) The theory? Diet causes violence. The lab?
Prison. Science 325:1614-1616

Buydens-Branchey L, Branchey M (2008) Long-chain n-3
poluunsaturated fatty acids decrease feelings of anger in
substance abusers. Psychiatry Res 157(1-3):95-104

@ Springer



	Evolutionary Aspects of Diet: The Omega-6/Omega-3 Ratio and the Brain
	Abstract
	Introduction
	Imbalance of Omega-6/Omega-3
	Biological Effects and the Omega-6/Omega-3 Ratio
	Omega-3 Fatty Acids and Newly Identified Lipid Mediators: Lipoxins, Resolvins, and Protectins
	The Balance of Omega-6/Omega-3 Fatty Acids Is Important for Health: The Evidence from Gene Transfer Studies
	Omega-3 Fatty Acids and Gene Expression
	Omega-3 Fatty Acids in Mental Health
	Cognitive Effects of Omega-3 PUFA
	Omega-3’s and Substance Abuse
	Conclusions and Recommendations
	References


