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Abstract

:

Most of the global population is deficient in long-chain marine omega-3s. In particular, docosahexaenoic acid (DHA), a long-chain omega-3 fatty acid, is important for brain and eye development. Additionally, DHA plays a significant role in mental health throughout early childhood and even into adulthood. In the brain, DHA is important for cellular membrane fluidity, function and neurotransmitter release. Evidence indicates that a low intake of marine omega-3s increases the risk for numerous mental health issues, including Attention Deficit Hyperactivity Disorder (ADHD), autism, bipolar disorder, depression and suicidal ideation. Studies giving supplemental marine omega-3s have shown promise for improving numerous mental health conditions. This paper will review the evidence surrounding marine omega-3s and mental health conditions.
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1. Introduction


1.1. The Rise of Omega-6 Seed Oils and the Fall of Omega-3s in the Diet


Marine omega-3s have been a part of our ancestral diet for millions of years. Estimates indicate that during the Paleolithic era, the intake of the marine omega-3s eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) was approximately 660–14,250 mg/day [1,2], compared to around 100–200 mg/day today [3,4]. Moreover, the omega-6/3 ratio has increased from around 4:1 in our hunter-gatherer ancestors to 20:1 today [1,5].



Over the last 100 years, the intake of the omega-6 fat linoleic acid (LA) in the United States has gone from less than 3% of total energy intake to over 7% [6]. The intake of omega-6 has primarily increased due to the consumption of omega-6 rich seed oils, such as soybean, corn and safflower oil, the latter two having an omega-6/3 ratio of approximately 60:1 and 77:1, respectively. During the past century, highly concentrated forms of omega-6 have boosted the omega-6/3 ratio in the Western world from approximately 4:1 or less to approximately 20:1 [5,7]. This ~5-fold increase in the omega-6/3 ratio is reflected by increased LA stored in adipose tissue, which has increased in the United States by approximately 2.5-fold since the 1950s [8]. Furthermore, this rise in omega-6 intake has paralleled the rise in the rates of depression [9]. Importantly, increased omega-6 LA acid intake is associated with an increased risk of depressive and anxiety disorders [10,11]. A high omega-6/3 ratio (especially if above 9/1) is associated with an increased risk for post-partum depression [12]. The protective effects of the parent omega-3 fatty acid alpha-linolenic acid (ALA) against depression is diminished with an increased background intake of LA [13]. This supports the theory that an increase in the omega-6/3 ratio may be a contributing factor in the rise of mood disorders including depression in the Western world.




1.2. The Importance of Marine Omega-3s for Brain Function


In order to maintain adequate brain DHA levels in the fetus, non-human primates must consume 0.03% of total energy intake as DHA or 0.45% as ALA [14]. Thus, while ALA can be used to make brain DHA, preformed DHA is much more efficient at this task. This is because there is a low conversion rate of ALA to DHA in non-human primates (estimated to be around 0.2% to 0.57% of ALA converted to DHA) [14]. The conversion rate of ALA to DHA is low because up to 60 to 85% undergoes beta-oxidation [14] to be utilized by tissues for energy (i.e., heart and muscle) or recycled to produce other fatty acids, amino acids (for building proteins) and cholesterol. And approximately 65% of DHA undergoes beta-oxidation. Thus, around two-thirds of ALA and DHA undergo oxidation, whereas around one-third gets stored for energy. This is basically the exact opposite for what occurs with saturated fat (around two-thirds of saturated fat gets stored whereas one-third undergoes beta-oxidation). The liver is better at converting ALA to long-chain fatty acids when intake of ALA is low, however, the data are conflicting regarding ALA conversion in the brain, with some authors believing that the brain is more susceptible to DHA deficiency, particularly since the brain preferentially takes-up LA. Another organ that cannot convert ALA to DHA is the heart, and hence the heart is also susceptible to DHA deficiency.



The optimal conversion rate of ALA to DHA occurs at a dietary omega-6/3 ratio (LA:ALA) ratio of 3:1 to 4:1 [14]. However, since most Western countries consume an omega-6/3 ratio of around 20:1 this decreases the conversion of ALA to DHA. Thus, since most people living in the Western world consume an omega-6/3 ratio above 4:1 this further reduces DHA stores.



Women are able to convert more ALA to EPA/DPA, especially women of childbearing age, due to the greater need of these fatty acids in the growing fetus and greater estrogen levels versus postmenopausal women. The average conversion rate of ALA to EPA is anywhere between 0.2–8.0% but is as high as 21% in younger women [15]. ALA conversion to DHA is only around 0.5%, however young woman may be able to convert as much as 9% of ALA to DHA [15]. The enhanced conversion of ALA to EPA and DHA in woman of childbearing age indicates that EPA and DHA are particularly important to the growing fetus. If this wasn’t the case, then younger women of childbearing age would have no need for better conversion of ALA to EPA/DHA at approximately 10-fold compared to men.





2. Early Childhood Development


The International Society for the Study of Fatty Acids and Lipids recommends that women consume 300 mg/day of DHA in pregnancy and lactation. However, the average intake of DHA in pregnant or nursing women is only 60–80 mg/day, which is about 25% of the recommended daily intake [16].



Dietary ALA is primarily converted to DHA in the liver, packaged into triacylglycerol and exported out by the liver within 3 h after its consumption. Once integrated into cellular membranes the omega-3 and omega-6 fatty acids affect the composition and function of membranes, regulate gene expression, and synthesis of eicosanoids, prostaglandins, resolvins and protectins [14,17].



DHA is important for central nervous system (e.g., brain and eye) development and is the most prevalent polyunsaturated fatty acid (PUFA) in the central nervous system. In humans, the accumulation of DHA occurs primarily during the last trimester as well as the first 6–10 months after birth [14]. While the overall diet can alter the fatty acid composition of maternal breast milk, on average, the make-up of breast milk consists of DHA (0.3–0.6%), arachidonic acid (0.4–0.7%), LA (8–17%), and ALA (0.5–1%) [14]. However, optimal breast milk DHA levels may be when DHA makes up 0.8% of total fatty acids (where plasma and red blood cell DHA levels in infants reach their peak) [18].



Children born prematurely miss peak accumulation of DHA from the mother and certain infant formulas may only provide LA and ALA compared to breast milk which also provides DHA. Hence premature babies who are formula fed may be at particular risk of DHA deficiency. A deficiency in DHA is associated with numerous adverse health outcomes such as impaired cognition and visual function, decreased learning ability and altered behavior. DHA in early life is extremely important for visual acuity and only consuming ALA does not provide the same benefits as DHA [14,19].



While the formation of neurons is complete at prenatal stages, gliogenesis, which is the formation of astrocytes (important for neurotransmitter transduction), oligodendrocytes (secrete the myelin that insulates axons allowing electrical signal transduction), and microglial cells (help to remove cellular debris within the central nervous system) does not complete until after birth [14]. Thus, the myelination process does not fully complete until after birth and DHA is extremely important in gliogenesis as it stimulates neurite outgrowth (the outgrowth of dendrites and axons from the neuron), whereas arachidonic acid inhibits this process. Additionally the formation of synapses, which allows one neuron to pass an electrical or chemical signal to another neuron, depends on DHA accumulation in the brain [20]. Hence electrical and chemical/neurotransmitter signaling in the brain depends on having optimal level of DHA. Neurotransmitters in the brain may be affected by low availability of DHA including acetylcholine, dopamine, serotonin, norepinephrine, glutamate and gamma-aminobutyric acid (GABA). Many of these neurotransmitters are extremely important in preventing and treating depression and dementia and this may be why EPA/DHA have benefits in these disease states [20].



