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1. Introduction

The cost of brain disorders and mental ill-health has been rising sharply in the last years and
in developed and some developing countries now exceeds the cost of other diseases, such as
cardiovascular or metabolic diseases (diabetes) [1]. Cognitive decline, particularly in the
forms of Alzheimer’s disease, has emerged in the last 20 years as a major challenge to health
systems affecting the quality of life of the ancient population and of the social and economic
environment of the patients and family. Diseases, such as depression, schizophrenia, Hun‐
tington’s disease and other mood disorders are also rapidly increasing as the life expectancy
of the population increases. To reduce the risk of mood disorders and cognitive decline in
the elderly it is necessary to consider the possible impact of life style and other non-genetic,
but modifiable, risk factors. Diet is one of these modifiable factors that may contribute to the
prevention or amelioration of chronic neurodegenerative diseases. Among the dietary nu‐
trients most closely associated with the optimal development and function of the brain and
nervous system, docosahexaenoic acid (22:6, DHA) an omega-3 fatty acid, exclusively of ma‐
rine origin, is at present particularly relevant [2].

In this chapter various functions of DHA in the nervous system, its metabolism into phos‐
pholipids, and its involvement in different neurological and mood disorders, such as Alz‐
heimer’s diseases, depression and bipolar disorders, cognitive decline, aggression, hostility
and antisocial behavior, schizophrenia, among others are revised. It is also discussed the dif‐
ferent alternatives now available to provide DHA supplementation to prevent or ameliorate
mood disorders. There is now different dietary and supplementary form to provide DHA,
such as ethyl esters, triglycerides, partial glycerides, phospholipids, etc. [3]. The importance
of nutraceuticals of new development based on DHA and other components is also included
in our discussion. Figure 1 shows the molecular structure of DHA.
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Figure 1.

2. Fatty acids in the brain and nervous system

The brain and the nervous system are the tissues with high content of two polyunsaturated
fatty acids: arachidonic acid (20:4, omega-6, AA) and DHA, this last fatty acid being the
most important omega-3 long-chain fatty acid in the brain phospholipids, comprising 25%
of the total fatty acids of the gray matter. DHA has been the only omega-3 fatty acid used as
a major structural and functional component of photoreceptors of the visual system and
neurons, and their signaling synaptic structures throughout million years of human evolu‐
tion [4]. Despite their abundance in these tissues AA and DHA cannot be re-synthesized in
mammals. However, the concentration of these fatty acids can be modulated by dietary in‐
take. AA and DHA must be provided by the diet as such (preformed) or through the respec‐
tive omega-6 and omega-3 precursors from vegetable origin. Linoleic acid (18:2, omega-6,
AL) the precursor of AA, is very abundant in the western diet and therefore the formation of
AA from AL is not restrictive for humans. On the other hand, alpha linolenic acid, (18:3,
omega-3, ALA) the precursor of DHA is less available in our diet and preformed DHA,
which is only provided from food of marine origin, is highly restrictive in some populations
[5]. The majority of DHA present in the human brain is incorporated during the brain
growth spurt which starts at week 26 of gestation and imposes a high demand for the fatty
acid until about 2 years of age. DHA is required when neuronal and glial differentiation and
migration, and active myelination and synaptogenesis took place in the brain morphogene‐
sis. There is now convincing evidence that neural developmental milestones, determine
long-term brain functional capacity in adults [6]. It is supposed that when brain milestones
has passed it may be too late to intervene with omega-3 long-chain fatty acids in neurologi‐
cal/neuropsychological disorders such as, depression, and bipolar disorder, mood and cog‐
nition, schizophrenia, Alzheimer’s disease and Huntington’s disease, among others
neurological diseases. It has been demonstrate that as the individual ages, a constant reduc‐
tion of the DHA content of the brain occurs, and in some neurological diseases, such as Alz‐
heimer’s disease, a more pronounced reduction of the fatty acid occurs. Epidemiological
evidence now suggest that a decrease in brain DHA levels, which normally occurs during
aging, and that is exacerbated by reduced dietary intake of DHA, may increase the preva‐
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lence of neurological diseases. The identification of several DHA-derived metabolites (such
as resolvins and neuroprotectins, among others), probably involved in cell signaling suggest
that free DHA, liberated from membrane phospholipids, is utilized to perform many other
functions beyond a structural role in membrane phospholipids of neuronal cells. The first
DHA-derived metabolite is neuroprotectin D1 which can be synthesized from free DHA
through a lipoxygenase enzyme [7]. Neuroprotectin D1 is generated during stroke and
counteracts pro-inflammatory gene expression that normally results from ischemic damage.
Neuroprotectin D1 has anti-inflammatory, antiapoptotic and even neuroregenerative effects,
which would help to preserve in general, both the neuronal functioning and the nervous
system [8]. This molecule also counteracts potential oxidative damage to DNA in the retinal
pigment ephitelium cells [9]. Research about food and/or additives that preferentially pro‐
vide DHA and molecules that promote its internalization, transport and metabolism will be
of basic importance to fully understand the importance in the development, normal func‐
tion, senescence, and pathology of the nervous system. Basic, clinical and epidemiologic re‐
search supports a protective effect of DHA in mood disorders.

3. DHA in the brain cells

Within neurons DHA is almost specifically concentrated in membrane phospholipids, main‐
ly at phosphatidylethanolamine and phosphatidylserine, the latter being the major acidic
phospholipid present in brain cell membranes [10]. Phospholipids which make up about one
quarter of the solid matter in the brain are also an integral part of the vascular system from
which brain cells function and nutrition depend. DHA constitutes 15-20% of the total fatty
acid composition of the brain cortex, and when incorporated into phospholipids may im‐
prove the efficiency of synaptic membrane vesicles in fusion events (i.e., synaptic vesicles
with terminal axonal membrane) which are fundamental for neurotransmission [11]. DHA
may also function in synaptic signaling, either as a free fatty acid, as a metabolite (such as,
neuroprotectins) or incorporated into phospholipids structure. DHA is also highly concen‐
trated in growth cones during neurite outgrowth were it may be important for maximal
neurite growth during brain development, which occurs mainly during the perinatal period
[12]. In the adult, DHA is found in neuronal dendrites, where it may be involved in the ex‐
tension and establishment of the dendritic arborization which occurs during memory forma‐
tion and acquisition of learning capabilities, modifications which originate the so-called
brain plasticity. Additionally, DHA may be important for the efficient regeneration of axons
and dendrites in some brain regions, such as cerebellum and hippocampus, after brain in‐
jury. Supplementing cultured neuronal cell types with AA and DHA at low concentrations
significantly increases neurite outgrowth in several neuronal cell types, principally those
from hippocampus [13]. However, there is a limit to the amount of AA to be added because
at higher concentrations this fatty acid may be cytotoxic. DHA, however, shows stimulant
effects and no cytotoxicity in a wide range of concentrations [14].
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3.1. The role of DHA in neuronal phospholipid synthesis

DHA appears to enhance neurite outgrowth be several mechanisms which include an in‐
crease in the synthesis of specific phospholipids [13]. In differentiating and mature neurons
DHA is preferentially incorporated into phospholipids than into triglycerides. During the
synthesis of neuronal phospholipids, DHA is acylated to the sn-2 position of phospholipids
to generate phosphatidic acid, which is the precursor of phosphatidylinositol, which in turns
is the precursor of inositoltriphosphate (IP3) an important second messenger signal. Howev‐
er, most of the phosphatidic acid is subsequently dephosphorylated to generate diacylglycer‐
ol, which is further metabolized into phosphatidylcholine, phosphatidylethanolamine and
phosphatidylserine, all of these molecules containing DHA at the sn-2 position [13]. There‐
fore, it appears that diacylglycerols containing DHA at the sn-2 position are preferentially
transformed into phospholipids. This specific transformation occurs through the action of
specific enzymes. For example, diacylglycerol molecules that contain DHA at the sn-2 posi‐
tion are the preferred substrate of enzyme ethanolamine phosphotransferase which convert
diacylglycerol to phosphatidylethanolamine through the covalent linking of ethanolamine to
the sn-3 position of diacylglycerol [15]. Phosphatidylethanolamine may also be converted to
phosphatidylserine through the exchange of its nitrogen base with free serine [16].

3.2. The role of DHA in membrane neuronal function

The quantity of double bonds in a fatty acid is directly related to the flexibility of the mole‐
cule. Saturated fatty acids, such as palmitic acid (16:0) or stearic acid (18:0) are rigid. This
rigidity allows saturated fatty acids to pack together tightly and form a solid structure at
lower temperatures. Phospholipids formed by these fatty acids are also rigid structures. The
introduction of double bonds into a fatty acid introduces a “kink” in its structure which
modifies its spatial conformation. DHA, which has six double bonds, may adopt many
countless conformation because the molecule can rotate around C-C bonds but not around
the rigid C=C bonds that conform its high polyunsaturation [17]. The highly flexible struc‐
ture of DHA will not allow phospholipids containing DHA to pack tightly together, result‐
ing in a significant increase in membrane fluidity relative to phospholipids formed only by
saturated fatty acids. Membranes having high content of DHA may also increase the effi‐
ciency of membrane fusion events which are important in neurotransmission [18]. Addition‐
ally, an increased fluidity of membrane appears to be important for increasing the rate at
which membrane protein-protein interaction occurs within the phospholipid membrane bi‐
layer. Fluidity is especially relevant in the outer segments of retinal photoreceptors where
the activation of G type protein transducin by the rhodopsin-metarhodopsin interaction
events occurs within the phospholipids of photoreceptors cells. This process does not occur
efficiently when the level of DHA in the phospholipids of vision cells is reduced either dur‐
ing normal aging or by pathological causes [19]. Mitochondrial phospholipids are also en‐
riched in DHA. High DHA in mitochondrial membranes may increase the efficiency of the
electron transport chain and the ADP-phosphorilation process by increasing the lateral
movement of protein within the membrane bilayer, thus facilitating protein-protein interac‐
tions [20]. Additionally, there is a direct correlation between the DHA content of mitochon‐
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drial phospholipids and the permeability of the inner membrane to protons [21], thus
improving the efficiency of energy production through oxidative phosphorylation. It is gen‐
erally concluded that DHA positively influences mitochondrial energy production, which is
crucial in a cell highly demanding of energy, such is the neuron.

3.3. DHA and the activity of neuronal enzymes

Receptor functioning and the activation of membrane proteins involved in signaling trans‐
duction can be influenced by DHA, either as a free fatty acid and/or when it is incorporated
into membrane phospholipids. DHA is concentrated in the phospholipids of neuronal tis‐
sues, including hippocampus and cerebellum, which are involved in learning as well as in
memory storage [22]. Most recently we demonstrated that DHA supplementation to mother
rats during the perinatal period, increases the DHA content of different brain segments of
the pups, including hippocampus and cerebellum, and improves the learning and memory
capacities of the pups when evaluated through the Skinner box test [23]. As part of the diac‐
ylglycerol molecule, DHA may enhance the diacylglycerol-dependent activation of the pro‐
tein kinase C (PKC) [24]. It is interesting that PKC has an essential requirement for
phosphatidylserine [25], which contains a high concentration of DHA. However, in vitro
evidence is suggesting that unesterified DHA may competitively inhibit phosphatidylserine
dependent PKC inhibition. Unesterified AA either stimulates or has no effect on PKC activi‐
ty [26], showing that activation of the enzyme by omega-3 fatty acids may be specific to
these fatty acids. Another example of an enzyme whose function is modified by DHA is Na
+/K+ ATPase, also known as sodium pump, which is an integral protein of the neuronal
membrane found in higher concentration at the axonal nodes (Ranvier nodes). The primary
neuronal function of these ATPases is to generate and maintain Na+ and K+ gradients which
are necessary to maintain the resting potential of the neuronal membrane. The activity of Na
+/K+ ATPase is increased in the sciatic nerve of rats that are supplemented with DHA [27].

3.4. Inhibition of neuronal apoptosis by DHA

Neuronal cell survival is highly dependent on the presence of trophic nerve factors which
influence downstream signalling pathways. Modifications in the concentration and/or num‐
ber of these factors may lead to apoptotic cell death. Early signs of apoptosis include the loss
of intracellular water, an increase in cytoplasmic calcium concentration, the releasing of cy‐
tochrome c from mitochondria and the translocation of phosphatidylserine to the outer leaf‐
let of the plasma membrane [28]. The activation of the caspase-3 enzyme by self-cleavage
results in the death of cells by apoptosis [29]. The prevention of apoptosis by DHA incorpo‐
ration into phospholipids has been reported for rat retinal photoreceptors [30], HL-60 cells
[31], and Neuro 2A cells [32]. Additionally, an increased dietary intake of DHA prevents
apoptosis in mouse retinal photoreceptors when subjected to N-methyl-N-nitroso urea, a
potent inducer of apoptosis [33]. DHA accumulation in phospholipids, mainly in phosphati‐
dylserine, appears to promote neuronal survival under adverse conditions [32]. As dis‐
cussed above, in the nervous system, DHA is incorporated primarily into anionic
phospholipids such as phosphatidylserine and phosphatidylethanolamine [34]. Phosphati‐
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dylserine is synthesized from phosphatidylethanolamine or phosphatidylcholine by the ser‐
ine replacement of ethanolamine or choline, respectively, in a base-exchange reaction.
Phosphatidylserine is involved in a series of cell signaling events. The supplementation of
cells with unesterified DHA promotes phosphatidylserine biosynthesis [35]. The enrichment
of DHA in phosphatidylserine and its effect on phosphatidylserine biosynthesis are most
likely due to the fact that phospholipid species containing DHA are the best substrates for
phosphatidylserine synthesizing enzymes [36]. There is not a direct correlation between the
level of phosphatidylserine and DHA content in different brain segments. The antiapoptotic
effect of DHA in neurons occurs only when the fatty acid is added to cultured cells or when
experimental animals have been treated previously with DHA, which may suggest that
these effects are due to the incorporation of DHA into different phospholipids. It is interest‐
ing to note that in other non-neuronal cell types, DHA actually promotes apoptosis. For ex‐
ample, in CaCo-2 cells, a colon cancer cell line, DHA induces apoptosis by “down
regulating” reducing the expression of antiapoptotic genes and increasing the expression of
proapoptotic genes [37]. Therefore, the antiapoptotic effects of DHA-containing phosphati‐
dylserine are probably specific to neuronal cells and critical for the long-term survival of
these cells.