Neurons also allow muscle contraction and signal hormone release. Hence, the enhanced formation of neurites and synapses from an optimal DHA intake is important for more than just central nervous system function. Nerve growth cones and synaptosomes incorporate DHA during the formation of synapses suggesting that the mother’s intake of DHA needs to be sufficient for this process to occur at optimal levels [20].



ALA is converted to DHA in the brain, however, consuming pre-formed DHA is more effective at raising DHA levels in glial cells. Glial cells are described as the “glue of the nervous system” as they help to form myelin and provide nutrients to neurons [21,22]. An omega-6/3 (LA to ALA) ratio above 4:1 causes smaller increases in brain DHA content of piglets [23]. Thus, supplemental DHA is likely required to ensure optimal DHA levels in the fetus if the mother’s dietary omega-6/3 (LA:ALA) ratio is above 4:1. Indeed, a high LA intake in the mother, especially early on in the child’s life, may reduce DHA from being incorporated into the brain, which is needed for the formation of neurons and synapses. Pregnant and breastfeeding mothers may need to ensure that their omega-6/3 ratio (LA/ALA) is less than 4:1. In fact, one group of authors concluded “… the optimal LA to ALA ratio for human infants appear to be within the range of 3:1 to 4:1. The cumulative evidence provided by studies in human infants indicate that despite the fact that the ALA-supplemented infant formula contribute efficiently to the maintenance of the omega-3 status in premature newborns, they have a modest impact on DHA levels and that these levels do not reach those observed in breastfed infants” [14].



Human breast milk contains omega-3s and the concentration depends on the dietary omega-3 intake. This may be why breast-fed babies, as compared to babies on formula lacking omega-3s, have a lower incidence of learning disabilities later in life [24,25,26]. A high LA intake in pregnancy is especially hazardous as it lowers EPA/DHA in the umbilical plasma and vein vessel walls and reduces the availability of long-chain omega-3s to the growing fetus [27].



Having twins will increase the omega-3 fatty acid need [28]. The omega-3 fatty ALA is considered an essential fatty acid since the body cannot make it and because of this, the omega-3 status of the growing fetus is determined by the intake of the mother. Since the typical western diet is ~20:1 favoring the omega-6 LA, this competes with ALA for conversion to EPA and DHA, making these longer chain omega-3 fatty acids “functionally essential”. Moreover, the high dietary omega-6 further limits omega-3 incorporation into the fetus.



Preterm neonates have a greater need for omega-3s because the third trimester of pregnancy is when these fatty acids get incorporated into neuronal and retinal tissues [28]. The first 10 months of life are also especially important to ensure appropriate omega-3 status of the newborn. Ensuring appropriate omega-3 supplementation during these important times not only helps with eye and brain development but is also thought to impact cognition, learning, behavior, and reproduction. Importantly, intrauterine omega-3 nutrition early in life likely affects chronic disease susceptibility later in life [28].



Adipose tissue is extremely good at storing the omega-6 fat LA but not omega-3 fats (ALA, EPA, or DHA) and hence there is limited storage to draw upon if the intake of omega-3 becomes low compared to omega-6. If DHA is low, the body will begin to synthesize osbond acid (22:5n-6) and hence the ratio between DHA and osbond acid can be a good indicator of DHA status in both the mother and child [28]. In fact, it has been proposed that pregnancy causes DHA deficiency that appears to last even after 6 months postpartum, hence shorter durations between pregnancies, or being pregnant with more than one child, increases the risk of DHA deficiency in both the mother and the fetus [28,29,30].



The hydrogenation of “vegetable” oils leads to trans isomers of unsaturated fats, which interfere with the conversion of parent essential fats to their longer chain fats [31]. Hence our diet high in both omega-6 and trans-fats lowers our omega-3 status. Indeed, trans-fats in chord tissue is associated with lower essential PUFAs, reduced birth weight, and smaller head circumference, all of which are associated with an increased risk of numerous chronic diseases later in life [28]. Thus, not only is it important to reduce the intake of omega-6 LA in pregnancy, but also to lower the intake of trans-fat on top of increasing the intake of omega-3 PUFA (especially DHA).



Maternal intake of LA, as well as LA content in umbilical plasma phospholipids, is negatively associated with neonatal head circumference [28]. Thus, a higher intake of LA in pregnancy likely leads to neonates with smaller head circumferences and probably lower brain weight. Thus, children born from mothers eating a diet high in LA may have cognitive disadvantages compared to those whose mothers eat less LA. However, the intake of PUFA (when LA is excluded) is positively associated with newborn length, indicating that LA may have a negative effect on the growth of the fetus as well. This might be due to a high maternal LA intake lowering maternal and hence neonatal omega-3 fatty acid status [27].



A high omega-6/3 ratio in the mother may lead to mental developmental illnesses and supplementing preterm infants with marine oils rich in DHA seems to reduce this risk [32]. Randomized trials in humans suggests that supplementing preterm infants with DHA improves intelligence, speeds up visual information processing, and promotes better attention [32,33,34]. Even term infants may have better cognitive performance when given DHA and AA during early postnatal months, showing better problem-solving skills compared to those infants who were not supplemented with the long-chain PUFAs [35].



Breast milk contains DHA but not all baby formulas do. This may be why higher developmental scores at 18 months have been noted in breastfed premature infants versus those who are not. And this may also explain why preterm infants who are given breast milk for 4 weeks or longer have significantly higher intelligence quotient at 7–8 years of age compared to neonates given formula only [36]. Improvements in cognitive development as well as in vocabulary, visuomotor coordination, behavior score, and height and head circumference have been noted [25,26,37]. Breastfeeding, even in term infants, associates with better child cognitive ability and educational achievement and less neurologic abnormalities at 9 years of age [38,39]. All of this suggests that babies who are breast fed are likely to be smarter than those who are bottle fed. Consumption of breast milk or long-chain PUFA-fortified (AA and DHA) baby formula in healthy term infants for 4 months leads to higher developmental quotients compared to infants fed standard baby formulas. [40]. These benefits were associated with a higher red blood cell DHA content [41], whereas a higher red blood cell level of LA correlates negatively with developmental quotient [42]. All of this suggests that a higher postnatal omega-3 intake improves brain and cognitive development, whereas a higher intake of LA likely impairs these outcomes. Postnatal feeding of long-chain marine PUFA (soy oil plus marine oil) to very-low birth weight preterm infants leads to improved visual acuity compared to corn oil or soy oil formulas [43]. Those who were breastfed also had better visual acuity versus those who were bottle-fed. Similar findings of improved visual acuity in preterm infants have been noted in other studies with marine omega-3 supplementation to formula [44,45], benefits which associate with an increase in the red blood cell DHA status. Thus, postnatal marine omega-3s consumption improves retinal function in preterm infants. The post-natal benefits of long-chain omega-3s in term infants on brain and eye development is somewhat controversial, with some studies finding benefits [46,47,48]. Whereas others have not [18,49,50,51,52].