3.5. DHA and the regulation of gene expression in neurons

It has been demonstrated that polyunsaturated omega-3 fatty acids can modify gene expres‐
sion by binding to specific receptors and transcription factors in the liver and adipose tissue.
Receptors activated by DHA include retinoid X, peroxisome proliferator activated receptors
(PPARs), hepatic nuclear receptor, and sterol regulatory element binding protein (SREBP)
receptor [38]. The activation of each of these proteins modulates the expression of genes in‐
volved in the metabolism of glucose, fatty acids, triglycerides, and cholesterol. Of these pro‐
teins, the retinoid X receptor is present in significant levels in the brain, and DHA is an
effective ligand and activator of the retinoid X receptor protein [39]. Activation of gene ex‐
pression by DHA is not restricted to brain cells, the fatty acid activates several genes in other
tissues, like liver or adipose tissue [40]. In rat brain cells, the stimulation of peroxisomal pro‐
liferator activated receptor β (PPAR β) resulted in the up regulation of the mRNA encoding
a protein that converted DHA to the acyl-CoA derivative [41]. Upon alteration of the expres‐
sion of genes involved in lipid metabolism, the optimal environment for neurite outgrowth
can be achieved during neuronal differentiation and brain formation. For example, omega-6
and omega-3 PUFAs have been shown to decrease the expression and the activity of Δ-9 de‐
saturase, the enzyme that converts stearic acid (18:0) to oleic acid (18:1, omega-9). This effect
may be important to ensure that saturated fatty acids, whether newly synthesized or taken
in from the diet, are available for the insertion of phospholipids into the sn-1 position as
they are synthesized. Several studies have demonstrated that the DHA increasing effect on
neurite outgrowth may be, in part, a consequence of the DHA stimulation of the expression
of genes that promote phospholipids synthesis [42,43]. Using microarray gene expression
methodology, it has been demonstrated that fish oil or DHA supplementation can modify
the expression of many of the genes of the brain and retina involved in signal transduction,
eicosanoid production, synaptic plasticity, and energy metabolism in rats [44].
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4. DHA and alterations of neuronal functioning in mood disorders

Accelerated cognitive decline in middle age can make an individual more vulnerable to
mood disorders in later life. Experts agree that once cognitive decline is accelerated and
properly identify, it is advisable a prompt intervention [2]. During periods of nutritional de‐
ficiency of omega-3 fatty acids, DHA is retained to depletion from the phospholipids of neu‐
rons through two possible mechanisms: a) DHA released from membrane phospholipids is
rapidly reacylated to specific phospholipids. b) It is produced a significant reduction in the
rate of transfer of DHA out of the nervous system through the blood brain barrier. Many
neurodegenerative conditions, such as Alzheimer’s disease, retinal affections, and some per‐
oxisomal disorders (Zellweger syndrome and adrenoleucodistrophy) are associated with re‐
duced levels of omega-3 fatty acids. Mood disorders, such as depression, schizophrenia, and
post-partum depression, have also been associated with modification of DHA metabolism.
Epidemiological, experimental and clinical research support the hypothesis that DHA may
play a role in the pathogenesis and eventually in the prevention and/or in treatment of these
diseases [45,46].

4.1. Alzheimer’s disease

Alzheimer’s disease is a late-onset progressive, neurodegenerative disease of heterogeneous
origin which is devastating both to the afflicted person and to the person’s family. Before the
dementia which characterizes the pathology is established, Alzheimer’s disease may mani‐
fest through subtle cognitive decline greater than expected for an individual’s age and edu‐
cation but with minimal impact on daily living. This transitory and still reversible stage is
usually termed mild cognitive impairment [47]. However, once it is clinically diagnosed
there is little prospect of improving the prognosis. The pathology is characterized by the for‐
mation of amyloid plaques, neurofibrillary tangles, and dystrophic neuritis. Data from nu‐
merous epidemiological studies suggest an inverse correlation between DHA intake and the
likelihood of developing Alzheimer’s disease. A reduction in the level of total phospholi‐
pids, as well as a decrease of DHA, has been described in various cerebral areas in Alzheim‐
er’s disease patients [48]. With aging, neural membrane fluidity is compromised due to the
increased presence of cholesterol, and reduced activity of glial desaturase enzymes and
blockages to phospholipids pathways of transduction signals and oxidative stress, all of
which are inversely associated with omega-3 polyunsaturated fatty acids [49]. These proc‐
esses are highly exacerbated in Alzheimer’s patients. Brain autopsies of Alzheimer’s disease
patients have shown significantly higher saturated fatty acid and lower omega-3 polyunsa‐
turated fatty acid content in the hippocampus and frontal lobes which govern memory and
executive functions, respectively [50]. Studies have demonstrated that the levels of phospha‐
tidylethanolamine, which is enriched in DHA, and phosphatidylinositol, which is enriched
in AA, are significantly reduced in the brain of individuals affected by Alzheimer’s disease.
Specifically there is a significant reduction in the amount of DHA in the frontal cortex and
hippocampus phospholipids of patients with Alzheimer’s diseases. Alzheimer’s disease is
characterized by the accumulation of various β amyloid (Aβ) peptides resulting from the
cleavage of the amyloid precursor protein, in particular peptides composed of 40 (Aβ 40)
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and 42 (Aβ 42) aminoacids. Aβ peptide is produced constitutively during cell metabolism
but under normal conditions, the peptide does not accumulate in brain. It has been pro‐
posed that the central event in Alzheimer’s disease pathogenesis is an imbalance between
Aβ peptide production and clearance, with increased Aβ peptide production and/or de‐
creased Aβ clearance during the onset of the pathology [51]. The pretreatment of rats with
DHA protected the animals against the memory loss which typically occurs when animals
are infused with Alzheimer’s disease Aβ peptide, which triggers synapse destruction [52].
DHA inhibits the accumulation of insoluble Aβ peptide, partially by decreasing cholesterol
levels in the detergent insoluble neuronal membrane domains (rafts) of the cerebral cortex
[53] and this effect is strongly influenced by the age of animals [54]. It has been demonstrat‐
ed that the effect of DHA in the reduction of insoluble Aβ peptide is attributable to a de‐
crease in steady-state levels of presenilin 1 [55]. In cognitive test animals expressing high
levels of a mutant amyloid precursor protein, showed low levels of DHA in brain phospho‐
lipids. Additionally, the activity of phospholipase A2, which is involved in the liberation of
AA from brain phospholipids, increases in the brain of patients with Alzheimer´s disease,
suggesting that an increased generation of AA-derived eicosanoids, which are antagonist of
DHA-derived docosanoids, may contribute to the etiology of Alzheimer’s disease. It has
been proposed that DHA-derived neuroprotectin D1 induces an antiapoptotic and neuro‐
protective gene expression program that regulates the secretion of Aβ peptide, resulting in
the modulation of inflammatory signaling, neuronal survival, and the preservation of brain
function [7]. The typical Western diet provided < 30% of the 200-300 mg/day of DHA recom‐
mended by Expert Panels. Epidemiology show a risk reduction of 60% associated with a
modest increase in DHA intake or plasma levels. DHA may works well in slowing down
Alzheimer´s disease pathogenesis in mice with a human Alzheimer’s disease gene [56].
DHA provided by supplementation (e.g. fish meals, fish oil capsules, or other forms of DHA
supplementation), could restore DHA deficiency in membrane phospholipids in the cerebral
cortex of patients with Alzheimer’s disease [57]. DHA together with natural antioxidants,
may exert general anti-Alzheimer’s and anti-aging benefits [58]. Studies have indicated the
apparently crucial role of DHA in preventing Alzheimer’s disease in its very mild, preco‐
cious stages [46]. However, studies on the exact molecular mechanism underlying the bene‐
ficial effects of DHA are required to validate the hypothesis that changing dietary habits or
promoting dietary supplementation with DHA can considerably improve human health and
specially may prevent, or delay, the onset of cognitive impairment in mild cases of Alzheim‐
er’s disease.

4.2. Depression and postpartum depression

Depression is characterized by high levels of depressed or low mood, a lost in interest or
pleasure in nearly all activities, changes in appetite, weight, sleep or activity, decreased en‐
ergy, difficulties in thinking, concentration or making decisions, feeling or worthlessness or
guilt, and recurrent thoughts of death or suicidal ideation, plans or attempts. Depression
and major depressive disorder are serious affective illness with a high lifetime prevalence
rate that particularly involves neurotransmission processes, especially serotonin receptors
and membrane transporters [59]. The World Health Organization estimates that depressive
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disorder will become the second leading cause of disability worldwide by 2020, second to
ischemic heart disease, and will be the leading cause in developing regions [60]. The etiolo‐
gy of the illness is multifactorial and is influenced by genetic, environmental and nutritional
factors. Epidemiologic, neurobiologic, and clinical studies suggest that a relative deficiency
in omega-3 polyunsaturated fatty acids contributes to depression. Support for a nutritional
contribution to the disease derives from studies that report an inverse correlation between
the level of omega-3 fatty acids as measured either in red blood cells phospholipids or adi‐
pose tissue, and symptoms of depression. An increasing ratio omega-6/omega-3 is frequent‐
ly observed in patients with depression [61]. Numerous studies carry-out over the last few
years are involving omega-3 long-chain fatty acid supplementation with the reduction of
any of the symptoms of different forms of depression, including bipolar disorders, postpar‐
tum depression (included forward), agoraphobia, and anorexia nervosa. According to meta-
analysis realized by Lin and Su [62], it is concluded that DHA supplementation may reduce
the symptoms of depression. Depression and coronary artery disease often occurs in the
same individuals who frequently have low plasma levels of DHA and high levels of AA.
Omega-3 supplementation shows as effective for the treatment of these disorders. Reducing
omega-6 polyunsaturated fatty acid intake as well as increasing omega-3 polyunsaturated
fatty acids, specifically DHA, for a more balanced ratio may be beneficial [63]. However, the
mechanism by which DHA may reduce depression is still unclear, and more research is
needed. As discussed, increasing the nutritional level of omega-3 fatty acids may modify the
activity of integral membranes proteins (receptors, ion channels, molecular pumps, etc.),
and/or counteract the proinflammatory action of AA-derived eicosanoids. However, there is
no consensus about the positive effect of omega-3 fatty acids in depression which is accom‐
panied with other comorbid. Lespérance et al. [64] not observed significant differences of
omega-3 supplementation over placebo in reducing depressive symptoms in patients with
anxiety comorbid, but the same researchers observed a clear benefit of omega-3 supplemen‐
tation in patients without comorbid anxiety disorders.

Depression during pregnancy and postpartum depression have negative impact on the de‐
velopment and health of the newborn. Maternal stress in humans is associated with fetal hy‐
poxia, reduced gestational age, and low birth weight. Evans et al., in an study comprising
different countries found that 13.5% of women (n= 14,451) experienced serious symptoms of
depression during pregnancy and postpartum [65]. A cross-national analysis of seafood con‐
sumption, and the DHA content of breast milk, demonstrated an inverse correlation with
the prevalence of pregnancy and postpartum depression. The prevalence varied from 0.5%
in Singapore to 24.5% in South Africa, with a mean prevalence worldwide of 12.4%. Both,
higher national seafood consumption and higher DHA content in the mother’s breast milk
predicted a lower prevalence of postpartum depression. The mean DHA intake of western
women is estimated at 15-20 mg/day, whereas intake of countries with high fish consump‐
tion (e.g Japan, Korea and Norway) is approximately 1000 mg/day. During the third gesta‐
tional trimester, the fetus accumulates an average of 67 mg/day of DHA, in excess of dietary
intake of many mothers. Such transfer to the baby through the placenta and, subsequently
through breast milk poses a risk to women to significant depletion of omega-3 fatty acids
during lactation, contributing to the perinatal risk of depression. A review by Parker et al.,
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about omega-3 fatty acids and postpartum depression, proposed that DHA supplementa‐
tion in the perinatal period may have additional benefits to the infant’s neurodevelopment.
Women and their physicians prefer options to standard antidepressant medication during
pregnancy and postpartum. DHA supplementation during these periods may be a plausible
alternative. However, more clinical trials are needed to confirm the recommendation of
omega-3 fatty acid supplementation to avoid or reduce symptoms of depression [3].

4.3. Schizophrenia

Schizophrenia is defined by a mixture of characteristics (positive and negative) signs and
symptoms which have been present for a significant proportion of time during a one-month
period with indications of the disorder persisting for at least six months. Positive symptoms
reflect an extension or distortion of normal functions, for example, delusions, hallucinations,
and disorganized speech or behavior. Negative symptoms reflect a diminution or loss of
normal functions, for example, restrictions in the range or intensity of emotional expression,
restriction in the fluency or productivity of thought or speech, and restrictions in the initia‐
tion of goal-directed behavior [66]. Schizophrenia is a psychiatric disease that affects 1-1.5%
of the population with higher prevalence in males than in females. The predominant hy‐
pothesis regarding the pathophysiology of the disease is dysfunction of the dopaminergic
system. However further finding concerning the disease suggests a close relationship with
reduced tissue levels of omega-6 and omega-3 fatty acids specially AA and DHA [67]. A
“phospholipid membrane hypothesis of schizophrenia” emerged in the late 1970’s [68]. This
hypothesis encompasses abnormalities of long-chain omega-6 (AA) and omega-3 (DHA) fat‐
ty acids. Fenton et al., list multiple analyses of red blood cell membranes (recognized mark‐
ers for essential fatty acid status) that consistently document depletion of AA and DHA [68].
This depletion is also observed in plasma, thrombocytes and post-mortem brain tissue of
schizophrenia patients. Several mechanism could explain these deficits, including an in‐
creased activity of phospholipase A2 thus producing the extraction of AA and DHA from
cerebral membrane phospholipids [69]. Another argument in favor of a relationship be‐
tween schizophrenia and omega-6/omega-3 fatty acids is that dietary supplementation of ei‐
ther AA and DHA or their precursors is able to alleviate the symptoms of the disease [70].
Tissue omega-3 and omega-6 levels are negatively and positively associated with the hostili‐
ty and aggressive behavior in patients with schizophrenia [71]. It has been proposed that an
alteration of DHA metabolism in the brain is involved in the pathophysiology of schizo‐
phrenia and that omega-3 fatty acid supplementation may be an important coadjutant in the
treatment of the disease [72]. It seems therefore that schizophrenia might be an example of a
disease in which omega-6 and omega-3 supplementation, presumably AA and DHA, associ‐
ated with pharmacological treatment might be beneficial, although extended evaluation of
such complementary treatment is still required [68].

4.4. Aggression, hostility and anti-social behavior

The role of diet in aggression, hostility and anti-social behavior has been extensity revised
and a relationship with omega-3 fatty acid has been established [73]. Epidemiological stud‐
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ies have suggested a link between poor omega-3 fatty acid status and aggression, hostility
and anti-social behavior. A negative correlation between seafood consumption and homi‐
cide mortality statistics has been observed in many countries [74]. The result of intervention
studies with omega-3 fatty acids (DHA) plus other ingredients have been, however, equivo‐
cal. The study populations have been heterogeneous, sometimes with 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 and omega-3 fatty acids as it
was observed a 30% reduction in violence among a small population of young violent of‐
fenders in prison. However for more accurate results, the study needs to be replicated on a
larger scale. The general conclusion is that high dietary intake of DHA may be related to
lower likelihood of high hostility in young adulthood [75]. This is clearly an area where
more research is required, particularly in defined populations with large number of subjects.

4.5. Retinal function and pathologies

Retinal pathologies are not directly involved with mood disorders. However, retinal tissue
is derived from neuronal cells and DHA is essential for the proper development and func‐
tioning of this visual tissue. The fatty acid is particularly concentrated in the outer mem‐
brane segments of the photoreceptors cells, cones and rods. DHA is required for the survival
of retinal photoreceptors and exerts a protective effect on apoptosis of these photoreceptors
during visual development [36]. Retinitis pigmentosa is a visual disease with a worldwide
prevalence of 1 in 4000 individuals [76]. Photoreceptor cell degeneration is a feature of the
disease and the death of these cells in many instances seems to involve closely associated
retinal pigment epithelial cells. Under normal circumstances, both cell types are subjected to
potentially damaging stimuli (e.g. sunlight and high oxygen tension). However, the mecha‐
nism by which homeostasis is maintained in this part of the ye, which is crucial for sight, are
an unsolved riddle. A correlation between retinitis pigmentosa and low retinal DHA levels
has been observed, were evidence show that the synthesis of DHA is impaired in patients
suffering from X-linked retinitis pigmentosa [32]. Supplementation with DHA (400 mg/day)
for four years produces a significant reduction in the loss of functionality of rods in patients
with retinitis pigmentosa, as assessed by an electroretinogram which measures the photore‐
ceptor activity. For patients with retinitis pigmentosa beginning vitamin A therapy, together
with DHA (1200 mg/day), slowed the evolution of the decline in visual field sensitivity [77].
It has been suggested that DHA upon its transformation in neuroprotectin D1 may inhibit
oxidative stress-mediated proinflammatory gene induction and apoptosis, and consequently
promotes retinal pigment epithelial cell survival [78]. Results suggest that early intervention
with DHA, may be important in slowing down the progression of retinitis pigmentosa.