In summary, the data suggests that supplemental long-chain omega-3 PUFA intake during pregnancy can have benefits to early childhood development.




3. Attention Deficit Hyperactivity Disorder (ADHD)


Attention Deficit Hyperactivity Disorder or ADHD affects anywhere between 4 and 15% of school-aged children in the United States and frequently continues throughout adulthood [53]. ADHD children and adults have been found to have lower levels of long-chain omega-3s in cellular membranes which correlate with behavioral and learning problems such as conduct, hyperactivity-impulsivity, anxiety, temper-tantrums, and sleep difficulties [53]. One double-blind randomized controlled trial in Japan in 40 ADHD-type children noted that providing omega-3 fortified foods (containing around 510 mg DHA and 100 mg EPA/day) improved outcomes on combined teacher and parent ADHD symptom ratings [54]. Another double-blind randomized controlled trial in 50 ADHD-type children showed that an omega-3/evening primrose oil supplement (providing 480 mg DHA, 80 mg EPA, 96 mg GLA and 40 mg arachidonic acid plus 24 mg alpha-tocopherol acetate) significantly improved attention and behavior as well as oppositional defiant disorder compared to placebo (olive oil) [55]. Furthermore, a randomized placebo-controlled trial noted that children and adolescents with ADHD, characterized by inattention and associated neurodevelopmental disorders, responded to an omega-3/6 supplement with meaningful reductions in ADHD symptoms [56]. Yet another randomized controlled trial showed that supplementing children (aged 7–9 years) who were underperforming in reading with 600 mg of DHA (from algal oil) improved parent-rated ADHD-type behavior [57].



In children with impaired visual sustained attention, omega-3 fatty acids esterified to phosphatidylserine (250 mg DHA/EPA plus phosphatidylserine 300 mg/day) noted that 11 out of 18 children became asymptomatic when supplemented with the phosphatidylserine-bound omega-3 supplement, versus 7 out of 21 supplemented with just fish oil, and only 3 out of 21 in the control group [58]. These benefits were corroborated in another study in children with ADHD symptoms supplemented with phosphatidylserine-bound omega-3 supplement (providing 120 mg of DHA/EPA plus 300 mg of phosphatidylserine per day) [59]. Thus, supplementing ADHD children with approximately 120–500 mg of long-chain marine omega-3s/day may provide significant benefits for reducing ADHD symptoms.




4. Dyspraxia


Dyspraxia, or developmental coordination disorder (DCD), is a specific impairment of motor function and can affect around 5% of children [53]. Children with this disorder are more likely to have learning, behavioral, and psychosocial issues. A double-blind randomized controlled trial in 117 children (aged 5–12 years) with DCD found that a supplement (providing 732 mg of EPA/DHA and 60 mg of GLA) vs. the group given an olive oil placebo provided significant benefits in reading, spelling, and behavior over 3 months of treatment [60]. Most striking was when children were switched from the olive oil placebo over to the omega-3/evening primrose oil supplement similar benefits were found. Thus, children with dyspraxia or DCD may have improvements in reading, spelling and behavior when provided supplemental marine omega-3s.




5. Autistic Spectrum Disorder


Children with autistic spectrum disorder (ASD) have been noted to have low DHA and total omega-3 fatty acids plasma levels [61]. One report found omega-3 fatty acid deficiencies in virtually 100% of ASD cases [53]. And 90% of patients with pervasive developmental disorders (PDD) have been found to have deficient EPA/DHA levels in red blood cell membranes [53]. A double-blind randomized controlled trial in children aged 5–17 diagnosed with ASD found benefit on hyperactivity and stereotypy (the persistent repetition of an act) when given 1.54 g/day of DHA/EPA [62]. And a review paper concluded, “In double-blind, randomized, controlled trials, DHA and EPA combinations have been shown to benefit…autism, dyspraxia, dyslexia, and aggression...” [53]. Thus, supplementing with long-chain omega-3s may help patients with ASD and PDD.




6. Mood Disorders


There has been a progressive increase in the prevalence of depression particularly in the Western world after World War II that is unlikely to be entirely attributable to changes in society, diagnostic criteria, or reporting bias. [9,63] Furthermore, as many as 30% to 40% of patients diagnosed with major depressive disorder are considered treatment-resistant [64]. Major depressive disorder is not only a burden on the individual and society but it also contributes to healthcare costs. Indeed, major depressive disorder is estimated to become the second leading cause of disability worldwide by 2020. [65,66] Thus, trying to ascertain and treat the root causes of major depressive disorder is of utmost importance. We propose that the increase in the intake of the omega-6 fatty acid LA from industrial seed oils, as well as the reduction in the intake of long-chain marine omega-3s may be two contributing factors.



The human brain is dynamic with mammalian brains having a synaptic turnover as high as 350% per year, indicating that the mammalian brain is adaptable and has a high plasticity with the ability to make new connections between neurons [53]. One double-blind randomized controlled trial in 33 healthy young patients concluded, “The mood profile was improved after omega-3 with increased vigor and reduced anger, anxiety and depression states” [67]. These benefits occurred in just 35 days of DHA/EPA supplementation (2400 mg of DHA/EPA per day; 800 mg DHA and 1600 mg EPA per day).




7. Is Depression Caused by Inflammation in the Brain?


Inflammatory cytokines in the brain can have negative impacts on the central nervous system. One group of authors noted that inflammatory cytokines, “…lower neurotransmitter precursor availability, activate the hypothalamic-pituitary axis, and alter the metabolism of neurotransmitters and neurotransmitter transporter mRNA” [68]. In other words, inflammation may lead to lower neurotransmitter levels in the brain which could potentially predispose people to depression. Additionally, excessive pro-inflammatory cytokines and eicosanoids have been found in patients with depression [68]; with higher levels of monocyte-associated proinflammatory cytokines and chemokines being associated with depression severity [69]. Additionally, certain antidepressants such as tricyclic antidepressants have been thought to work by inhibiting pro-inflammatory cytokine release [70]. Thus, changes in the diet that affect pro-inflammatory cytokine release in the brain, such as omega-3 and omega-6 polyunsaturated fatty acids, have a biological mechanism for affecting our mood [63].




8. Higher Intakes of Marine Omega-3s Are Associated with a Lower Risk of Depression


Joseph Hibbeln of the National Institutes of Health found that countries consuming more fish and seafood have lower rates of depression [71]. Other studies have confirmed this finding [72] showing lower risk of suicidal ideation [66]. And better mental health status with higher fish intake [73]. Hibbeln also found an inverse correlation between total seafood intake, as well as DHA in mother’s milk and postpartum depression in 22 countries [74]. Low levels of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in blood and adipose tissue have been documented in patients with depression [75,76,77].



Lin and colleagues performed a meta-analysis of 14 studies and found lower levels of omega-3 polyunsaturated fatty acids EPA and DHA in those with depression [65]. In patients with recent acute coronary syndromes, those with depression have been noted to have lower levels of EPA and DHA and higher ratios of arachidonic acid/DHA and arachidonic acid/EPA as well as higher omega-6/omega-3 ratios compared to those without depression [78]. Low levels of EPA and/or DHA have also been noted in postpartum depression [79], social anxiety disorder [80], and bipolar disorder. [81]. Thus, omega-3 levels are documented to be lower in red blood cells and plasma of patients with clinical depression with deficits of DHA found in brain tissue of those with major depressive disorder [82]. Moreover, a meta-analysis of 14 studies showed that EPA, DHA and total omega-3 polyunsaturated fatty acids are significantly lower in patients with depression [65]. Thus, the evidence shows that patients with depression have lower levels of omega-3s and higher ratios of omega-6/3.




9. The Importance of Long-Chain Omega-3s and Brain Health


Approximately 20% of the dry weight of the brain is made up of polyunsaturated fatty acids and one out of every three fatty acids in the nervous system is a polyunsaturated fatty acid [63]. Docosahexaenoic acid (DHA) is particularly prevalent in the brain and can be retroconverted to eicosapentaenoic acid (EPA) serving as a generator of EPA. Thus, omega-3 polyunsaturated fatty acids are extremely important in brain function and can contribute to disorders of the brain including depression. Both EPA and DHA have been shown to be important in the treatment and prevention of depression, whereas only the latter is a major structural component of neuronal cell membrane phospholipids.



Marine omega-3s can improve neurotransmitter binding and signaling in the brain by maintaining an optimal membrane fluidity optimizing protein channel function in the lipid bi-layer [63]. Furthermore, neurological and metabolic benefits of consuming marine omega-3s may occur through activating G-protein coupled receptors (GPR40 and GPR120) as well as peroxisome proliferator-activated receptors (PPARs). Indeed, activation of PPAR-alpha can increase hepatic fatty acid oxidation and reduce triglyceride synthesis, PPAR-gamma activation can improve insulin sensitivity in adipose tissue and produce anti-inflammatory effects reducing inflammation and improving insulin sensitivity. GPR120 is highly expressed on adipocytes and inflammatory macrophages and DHA and EPA can promote GPR120-mediated gene activation inhibiting activation of nuclear factor kappa B and reducing inflammation. Furthermore, DHA promotes the translocation of the glucose transporter GLUT4 in adipocytes improving glucose uptake. All of these anti-inflammatory and metabolic effects may have a role in improving brain health. A low dietary intake of marine omega-3s reduces the concentration of omega-3s in cellular membranes, stiffening the membrane and creating a spring-like stress on protein channels which may affect their function. Indeed, low levels of long-chain omega-3 fatty acids in cellular membranes reduces the Na-K-ATPase in nerve terminals, which consumes around half the energy of the brain allowing for nerve transmission and communication [63]. Increasing long-chain omega-3s in the brain may reduce inflammatory cytokines, which may improve neurotransmitter function. There is also a reduction in dopamine and serotonin signaling with omega-3 deficiency in the brain [63]. A deficiency of omega-3 in the brain also reduces synaptic vesicle density in terminals of the hippocampus by 30%, phosphatidylserine levels in the brain by 30–35%, glucose uptake into neurons by 30%, and tyramine-stimulated dopamine release by 90% [63]. The overall consequences of having a long-chain omega-3 deficiency in the brain are summarized in Table 1 and the possible mechanisms for the benefits of omega-3s in depression are summarized in Table 2.




10. Clinical Studies Testing Marine Omega-3s in Depression and Other Brain Disorders


In a double-blind, 4-week, parallel-group study in twenty patients with a current diagnosis of major depressive disorder, 2 g of EPA/day improved insomnia, depressed mood and feelings of guilt and worthlessness when added to antidepressant therapy [83]. These benefits were noted in just three weeks after supplementation was initiated. A double-blind placebo controlled study in patents with borderline personality disorder showed that 1 g of EPA/day reduced aggression and severity of depressive symptoms [84]. Another double-blind placebo controlled study found that a total of 6.6 g of omega-3 polyunsaturated fatty acids (providing 3.3 g EPA/DHA twice daily) on top of standard antidepressant therapy in patients with major depressive disorder significantly improved the Hamilton Rating Scale for Depression vs. placebo in just 8 weeks [85]. In patients with treatment-resistant depression, ethyl-EPA given at 1 g/day improved anxiety, depression, lassitude, libido, sleep and suicidal ideation (Table 3 summarizes the key clinical studies) [86]. Moreover, a meta-analysis of 8 randomized controlled trials in patients with depressive symptomatology but no diagnosis of major depressive disorder and 11 randomized controlled trials in patients with major depressive disordered has confirmed that omega-3 polyunsaturated fatty acids are effective in reducing depression severity compared to placebo [87].



Most clinical trials testing marine omega-3 polyunsaturated fatty acids have found improvements in depressive disorders compared to placebo [83,86,89,90,91] with some showing equivalent effectiveness compared to antidepressants such as fluoxetine [88]. Omega-3s have also been found to benefit depression in those with Parkinson’s disease [92] and bipolar disorder [87].



In summary, there are numerous studies and meta-analyses supporting the use of long-chain omega-3s for the prevention and treatment of major depressive disorder and patients with depressive symptoms. Considering that marine omega-3s are safe and well tolerated supplementation with EPA/DHA could be considered in those with depression or who are at an increased risk for developing depression.



In an eight week placebo-controlled, double-blind study, 1 g of ethyl-EPA in 30 female patients with borderline personality disorder was superior to placebo in diminishing aggression as well as the severity of depressive symptoms [84]. Omega-3 polyunsaturated fatty acids may also reduce violence and suicides [93,94]. Moreover, lower levels of EPA have been noted in those with suicide attempts [95]. In patients with recurrent self-harm, supplementing with 2.1 g of EPA/DHA per day improves depression, suicidality and daily stresses [96]. Lastly, supplementation with marine omega-3s has been found to improve depressive symptoms in menopausal women with psychological distress [97], elderly depressed women [98], elderly patients with mild cognitive impairment [99] and juvenile bipolar disorder [100]. Box 1 summarizes the benefits of marine omega-3s in behavior, mood, and other brain disorders.





Box 1. Behavior, Mood, and Other Brain Disorders that May Benefit from Supplementing with Marine Omega-3s.











	
Attention deficit hyperactivity disorder (ADHD) [101]



	
Autism [61]



	
Depression [77,102]



	
Borderline personality disorder (mood instability and impulsive aggression) [84]



	
Schizophrenia [103]



	
Hostility [104]



	
Anxiety [105]



	
Bipolar disorder [106,107]



	
Seasonal affective disorder [108]



	
Suicidal ideation [93,94,96]












In summary, supplementing with marine omega-3s may benefit behavior, mood, and certain brain disorders. Considering that most of any given population is deficient in EPA and DHA, and that supplementing with marine omega-3s is safe, taking a daily marine omega-3 supplement may be a cost-effective strategy for supporting brain and mood health.







Author Contributions


J.J.D. performed the literature review and wrote the initial manuscript. J.H.O. provided edits to the final manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


J.J.D. is Director of Scientific Affairs at Advanced Ingredients for Dietary Products (AIDP). J.H.O. is owner of a nutraceutical company that sells omega-3 supplements.