5. Possible mechanism for links between DHA and mood disorders

Several neurophysiological mechanisms have been proposed to explain the relationship be‐
tween omega-3 polyunsaturated fatty acids and mood disorders [79]. DHA appears to de‐
crease the production of inflammatory eicosanoids from AA by means two mechanisms:

Omega-3 Docosahexaenoic Acid (DHA) and Mood Disorders: Why and How to Provide Supplementation?
http://dx.doi.org/10.5772/53322

251



First, DHA compete with AA for incorporation into membrane phospholipids, thus decreas‐
ing both cellular and plasma levels of AA. Second, DHA, compete with AA for cyclooxyge‐
nase enzyme system, inhibiting the production of proinflammatory eicosanoids derived
from AA (e.g. prostaglandins, leukotrienes, thromboxanes). Prostagladin E2 and thrombox‐
ane B2 have linked to depression. DHA also inhibits the release of proinflammatory cyto‐
kines such as interleukin-1 beta, interleukin 2, interleukin 6, interferon gamma, and tumor
necrosis factor alpha, which depends on eicosanoid release and are also associated with
mood disorders, such as depression [80]. Another possible mechanism relates to the abun‐
dance of DHA in brain phospholipids were they play a vital role in maintaining the integrity
and fluidity of neuronal membranes. By varying the lipid concentration in cell membranes,
changes in fluidity can affect either the structure and/or functioning of proteins embedded
in the membrane, including enzymes, receptors, ion channels, molecular pumps, leading to
changes in cellular signaling [45]. Support for the involvement of DHA in receptor function‐
ing, neurotransmitter levels and the metabolism of monoamines implicated in mood disor‐
ders has been provided by animal studies [81].

6. How to provide DHA supplementation

After the suggestion years ago of Expert Committees to include omega-3 long-chain polyun‐
saturated fatty acids from marine origin in infant formulas, efforts were made to identify
suitable sources for these fatty acids, mainly DHA. Refined and deodorized fish oil was ini‐
tially used because of it availability and relatively high content of DHA. However many
concerns related to different levels of contamination of fish oil with heavy metals and organ‐
ic compounds encouraged seeking others sources for DHA supplementation. Today the rec‐
ommendation has been also extended to adults and especially to those going to elderly, due
the possible beneficial effect of DHA supplementation to prevent mood and neurodegenera‐
tive diseases. At present, new other sources for DHA supplementation are available to pro‐
vide the fatty acids in variable amounts and degrees of purity. The advantages/
disadvantages of these DHA sources are discussed.

6.1. Free DHA and DHA-ethyl ester

Since fish oil contains a mixture of triacylglyerols with various fatty acids, the concentration
of DHA may be relatively low (not higher than 18%, such as tuna or salmon oil). However,
higher concentrations of DHA can be achieved from the hydrolysis of fish oil and further
separation of selected fatty acids, such as DHA, by column chromatography or molecular
distillation. Pure preparations of DHA as free fatty acid or as DHA-ethyl ester have been de‐
veloped for supplementation. Pure DHA, as free fatty acid, may cause gastrointestinal com‐
plaints [82] and is very unstable to oxidation and difficult to be incorporated to food
preparations (milk, dairy products, juices, etc.). Ethyl ester preparations have not side-effect
and are less unstable than DHA free form. Although DHA-ethyl ester preparation has been
used in several experimental protocols [83], the efficacy of these products is controversial
due the low absorption efficiency observed in the intestinal tract [84]. Emulsions, soft capsu‐
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les and beverages containing DHA ethyl ester are widely available in some western and ori‐
ental countries

6.2. Single cell algae DHA-rich oil

Some marine algae produce naturally large amounts of DHA that can be extracted from collected
cells as a clear, odorless algae oil having concentrations up to 40% of DHA [85]. Antioxi‐
dants (tocopherols or some others natural antioxidants) are added to the oil to prevent oxida‐
tion. Algae oil rich in DHA has been considered a substance “Generally Recognized as Safe”
(GRAS) by the US-FDA having good stability and biological availability. Algae oil can be added
to a wide variety of food and nutraceutical products. The oil can also be microencapsulated
allowing its incorporation to powdered foods to be reconstituted just when served.

6.3. DHA from egg yolk and marine phospholipids

Much evidence gleaned from animal studies (rodents and primates) indicates fatty acids are
more available when provided in the form of phospholipids than triglycerides or ethyl es‐
ters [86]. Egg yolk is a complex oil/water emulsion containing 32% lipids. A substantial frac‐
tion of these lipids are phospholipids containing on average 0.4 – 0.6% of DHA. These
concentrations can be increased by feeding laying hens with linseed oil, canola oil or directly
with fish oil. Under these conditions DHA can be increased to 1.5 – 2.0% (150 – 170 mg
DHA/yolk). Industrially, egg yolk powder is treated with solvents to isolate lipids and phos‐
pholipids and thereafter phospholipids are extracted by emulsifying with water followed by
spray-drying. Egg yolk phospholipids can be safety incorporated to a wide variety of food
products as has been used for many years to increase DHA content (and also AA content) of
infant formulas and represent an interesting alternative for the development foods or sup‐
plements for the aged population.

Marine phospholipids are a more recently alternative to provide DHA. The main source for
these phospholipids which have up to 20% DHA is krill (Euphausia superba), a small crusta‐
cean which is massively captured in the Antarctic sea. Krill is thought to be the largest single
biomass on the planet and is life sustaining food for diverse marine animals [87]. The prod‐
uct obtained after processing krill is intense red colored oil, due its high concentration of
carotenes (mainly astaxantin) which provided high stability to the oil. Due its coloration it is
not suitable to be added to foods and is used mainly for the preparation of dark capsules.
Also, dietary oils extracted from other crustacean (Calanus finmarchicus), have interesting
features. Calanus oil is comprised of omega-3 fatty acids incorporated to phospholipids and
to wax esters having a relatively high content of astaxantin [88]. Phospholipids containing
DHA are also obtained from the enzymatic digestion of whole fatty fish, salmon or sardine
by-products (viscera’s) or salmon eggs [89].

6.4. sn-2 DHA monoacylglyceride

This is a new experimental source for providing DHA supplementation. It is a monoacylgly‐
ceride containing DHA at the sn-2 (central position) of the glycerol molecule, which is ob‐
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tained from the controlled enzymatic hydrolysis of refined salmon oil [90]. The
bioavailability of the product has been assayed in rats showing a high intestinal absorption
and producing a high tissue accretion of DHA in animals [91]. The product, which contains
added tocopherols as antioxidant, can be easily incorporated into water due its emulsifying
properties that allow its incorporation into water-containing beverages, milk, milk-derived
products, and also to baked products and sausages. The product is currently assayed by our
group in the development of juices and soups for the elderly population which receive pub‐
lic nutritional support in Chile.