References


	



Kuipers, R.S.; Luxwolda, M.F.; Dijck-Brouwer, D.J.; Eaton, S.B.; Crawford, M.A.; Cordain, L.; Muskiet, F.A. Estimated macronutrient and fatty acid intakes from an East African Paleolithic diet. Br. J. Nutr. 2010, 104, 1666–1687. [Google Scholar] [CrossRef]

	



Eaton, S.B.; Eaton, S.B., 3rd; Sinclair, A.J.; Cordain, L.; Mann, N.J. Dietary intake of long-chain polyunsaturated fatty acids during the paleolithic. World Rev. Nutr. Diet. 1998, 83, 12–23. [Google Scholar]

	



Singh, R.B.; Demeester, F.; Wilczynska, A. The tsim tsoum approaches for prevention of cardiovascular disease. Cardiol. Res. Pract. 2010, 2010, 824938. [Google Scholar] [CrossRef]

	



Rodriguez-Leyva, D.; Dupasquier, C.M.; McCullough, R.; Pierce, G.N. The cardiovascular effects of flaxseed and its omega-3 fatty acid, alpha-linolenic acid. Can. J. Cardiol. 2010, 26, 489–496. [Google Scholar] [CrossRef]

	



Simopoulos, A.P.; DiNicolantonio, J.J. The importance of a balanced omega-6 to omega-3 ratio in the prevention and management of obesity. Open Heart 2016, 3, e000385. [Google Scholar] [CrossRef]

	



Blasbalg, T.L.; Hibbeln, J.R.; Ramsden, C.E.; Majchrzak, S.F.; Rawlings, R.R. Changes in consumption of omega-3 and omega-6 fatty acids in the United States during the 20th century. Am. J. Clin. Nutr. 2011, 93, 950–962. [Google Scholar] [CrossRef]

	



Simopoulos, A.P.; Leaf, A.; Salem, N., Jr. Workshop on the Essentiality of and Recommended Dietary Intakes for Omega-6 and Omega-3 Fatty Acids. J. Am. Coll. Nutr. 1999, 18, 487–489. [Google Scholar] [CrossRef]

	



Guyenet, S.J.; Carlson, S.E. Increase in adipose tissue linoleic acid of US adults in the last half century. Adv. Nutr. 2015, 6, 660–664. [Google Scholar] [CrossRef]

	



Klerman, G.L.; Weissman, M.M. Increasing rates of depression. JAMA 1989, 261, 2229–2235. [Google Scholar] [CrossRef]

	



Jadoon, A.; Chiu, C.C.; McDermott, L.; Cunningham, P.; Frangou, S.; Chang, C.J.; Sun, I.W.; Liu, S.I.; Lu, M.L.; Su, K.P.; et al. Associations of polyunsaturated fatty acids with residual depression or anxiety in older people with major depression. J. Affect. Disord. 2012, 136, 918–925. [Google Scholar] [CrossRef] [PubMed]

	



Wolfe, A.R.; Ogbonna, E.M.; Lim, S.; Li, Y.; Zhang, J. Dietary linoleic and oleic fatty acids in relation to severe depressed mood: 10 years follow-up of a national cohort. Prog. Neuropsychopharmacol Biol. Psychiatry 2009, 33, 972–977. [Google Scholar] [CrossRef]

	



da Rocha, C.M.; Kac, G. High dietary ratio of omega-6 to omega-3 polyunsaturated acids during pregnancy and prevalence of post-partum depression. Matern. Child Nutr. 2012, 8, 36–48. [Google Scholar] [CrossRef] [PubMed]

	



Lucas, M.; Mirzaei, F.; O’Reilly, E.J.; Pan, A.; Willett, W.C.; Kawachi, I.; Koenen, K.; Ascherio, A. Dietary intake of n-3 and n-6 fatty acids and the risk of clinical depression in women: A 10-y prospective follow-up study. Am. J. Clin. Nutr. 2011, 93, 1337–1343. [Google Scholar] [CrossRef] [PubMed]

	



Barcelo-Coblijn, G.; Murphy, E.J. Alpha-linolenic acid and its conversion to longer chain n-3 fatty acids: Benefits for human health and a role in maintaining tissue n-3 fatty acid levels. Prog. Lipid Res. 2009, 48, 355–374. [Google Scholar] [CrossRef] [PubMed]

	



Burdge, G.C.; Wootton, S.A. Conversion of alpha-linolenic acid to eicosapentaenoic, docosapentaenoic and docosahexaenoic acids in young women. Br. J. Nutr. 2002, 88, 411–420. [Google Scholar] [CrossRef] [PubMed]

	



Docosahexaenoic acid (DHA). Monograph. Altern. Med. Rev. 2009, 14, 391–399.

	



Jump, D.B. The biochemistry of n-3 polyunsaturated fatty acids. J. Biol. Chem. 2002, 277, 8755–8758. [Google Scholar] [CrossRef]

	



Gibson, R.A.; Neumann, M.A.; Makrides, M. Effect of increasing breast milk docosahexaenoic acid on plasma and erythrocyte phospholipid fatty acids and neural indices of exclusively breast fed infants. Eur. J. Clin. Nutr. 1997, 51, 578–584. [Google Scholar] [CrossRef]

	



Anderson, G.J.; Neuringer, M.; Lin, D.S.; Connor, W.E. Can prenatal N-3 fatty acid deficiency be completely reversed after birth? Effects on retinal and brain biochemistry and visual function in rhesus monkeys. Pediatr. Res. 2005, 58, 865–872. [Google Scholar] [CrossRef]

	



Youdim, K.A.; Martin, A.; Joseph, J.A. Essential fatty acids and the brain: Possible health implications. Int. J. Dev. Neurosci. 2000, 18, 383–399. [Google Scholar] [CrossRef]

	



Glia. Available online: https://en.wikipedia.org/wiki/Neuroglia (accessed on 20 December 2019).

	



Bowen, R.A.; Clandinin, M.T. Maternal dietary 22: 6n-3 is more effective than 18: 3n-3 in increasing the 22: 6n-3 content in phospholipids of glial cells from neonatal rat brain. Br. J. Nutr. 2005, 93, 601–611. [Google Scholar] [CrossRef] [PubMed]

	



Blank, C.; Neumann, M.A.; Makrides, M.; Gibson, R.A. Optimizing DHA levels in piglets by lowering the linoleic acid to alpha-linolenic acid ratio. J. Lipid Res. 2002, 43, 1537–1543. [Google Scholar] [CrossRef]

	



Menkes, J.H. Early feeding history of children with learning disorders. Dev. Med. Child Neurol. 1977, 19, 169–171. [Google Scholar] [CrossRef] [PubMed]

	



Rodgers, B. Feeding in infancy and later ability and attainment: A longitudinal study. Dev. Med. Child Neurol. 1978, 20, 421–426. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, B.; Wadsworth, J. Breast feeding and child development at five years. Dev. Med. Child Neurol. 1984, 26, 73–80. [Google Scholar] [CrossRef]

	



Al, M.D.; Badart-Smook, A.; von Houwelingen, A.C.; Hasaart, T.H.; Hornstra, G. Fat intake of women during normal pregnancy: Relationship with maternal and neonatal essential fatty acid status. J. Am. Coll. Nutr. 1996, 15, 49–55. [Google Scholar] [CrossRef]

	



Hornstra, G. Essential fatty acids in mothers and their neonates. Am. J. Clin. Nutr. 2000, 71, 1262s–1269s. [Google Scholar] [CrossRef]

	



Foreman-van Drongelen, M.M.; Zeijdner, E.E.; van Houwelingen, A.C.; van Houwelingen, A.C.; Kester, A.D.; Al, M.D.; Hasaart, T.H.; Hornstra, G. Essential fatty acid status measured in umbilical vessel walls of infants born after a multiple pregnancy. Early Hum. Dev. 1996, 46, 205–215. [Google Scholar] [CrossRef]

	



Zeijdner, E.E.; van Houwelingen, A.C.; Kester, A.D.; Hornstra, G. Essential fatty acid status in plasma phospholipids of mother and neonate after multiple pregnancy. Prostaglandins Leukot. Essent. Fatty Acids 1997, 56, 395–401. [Google Scholar] [CrossRef]

	



Sugano, M.; Ikeda, I. Metabolic interactions between essential and trans-fatty acids. Curr. Opin. Lipidol. 1996, 7, 38–42. [Google Scholar] [CrossRef]

	



Carlson, S.E.; Werkman, S.H.; Peeples, J.M.; Wilson, W.M. Long-chain fatty acids and early visual and cognitive development of preterm infants. Eur. J. Clin. Nutr. 1994, 48 (Suppl. 2), S27–S30. [Google Scholar] [PubMed]

	



Carlson, S.E.; Werkman, S.H. A randomized trial of visual attention of preterm infants fed docosahexaenoic acid until two months. Lipids 1996, 31, 85–90. [Google Scholar] [CrossRef]

	



Werkman, S.H.; Carlson, S.E. A randomized trial of visual attention of preterm infants fed docosahexaenoic acid until nine months. Lipids 1996, 31, 91–97. [Google Scholar] [CrossRef] [PubMed]

	



Willatts, P.; Forsyth, J.S.; DiModugno, M.K.; Varma, S.; Colvin, M. Effect of long-chain polyunsaturated fatty acids in infant formula on problem solving at 10 months of age. Lancet 1998, 352, 688–691. [Google Scholar] [CrossRef]

	



Lucas, A.; Morley, R.; Cole, T.J.; Lister, G.; Leeson-Payne, C. Breast milk and subsequent intelligence quotient in children born preterm. Lancet 1992, 339, 261–264. [Google Scholar] [CrossRef]

	



Rogan, W.J.; Gladen, B.C. Breast-feeding and cognitive development. Early Hum. Dev. 1993, 31, 181–193. [Google Scholar] [CrossRef]

	



Horwood, L.J.; Fergusson, D.M. Breastfeeding and later cognitive and academic outcomes. Pediatrics 1998, 101, E9. [Google Scholar] [CrossRef] [PubMed]

	



Lanting, C.I.; Fidler, V.; Huisman, M.; Touwen, B.C.; Boersma, E.R. Neurological differences between 9-year-old children fed breast-milk or formula-milk as babies. Lancet 1994, 344, 1319–1322. [Google Scholar] [CrossRef]

	



Agostoni, C.; Trojan, S.; Bellu, R.; Riva, E.; Giovannini, M. Neurodevelopmental quotient of healthy term infants at 4 months and feeding practice: The role of long-chain polyunsaturated fatty acids. Pediatr. Res. 1995, 38, 262–266. [Google Scholar] [CrossRef] [PubMed]

	



Agostoni, C.; Riva, E.; Trojan, S.; Bellu, R.; Giovannini, M. Docosahexaenoic acid status and developmental quotient of healthy term infants. Lancet 1995, 346, 638. [Google Scholar] [CrossRef]

	



Agostoni, C.; Trojan, S.; Bellu, R.; Riva, E.; Bruzzese, M.G.; Giovannini, M. Developmental quotient at 24 months and fatty acid composition of diet in early infancy: A follow up study. Arch. Dis. Child. 1997, 76, 421–424. [Google Scholar] [CrossRef] [PubMed]

	



Birch, E.E.; Birch, D.G.; Hoffman, D.R.; Uauy, R. Dietary essential fatty acid supply and visual acuity development. Invest. Ophthalmol. Vis. Sci. 1992, 33, 3242–3253. [Google Scholar]

	



Carlson, S.E.; Werkman, S.H.; Tolley, E.A. Effect of long-chain n-3 fatty acid supplementation on visual acuity and growth of preterm infants with and without bronchopulmonary dysplasia. Am. J. Clin. Nutr. 1996, 63, 687–697. [Google Scholar] [CrossRef] [PubMed]

	



Carlson, S.E.; Werkman, S.H.; Rhodes, P.G.; Tolley, E.A. Visual-acuity development in healthy preterm infants:Effect of marine-oil supplementation. Am. J. Clin. Nutr. 1993, 58, 35–42. [Google Scholar] [CrossRef] [PubMed]

	



Makrides, M.; Neumann, M.; Simmer, K.; Pater, J.; Gibson, R. Are long-chain polyunsaturated fatty acids essential nutrients in infancy? Lancet 1995, 345, 1463–1468. [Google Scholar] [CrossRef]

	



Birch, E.E.; Hoffman, D.R.; Uauy, R.; Birch, D.G.; Prestidge, C. Visual acuity and the essentiality of docosahexaenoic acid and arachidonic acid in the diet of term infants. Pediatr. Res. 1998, 44, 201–209. [Google Scholar] [CrossRef] [PubMed]

	



Carlson, S.E.; Ford, A.J.; Werkman, S.H.; Peeples, J.M.; Koo, W.W. Visual acuity and fatty acid status of term infants fed human milk and formulas with and without docosahexaenoate and arachidonate from egg yolk lecithin. Pediatr. Res. 1996, 39, 882–888. [Google Scholar] [CrossRef]

	



Auestad, N.; Montalto, M.B.; Hall, R.T.; Fitzgerald, K.M.; Wheeler, R.E.; Connor, W.E.; Neuringer, M.; Connor, S.L.; Taylor, J.A.; Hartmann, E.E. Visual acuity, erythrocyte fatty acid composition, and growth in term infants fed formulas with long chain polyunsaturated fatty acids for one year. Ross Pediatric Lipid Study. Pediatr. Res. 1997, 41, 1–10. [Google Scholar] [CrossRef]

	



Innis, S.M.; Nelson, C.M.; Rioux, M.F.; King, D.J. Development of visual acuity in relation to plasma and erythrocyte omega-6 and omega-3 fatty acids in healthy term gestation infants. Am. J. Clin. Nutr. 1994, 60, 347–352. [Google Scholar] [CrossRef]

	



Innis, S.M.; Nelson, C.M.; Lwanga, D.; Rioux, F.M.; Waslen, P. Feeding formula without arachidonic acid and docosahexaenoic acid has no effect on preferential looking acuity or recognition memory in healthy full-term infants at 9 mo of age. Am. J. Clin. Nutr. 1996, 64, 40–46. [Google Scholar] [CrossRef]

	



Innis, S.M.; Akrabawi, S.S.; Diersen-Schade, D.A.; Dobson, M.V.; Guy, D.G. Visual acuity and blood lipids in term infants fed human milk or formulae. Lipids 1997, 32, 63–72. [Google Scholar] [CrossRef]