7. Conclusions and future prospects

The effectiveness of strategies involving DHA to reduce the risk of Alzheimer’s disease or
other cognitive and mood disorders depend on a good understanding of how the low intake
or low tissue levels of DHA would increase the risk of these diseases. Solid basis now exist
to believe that low DHA intake may contribute significantly to the early onset of cognitive
and mood diseases, and that the supplementation with DHA may have substantial benefits.
Epidemiological evidence suggest that a decrease in brain DHA levels, which normally oc‐
curs during elderly, and that it is exacerbated by reduced dietary intake of DHA, may in‐
crease the prevalence of several neurological diseases as such discussed in this chapter.
However at present we do not understood at all the complex functions that DHA performs
as either as free fatty acid and/or incorporated to neuronal phospholipids. The identification
of several DHA-derived metabolites, probably involved in cell signaling, suggest that DHA
is utilized to perform many functions beyond a structural role in phospholipids and mem‐
brane structure. Future research about food and/or additives that preferentially provide
DHA and molecules that promote its internalization, transport and metabolism is clearly
needed to understand the importance of DHA in the development, normal function and sen‐
escence of the brain and nervous system. Establishing the functions of DHA in the brain will
be critical to evaluate the health implications of a reduced dietary intake of DHA as occurs
in western populations, and the importance of DHA supplementation at the early stages of
human life. The optimal duration of DHA supplementation, allowing a clinical benefit to be
observed, still needs to be established. Basic, clinical and epidemiological research supports
the importance of DHA in mood disorders. However, results are at present not fully con‐
vincing and in some case confounding and more research is definitively needed. Probably in
the next years we will have more solid evidences about the function of DHA in the brain
and nervous system and of its preventive or ameliorative effect in mood disorders.

Acknowledgements

The authors are grateful from FONDECYT, FONDEF and INNOVA-Chile the support of
their research.

Mood Disorders254



Author details

Alfonso Valenzuela1 and Rodrigo Valenzuela2*

*Address all correspondence to: rvalenzuelab@med.uchile.cl

1 Lipid Center, Nutrition and Food Technology Institute, University of Chile. Faculty of
Medicine. University of Los Andes, Chile

2 Nutrition and Dietetics School, Faculty of Medicine, University of Chile, Santiago, Chile

References

[1] Andlin-Sobocki, P., Jonsson, B., Wittchen, H., & Olesen, J. (2005). Cost of disorders of
the brain in Europe. Eur J Neurol, 12, 1-27.

[2] Kidd, P. M. (2007). Omega-3 DHA and EPA for cognition, behavior, and mood: Clini‐
cal findings and structural-functional synergies with cell membrane phospholipids.
Altern Med Rev., 12, 207-227.

[3] Valenzuela, A., Sanhueza, J., & Nieto, S. (2006). Docosahexaenoic acid (DHA) essen‐
tiality and requirements: why and how to provide supplementation. Grasas & Aceites,
57, 229-237.

[4] Crawford, M., Bloom, M., Cunnane, S., Holmsen, H., et al. (2001). Docosahexaenoic
acid and cerebral evolution. World Rev Nutr Diet, 8, 6-17.

[5] Simopoulos, A. (2002). The importance of the ratio omega-6/omega-3 essential fatty
acids. Biomed Phamacother, 56, 365-379.

[6] Das, U. N. (2003). Long-chain polyunsaturated fatty acids in the growth and develop‐
ment of the brain and memory. Nutrition, 19, 62-65.

[7] Lukiw, W., Ciu, J., Marcheselli, V., Bodker, M., et al. (2005). A role of docosahexaeno‐
ic acid-derived neuroprotectin D1 in neural cell survival and Alzheimer disease. J
Clin Invest, 115.

[8] Reinoso, M. A., Mukherjee, P., Marcheselli, V., et al. (2008). PEDF promotes biosyn‐
thesis of a novel anti-inflammatory and anti-apoptotic mediator NPD1 in retinal pig‐
ment epithelial cells. Ochsner J, 8, 39-43.

[9] Serham, C. N. (2005). Novel eicosanoid and docosanoid mediators: resolvins, docosa‐
trienes and neuroprotectins. Curr Opin Clin Nutr Medtab Care, 8, 115-121.

[10] Breckenridge, W., Gombos, G., & Morgan, I. G. (1972). The lipid composition of adult
rat brain synaptosomal plasma membranes. Biochim Biophys Acta, 266, 605-707.

Omega-3 Docosahexaenoic Acid (DHA) and Mood Disorders: Why and How to Provide Supplementation?
http://dx.doi.org/10.5772/53322

255



[11] Salem, N., Litman, B., & Kim, H. Y. (2001). Mechanism of action of docosahexaenoic
acid in the nervous system. Lipids, 36, 1-20.

[12] Martin, R. E., & Bazan, N. (1992). Changing fatty acids content of growth cone lipids
prior to synaptogenesis. J Neurochem, 59, 318-325.

[13] Calderon, F., & Kim, H. Y. (2004). Docosahexaenoic acid promotes neurite growth in
hippocampal neurons. J Neurochem, 90, 979-988.

[14] Ikemoto, A., Kobayashi, T., Watanabe, S., & Okuyama, H. (1997). Membrane fatty
acid modifications of PC12 cells by arachinodate or docosahexaenoate affect neurite
outgrowth but not epinephrine release. Neurochem Res, 22, 671-678.

[15] Holub, B. J. (1978). Differential utilization of 1-palmitoyl and 1-stearoyl homologues
of various unsaturated 1,2-diacyl-sn-glycerols for phosphatidylcholine and phospha‐
tidylethanolamine synthesis in rat liver microsomes. J Biol Chem, 253, 691-696.

[16] Mozzi, R., Buratta, S., & Goracci, G. (2003). Metabolism and function of phosphati‐
dylserine in mammalian brain. Neurochem Res, 28, 195-214.

[17] Feller, S. E., Gawrisch, K., & Mac Kerell, A. D. (2002). Polyunsaturated fatty acids in
lipid bilayers: intrinsic and environmental contributions to their unique physical
properties. J Am Chem Soc, 124, 318-326.

[18] Teague, W. E., Fuller, N. L., Rand, R. P., & Gawrisch, K. (2002). Polyunsaturated lip‐
ids in membrane fusion events. Cell Mol Biol Lett, 7, 262-264.

[19] Niu, S. L., Mitchell, D. C., Lim, S. Y., et al. (2003). Reduced G protein-coupled signal‐
ing efficiency in retinal rod outer segments in response to n-3 fatty acid deficiency. J
Biol Chem, 279, 1098-1104.

[20] Valentine, R. C., & Valentine, D. L. (2004). Omega-3 fatty acids in cellular mem‐
branes: a unified concept. Prog Lipid Res, 43, 383-402.

[21] Hulbert, A. J. (2003). Life, death and membrane bilayers. J Exp Biol, 206, 2303-2311.

[22] Ahmad, A., Moriguchi, T., & Salem, N. (2002). Decrease in neuron size in docosahex‐
aenoic acid-deficient brain. Pediatr Neurol, 26, 210-218.

[23] Valenzuela, A., Nieto, S., Sanhueza, J., Morgado, N., & Zañartu, P. (2010). Supple‐
mentation of female rats with DHA-lysophosphatidylcholine increases DHA and
acetylcholine content of the brain and improves the memory and learning capabili‐
ties of the pups. Grasas & Aceites, 61, 16-23.

[24] Chen, S. G., & Murakami, K. (1994). Effects of cis-fatty acids on protein kinase C acti‐
vation and protein phosphorylation in the hippocampus. J Pharm Sci Technol, 48,
71-75.

[25] Nichizuka, Y. (1995). Protein kinase C and lipid signaling for sustained cellular re‐
sponses. FASEB J, 9, 484-496.

Mood Disorders256



[26] Seung Kim, H. F., Weeber, E. J., Sweatt, J. D., Stoll, A. L., & Marangell, L. B. (2001).
Inhibitory effects of omega-3 fatty acids on protein kinase C activity in vitro. Mol Psy‐
chiatry, 6, 246-248.

[27] Gerbi, A., Maixent, J. M., Barbey, O., Jamme, I., & Pierlovisi, M. (1998). Alteration of
Na, K-ATPase isoenzymes in the rat diabetic neuropathy: protective effect of dietary
supplementation with n-3 fatty acids. J Neurochem, 71, 732-740.