	



Kidd, P.M. Omega-3 DHA and EPA for cognition, behavior, and mood: Clinical findings and structural-functional synergies with cell membrane phospholipids. Altern. Med. Rev. 2007, 12, 207–227. [Google Scholar]

	



Hirayama, S.; Hamazaki, T.; Terasawa, K. Effect of docosahexaenoic acid-containing food administration on symptoms of attention-deficit/hyperactivity disorder—A placebo-controlled double-blind study. Eur. J. Clin. Nutr. 2004, 58, 467–473. [Google Scholar] [CrossRef] [PubMed]

	



Stevens, L.; Zhang, W.; Peck, L.; Kuczek, T.; Grevstad, N.; Mahon, A.; Zentall, S.S.; Arnold, L.E.; Burgess, J.R. EFA supplementation in children with inattention, hyperactivity, and other disruptive behaviors. Lipids 2003, 38, 1007–1021. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, M.; Ostlund, S.; Fransson, G.; Kadesjo, B.; Gillberg, C. Omega-3/omega-6 fatty acids for attention deficit hyperactivity disorder: A randomized placebo-controlled trial in children and adolescents. J. Atten. Disord. 2009, 12, 394–401. [Google Scholar] [CrossRef] [PubMed]

	



Richardson, A.J.; Burton, J.R.; Sewell, R.P.; Spreckelsen, T.F.; Montgomery, P. Docosahexaenoic acid for reading, cognition and behavior in children aged 7–9 years: A randomized, controlled trial (the DOLAB Study). PLoS ONE 2012, 7, e43909. [Google Scholar] [CrossRef]

	



Vaisman, N.; Kaysar, N.; Zaruk-Adasha, Y.; Pelled, D.; Brichon, G.; Zwingelstein, G.; Bodennec, J. Correlation between changes in blood fatty acid composition and visual sustained attention performance in children with inattention: Effect of dietary n-3 fatty acids containing phospholipids. Am. J. Clin. Nutr. 2008, 87, 1170–1180. [Google Scholar] [CrossRef] [PubMed]

	



Manor, I.; Magen, A.; Keidar, D.; Rosen, S.; Tasker, H.; Cohen, T.; Richter, Y.; Zaaroor-Regev, D.; Manor, Y.; Weizman, A. The effect of phosphatidylserine containing Omega3 fatty-acids on attention-deficit hyperactivity disorder symptoms in children: A double-blind placebo-controlled trial, followed by an open-label extension. Eur. Psychiatry 2012, 27, 335–342. [Google Scholar] [CrossRef] [PubMed]

	



Richardson, A.J.; Montgomery, P. The Oxford-Durham study: A randomized, controlled trial of dietary supplementation with fatty acids in children with developmental coordination disorder. Pediatrics 2005, 115, 1360–1366. [Google Scholar] [CrossRef]

	



Vancassel, S.; Durand, G.; Barthelemy, C.; Lejeune, B.; Martineau, J.; Guilloteau, D.; Andres, C.; Chalon, S. Plasma fatty acid levels in autistic children. Prostaglandins Leukot. Essent. Fatty Acids 2001, 65, 1–7. [Google Scholar] [CrossRef]

	



Amminger, G.P.; Berger, G.E.; Schafer, M.R.; Klier, C.; Friedrich, M.H.; Feucht, M. Omega-3 fatty acids supplementation in children with autism: A double-blind randomized, placebo-controlled pilot study. Biol. Psychiatry 2007, 61, 551–553. [Google Scholar] [CrossRef] [PubMed]

	



Logan, A.C. Neurobehavioral aspects of omega-3 fatty acids: Possible mechanisms and therapeutic value in major depression. Altern. Med. Rev. 2003, 8, 410–425. [Google Scholar] [PubMed]

	



Kornstein, S.G.; Schneider, R.K. Clinical features of treatment-resistant depression. J. Clin. Psychiatry 2001, 62 (Suppl. 16), 18–25. [Google Scholar] [PubMed]

	



Lin, P.Y.; Huang, S.Y.; Su, K.P. A meta-analytic review of polyunsaturated fatty acid compositions in patients with depression. Biol. Psychiatry 2010, 68, 140–147. [Google Scholar] [CrossRef]

	



Tanskanen, A.; Hibbeln, J.R.; Tuomilehto, J.; Uutela, A.; Haukkala, A.; Viinamaki, H.; Lehtonen, J.; Vartiainen, E. Fish consumption and depressive symptoms in the general population in Finland. Psychiatr. Serv. 2001, 52, 529–531. [Google Scholar] [CrossRef]

	



Fontani, G.; Corradeschi, F.; Felici, A.; Alfatti, F.; Migliorini, S.; Lodi, L. Cognitive and physiological effects of Omega-3 polyunsaturated fatty acid supplementation in healthy subjects. Eur. J. Clin. Investig. 2005, 35, 691–699. [Google Scholar] [CrossRef]

	



Maes, M.; Smith, R.S. Fatty acids, cytokines, and major depression. Biol. Psychiatry 1998, 43, 313–314. [Google Scholar]

	



Suarez, E.C.; Krishnan, R.R.; Lewis, J.G. The relation of severity of depressive symptoms to monocyte-associated proinflammatory cytokines and chemokines in apparently healthy men. Psychosom. Med. 2003, 65, 362–368. [Google Scholar] [CrossRef]

	



Xia, Z.; DePierre, J.W.; Nassberger, L. Tricyclic antidepressants inhibit IL-6, IL-1 beta and TNF-alpha release in human blood monocytes and IL-2 and interferon-gamma in T cells. Immunopharmacology 1996, 34, 27–37. [Google Scholar] [CrossRef]

	



Hibbeln, J.R. Fish consumption and major depression. Lancet 1998, 351, 1213. [Google Scholar] [CrossRef]

	



Hibbeln, J.R.; Gow, R.V. The potential for military diets to reduce depression, suicide, and impulsive aggression: A review of current evidence for omega-3 and omega-6 fatty acids. Mil. Med. 2014, 179, 117–128. [Google Scholar] [CrossRef] [PubMed]

	



Silvers, K.M.; Scott, K.M. Fish consumption and self-reported physical and mental health status. Public Health Nutr. 2002, 5, 427–431. [Google Scholar] [CrossRef] [PubMed]

	



Hibbeln, J.R. Seafood consumption, the DHA content of mothers’ milk and prevalence rates of postpartum depression: A cross-national, ecological analysis. J. Affect. Disord. 2002, 69, 15–29. [Google Scholar] [CrossRef]

	



Adams, P.B.; Lawson, S.; Sanigorski, A.; Sinclair, A.J. Arachidonic acid to eicosapentaenoic acid ratio in blood correlates positively with clinical symptoms of depression. Lipids 1996, 31, S157–S161. [Google Scholar] [CrossRef]

	



Tiemeier, H.; van Tuijl, H.R.; Hofman, A.; Kiliaan, A.J.; Breteler, M.M. Plasma fatty acid composition and depression are associated in the elderly: The Rotterdam Study. Am. J. Clin. Nutr. 2003, 78, 40–46. [Google Scholar] [CrossRef]