[28] Sastry, P. S., & Rao, K. S. (2000). Apoptosis and the nervous system. J Neurochem, 74,
1-20.

[29] Nagata, S. (1997). Apoptosis by death factor. Cell, 88, 355-365.

[30] Rotstein, N. P., Aveldaño, M. I., Barrantes, F. J., Roccamo, A. M., & Politi, L. E. (1997).
Apoptosis of retinalphotoreceptors during development in vitro: protective effect of
docosahexaenoic acid. J Neurochem, 69, 504-513.

[31] Kishida, E., Yano, M., Kasahara, M., & Masuzawa, Y. (1998). Distinctive inhibitory ac‐
tivity of docosahexaenoic acid against sphingosine-induced apoptosis. Biochim Bio‐
phys Acta, 1391, 401-408.

[32] Kim, H. Y., Akbar, M., Lau, A., & Edsall, L. (2000). Inhibition of neuronal apoptosis
by docosahexaenoic acid. J Biol Chem , 45, 35215-35223.

[33] Moriguchi, K., Yuri, T., Yoshizawa, K., Kiuchi, K., & Takada, H. (2003). Dietary doco‐
sahexaenoic acid protects against methyl-N-nitrosourea-induced retinal degenera‐
tion in rats. Exp Eye Res, 77, 167-173.

[34] Aid, S., Vancassel, S., Poumes-Ballihaut, C., Chalon, S., Guesnet, P., & Lavialle, M.
(2003). Effect of a diet-induced n-3 PUFA depletion on cholinergic parameters in the
rat hippocampus. J Lipid Res, 44, 1545-1551.

[35] Kim, H. Y., & Hamilton, J. (2000). Accumulation of docosahexaenoic acid in phospha‐
tidylserine is selectively inhibited by chronic ethanol exposure in C-6 glioma cells.
Lipids, 3, 187-195.

[36] Kim, H. Y., Bigelow, J., & Kevala, J. H. (2004). Substrate preference in phosphatidyl‐
serine biosynthesis for docosahexaenoic acid containing species. Biochemistry, 3,
1030-1036.

[37] Narayanan, B. A., Narayanan, K., & Eddy, B. S. (2001). Docosahexaenoic acid regulat‐
ed genes and transcription factors inducing apoptosis in human colon cancer cells.
Int J Oncol, 9, 1255-1262.

[38] Mata de Urquiza, A., Liu, S., Sjoberg, M., Zetterstrom, R., Griffiths, W., Sjovall, J., &
Perlman, T. (2000). Docosahexaenoic acid, a ligand for the retinoid X receptor in
mouse brain. Science, 290, 2140-2144.

[39] Lengqvist, J., Mata de Urquiza, A., Bergman, A. C., Willson, T. M., & Sjovall, J. (2004).
Polyunsaturated fatty acids including docosahexaenoic acid and arachidonic acid

Omega-3 Docosahexaenoic Acid (DHA) and Mood Disorders: Why and How to Provide Supplementation?
http://dx.doi.org/10.5772/53322

257



bind to retinoid X receptor alpha ligand-binding domain. Mol Cell Proteomics, 3,
692-703.

[40] Kitajka, K., Puskás, L., Zvara, A., Hackler, L., Barceló-Coblijn, G., Yeo, Y., & Farkas,
T. (2002). The role of n-3 polyunsaturated fatty acids in brain: Modulation of brain
gene expression by dietary n-3 fatty acids. Proc Natl Acad Sci USA, 99, 2619-2624.

[41] Marszalek, J. R., Kitidis, C., Dirusso, C. C., & Lodish, H. F. (2005). Long-chain acyl
CoA synthetase 6 preferentially promotes DHA metabolism. J Biol Chem, 20,
10817-10826.

[42] Barcelo-Coblijn, G., Hogyes, E., Kitajka, K., Puskas, L. G., & Zvara, A. (2003). Modifi‐
cation by docosahexaenoic acid of age-induced alterations in gene expression and
molecular composition of rat brain phospholipids. Proc Natl Acad Sci USA, 100,
11321-11326.

[43] Puskas, L. G., Kitajka, K., Nyakas, C., Barcelo-Coblijn, G., & Farkas, T. (2003). Short-
term administration of omega-3 fatty acids from fish oil results in increased trans‐
thyretin transcription in old rat hippocampus. Proc Natl Cad Sci USA, 100, 1580-1585.

[44] Rojas, C. V., Martinez, J. I., Hoffman, D. R., & Uauy, R. (2003). Gene expression anal‐
ysis in human fetal retinal explants treated with docosahexaenoic acid. Invest Ophtal‐
mol Vis Sci, 4, 3170-3177.

[45] Stahl, L. A., Berg, D. P., Weisinger, R. S., & Sinclair, A. J. (2008). The role of omega-3
fatty acids in mood disorders. Curr Opin Invest Drugs, 9, 57-64.

[46] Hashimoto, M., & Hossain, S. (2011). Neuroprotective and ameliorative actions of
polyunsaturated fatty acids against neuronal diseases: Beneficial effect of docosahex‐
aenoic acid on cognitive decline in Alzheimer´s disease. J Pharmacol Sci, 116, 150-162.

[47] Gauthier, S., Reisberg, B., Zauding, M., et al. (2006). Mild cognitive impairment. Lan‐
cet, 367, 1262-1270.

[48] Prasad, M. R., Lowell, M. A., Yatin, M., et al. (1998). Regional membrane phospholi‐
pid alteration in Alzheimer’s disease. Neurochem Res, 23, 81-88.

[49] Yehuda, S., Rabinovitz, S., Carasso, R., et al. (2002). The role of polyunsaturated fatty
acids in restoring the aging neuronal membrane. Neurobiol Aging, 23, 843-853.

[50] Soderberg, M., Edlund, C., Kristensson, K., et al. (1991). Fatty acid composition of
brain phospholipids in aging and in Alzheimer disease. Lipids, 26, 421-425.

[51] Blennow, K., de León, M., & Zetterberg, H. (2006). Alzheimer’s disease. Lancet, 368,
387-403.

[52] Coleman, P. D., & Yao, P. J. (2003). Synaptic slaughter in Alzheimer’s disease. Neuro‐
biol Aging, 24, 1023-1027.

[53] Hashimoto, M., Hossain, S., Agdul, H., & Shido, O. (2005). Docosahexaenoic acid-in‐
duced amelioration on impairment of memory learning in amyloid β-infused rats re‐

Mood Disorders258



lates to decreases of amyloid β and cholesterol levels in detergent-insoluble
membrane fractions. Biochim Biophys Acta, 1738, 91-98.

[54] Geula, C., Wu, C. K., Saroff, D., Lorenzo, A., Yuan, M., & Yankner, B. (1998). Aging
renders the brain vulnerable to amyloid beta-protein neurotoxicity. Nat Med, 4,
827-831.

[55] Green, K. N., Martínez-Coria, H., Khashwji, H., et al. (2007). Dietary docosahexaenoic
acid and docosapentaenoic acid ameliorate amyloid-β and tau pathology via a mech‐
anism involving presenilin 1 levels. J Neuroscien, 27, 4385-4395.

[56] Calon, F., Lim, G. P., Yang, F., et al. (2004). Docosahexaenoic acid protects from den‐
dritic pathology in an Alzheimer’s disease mouse model. Neuron, 43, 47-55.

[57] Connor, W. E., & Connor, J. L. (2007). The importance of fish and docosahexaenoic
acid in Alzheimer’s disease. Am J Clin Nutr, 85, 929-930.

[58] Cole, G. M., Lim, G. P., Yang, F., et al. (2005). Prevention of Alzheimer’s disease:
omega-3 fatty acid and phenolic anti-oxidant interventions. Neurobiol Aging, 26S,
S133-S136.

[59] Pao-Yen, L., Shih-Yi, H., & Kuan-Pin, S. (2010). A meta-analytic review of polyunsa‐
turated fatty acids composition in patients with depression. Biol Psychiatry, 68,
140-147.

[60] Murray, C. J., & Lopez, A. D. (1997). Alternative projections of mortality and disabili‐
ty by cause 1990-2010: Global Burden of Disease Study. Lancet. , 349, 1498-1504.

[61] Appleton, K. M., Rogers, P. J., & Ness, A. R. (2008). Is there a role of n-3 long-chain
polyunsaturated fatty acids in the regulation of mood and behavior? A review of the
evidence to date from epidemiological studies, clinical studies and intervention tri‐
als. Nutr Res Rev, 21, 13-41.

[62] Lin, P. Y., Huang, S. Y., & Su, K. P. (2010). A metha-analytic review of polyunsaturat‐
ed fatty acid composition in patients with depression. Biol Psychiatry, 68, 140-147.

[63] Sinn, N., Milte, C., Street, S., et al. (2012). Effects of n-3 fatty acids, EPA v. DHA, on
depressive symptoms, quality of life, memory and executive function in older adults
with mild cognitive impairment: a 6-moth randomized controlled trial. Brit J Nutr,
107, 1682-1693.

[64] Lespérance, F., Frasure-Smith, F., St-Andre, E., et al. (2011). The efficacy of omega-3
supplementation for major depression: A randomized controlled trial. J Clin Psychia‐
try, 72, 1054-1062.

[65] Evans, J., Heron, J., Francomb, H., Oke, S., & Golding, J. (2001). Cohort study of de‐
pressed mood during pregnancy and after childbirth. Brit Med J, 323, 257-260.

[66] American Psychiatric Association. (1994). Diagnostic and Statistical Manual for Psy‐
chiatric Disorders, 4th ed. Washington, DC: American Psychiatric Association.

Omega-3 Docosahexaenoic Acid (DHA) and Mood Disorders: Why and How to Provide Supplementation?
http://dx.doi.org/10.5772/53322

259



[67] Yao, J. K., Leonard, S., & Reddy, R. D. (2000). Membrane phospholipid abnormalities
in post-mortem brains from schizophrenic patients. Schizophen Res, 42, 7-17.

[68] Fenton, W. S., Hibbeln, J., & Knable, M. (2000). Essential fatty acid, lipid membrane
abnormabilities, and the diagnosis and treatment of schizophrenia. Biol Psychiatry,
47, 8-21.

[69] Horrobin, D. F., Glen, A. L., & Vaddadi, K. (1994). The membrane hypothesis of
schizophrenia. Schizophr Res, 13, 195-207.

[70] Arvindaskshan, M., Ghate, M., Ranjekar, P., Evans, D., & Mahadik, S. P. (2003). Sup‐
plementation with a combination of omega-3 fatty acids and antioxidants (vitamin E
and C) improves the outcome of schizophrenia. Schizophr Res, 62, 195-204.

[71] Watari, M., Hamazaki, K., Hirata, T., et al. (2010). Hostility of drug-free patients with
schizophrenia and n-3 polyunsaturated fatty acid levels in red blood cells. Psychiatry
Res, 177, 22-26.

[72] Kale, A., Joshi, S., Naphade, N., Sapkale, S., Raju, M., Pillai, A., Nasrallah, H., & Ma‐
hadik, S. (2008). Opposite changes in predominantly docosahexaenoic acid (DHA) in
cerebrospinal fluid and red blood cells from never-medicated first-episode psychotic
patients. Schizophr Res, 98, 295-301.

[73] Benton, D. (2007). The impact of diet on anti-social, violent and criminal behavior.
Neuroscien. Biobehav Rev, 31, 752-774.

[74] Hibbeln, J. R. (2001). Seafood consumption and homicide mortality. A cross-national
ecological analysis. World Rev Nutr Diet, 88, 41-46.

[75] Iribarren, C., Markovitz, J., Jacobs, D., et al. (2004). Dietary intake of n-3, n-6 fatty
acids and fish: Relationship with hostility in young adults-the CARDIA study. Europ
J Clin Nutr, 58, 24-31.

[76] Bougham, J. A., Conneally, P. M., & Nance, W. E. (1980). Population genetic studies
of retinitis pigmentosa. Am J Hum Genet, 32, 223-235.

[77] Berson, E. L., Rosner, B., Sandberg, M., et al. (2004). Further evaluation of docosahex‐
aenoic acid in patients with retinitis pigmentosa receiving vitamin A treatment. Arch
Ophthalmol, 122, 1306-1314.

[78] Bazan, N. (2006). Cell survival matters: Docosahexaenoic acid signaling, neuroprotec‐
tion and photoreceptors. Trends Neuroscien, 29, 263-271.

[79] Mamalakis, G., Tornaritis, M., & Kafatos, A. (2002). Depression and adipose essential
polyunsaturated fatty acids. Prostaglandins Leukot Essent Fatty Acids, 67.

[80] Logan, A. C. (2003). Neurobehavioral aspects of omega-3 fatty acids: possible mecha‐
nism and therapeutic value in major depression. Altern Med Rev, 8, 410-425.

[81] Hibbeln, J. R., & Salem, N. (1995). Dietary polyunsaturated fatty fats and depression:
when cholesterol alone doesn’t satisfy. Am J Clin Nutr, 62, 1-9.

Mood Disorders260



[82] Beckermann, B., Beneke, M., & Seitz, I. (1990). Comparative bioavailability of eicosa‐
pentaenoic acid and docosahexaenoic acid from triacylglycerols, free fatty acids and
ethyl esters in volunteers. Arzneimittelforschung, 40, 700-704.

[83] Zuijdgeewst-van, Leeuwen. S., Dagniele, P., Rietveld, T., et al. (1999). Incorporation
and washout of orally administered n-3 fatty acid ethyl esters in different plasma lip‐
id fractions. Brit J Nutr, 82, 481-488.

[84] Lawson, L., & Hughes, B. (1988). Human absorption of fish oil fatty acids as triacyl‐
glycerols, free fatty acids or ethyl esters. Biochim Biophys Acta, 152, 328-335.

[85] Becker, C., & Kyle, D. (1998). Developing functional foods containing algal docosa‐
hexaenoic acid. Food Technol, 52, 68-71.

[86] Wijendran, V., Huang, M. C., Diau, G. Y., et al. (2002). Efficacy of dietary arachidonic
acid provided as triglyceride or phospholipid substrates for brain arachidonic accre‐
tion in baboon neonates. Pediatr Res, 51, 265-272.

[87] Mc Michael, A. J., & Butler, C. D. (2005). Fish health, and sustainability. Am J Prev
Med, 29, 322-323.

[88] Larsen, R., Eilertsen, K. E., & Elvevoll, E. (2011). Health benefits of marine foods and
ingredients. Biotechnol Adv, 29, 508-518.

[89] Kachaou, E. S., Dumay, J., Donnay-Moreno, C., et al. (2009). Enzymatic hydrolysis of
cuttlefish (Sepia officinalis) and sardine (Sardina pilchardus) viscera using commer‐
cial proteases: Effects on lipid distribution and aminoacid composition. J Bioscien Bio‐
engineerig, 107, 158-164.

[90] Nieto, S., Sanhueza, J., & Valenzuela, A. (1999). Preparation of sn-2 long-chain poly‐
unsaturated monoacylglycerols from fish oil by hydrolysis with a stereo-specific li‐
pase from Mucor Meihei. Grasas & Aceites, 50, 111-113.

[91] Valenzuela, A., Valenzuela, V., Sanhueza, J., et al. (2005). Tissue accretion and milk
content of docosahexaenoic acid (DHA) in female rats after supplementation with
different DHA sources. Ann Nutr Metab, 49, 325-332.

Omega-3 Docosahexaenoic Acid (DHA) and Mood Disorders: Why and How to Provide Supplementation?
http://dx.doi.org/10.5772/53322

261