	



Mamalakis, G.; Tornaritis, M.; Kafatos, A. Depression and adipose essential polyunsaturated fatty acids. Prostaglandins Leukot. Essent. Fatty Acids 2002, 67, 311–318. [Google Scholar] [CrossRef]

	



Frasure-Smith, N.; Lesperance, F.; Julien, P. Major depression is associated with lower omega-3 fatty acid levels in patients with recent acute coronary syndromes. Biol. Psychiatry 2004, 55, 891–896. [Google Scholar] [CrossRef]

	



De Vriese, S.R.; Christophe, A.B.; Maes, M. Lowered serum n-3 polyunsaturated fatty acid (PUFA) levels predict the occurrence of postpartum depression: Further evidence that lowered n-PUFAs are related to major depression. Life Sci. 2003, 73, 3181–3187. [Google Scholar] [CrossRef]

	



Green, P.; Hermesh, H.; Monselise, A.; Marom, S.; Presburger, G.; Weizman, A. Red cell membrane omega-3 fatty acids are decreased in nondepressed patients with social anxiety disorder. Eur. Neuropsychopharmac. 2006, 16, 107–113. [Google Scholar] [CrossRef]

	



Chiu, C.C.; Huang, S.Y.; Su, K.P.; Lu, M.L.; Huang, M.C.; Chen, C.C.; Shen, W.W. Polyunsaturated fatty acid deficit in patients with bipolar mania. Eur. Neuropsychopharmac. 2003, 13, 99–103. [Google Scholar] [CrossRef]

	



McNamara, R.K.; Hahn, C.G.; Jandacek, R.; Rider, T.; Tso, P.; Stanford, K.E.; Richtand, N.M. Selective deficits in the omega-3 fatty acid docosahexaenoic acid in the postmortem orbitofrontal cortex of patients with major depressive disorder. Biol. Psychiatry 2007, 62, 17–24. [Google Scholar] [CrossRef] [PubMed]

	



Nemets, B.; Stahl, Z.; Belmaker, R.H. Addition of omega-3 fatty acid to maintenance medication treatment for recurrent unipolar depressive disorder. Am. J. Psychiatry 2002, 159, 477–479. [Google Scholar] [CrossRef] [PubMed]

	



Zanarini, M.C.; Frankenburg, F.R. omega-3 Fatty acid treatment of women with borderline personality disorder: A double-blind, placebo-controlled pilot study. Am. J. Psychiatry 2003, 160, 167–169. [Google Scholar] [CrossRef] [PubMed]

	



Su, K.P.; Huang, S.Y.; Chiu, C.C.; Shen, W.W. Omega-3 fatty acids in major depressive disorder. A preliminary double-blind, placebo-controlled trial. Eur. Neuropsychopharmac. 2003, 13, 267–271. [Google Scholar] [CrossRef]

	



Peet, M.; Horrobin, D.F. A dose-ranging study of the effects of ethyl-eicosapentaenoate in patients with ongoing depression despite apparently adequate treatment with standard drugs. Arch. Gen. Psychiatry 2002, 59, 913–919. [Google Scholar] [CrossRef]

	



Grosso, G.; Pajak, A.; Marventano, S.; Castellano, S.; Galvano, F.; Bucolo, C.; Drago, F.; Caraci, F. Role of omega-3 fatty acids in the treatment of depressive disorders: A comprehensive meta-analysis of randomized clinical trials. PLoS ONE 2014, 9, e96905. [Google Scholar] [CrossRef]

	



Jazayeri, S.; Tehrani-Doost, M.; Keshavarz, S.A.; Hosseini, M.; Djazayery, A.; Amini, H.; Jalali, M.; Peet, M. Comparison of therapeutic effects of omega-3 fatty acid eicosapentaenoic acid and fluoxetine, separately and in combination, in major depressive disorder. Aust. N. Z. J. Psychiatry 2008, 42, 192–198. [Google Scholar] [CrossRef]

	



Frangou, S.; Lewis, M.; McCrone, P. Efficacy of ethyl-eicosapentaenoic acid in bipolar depression: Randomised double-blind placebo-controlled study. Br. J. Psychiatry 2006, 188, 46–50. [Google Scholar] [CrossRef]

	



Nemets, H.; Nemets, B.; Apter, A.; Bracha, Z.; Belmaker, R.H. Omega-3 treatment of childhood depression: A controlled, double-blind pilot study. Am. J. Psychiatry 2006, 163, 1098–1100. [Google Scholar] [CrossRef]

	



Su, K.P.; Huang, S.Y.; Chiu, T.H.; Huang, K.C.; Huang, C.L.; Chang, H.C.; Pariante, C.M. Omega-3 fatty acids for major depressive disorder during pregnancy: Results from a randomized, double-blind, placebo-controlled trial. J. Clin. Psychiatry 2008, 69, 644–651. [Google Scholar] [CrossRef]

	



Da Silva, T.M.; Munhoz, R.P.; Alvarez, C.; Naliwaiko, K.; Kiss, A.; Andreatini, R.; Ferraz, A.C. Depression in Parkinson’s disease: A double-blind, randomized, placebo-controlled pilot study of omega-3 fatty-acid supplementation. J. Affect. Disord. 2008, 111, 351–359. [Google Scholar] [CrossRef]

	



De Vriese, S.R.; Christophe, A.B.; Maes, M. In humans, the seasonal variation in poly-unsaturated fatty acids is related to the seasonal variation in violent suicide and serotonergic markers of violent suicide. Prostaglandins Leukot. Essent. Fatty Acids 2004, 71, 13–18. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, M.D.; Hibbeln, J.R.; Johnson, J.E.; Lin, Y.H.; Hyun, D.Y.; Loewke, J.D. Suicide deaths of active-duty US military and omega-3 fatty-acid status: A case-control comparison. J. Clin. Psychiatry 2011, 72, 1585–1590. [Google Scholar] [CrossRef] [PubMed]

	



Huan, M.; Hamazaki, K.; Sun, Y.; Itomura, M.; Liu, H.; Kang, W.; Watanabe, S.; Terasawa, K.; Hamazaki, T. Suicide attempt and n-3 fatty acid levels in red blood cells: A case control study in China. Biol. Psychiatry 2004, 56, 490–496. [Google Scholar] [CrossRef]

	



Hallahan, B.; Hibbeln, J.R.; Davis, J.M.; Garland, M.R. Omega-3 fatty acid supplementation in patients with recurrent self-harm. Single-centre double-blind randomised controlled trial. Br. J. Psychiatry 2007, 190, 118–122. [Google Scholar] [CrossRef]

	



Lucas, M.; Asselin, G.; Merette, C.; Poulin, M.J.; Dodin, S. Ethyl-eicosapentaenoic acid for the treatment of psychological distress and depressive symptoms in middle-aged women: A double-blind, placebo-controlled, randomized clinical trial. Am. J. Clin. Nutr. 2009, 89, 641–651. [Google Scholar] [CrossRef]

	



Rondanelli, M.; Giacosa, A.; Opizzi, A.; Pelucchi, C.; La Vecchia, C.; Montorfano, G.; Negroni, M.; Berra, B.; Politi, P.; Rizzo, A.M. Effect of omega-3 fatty acids supplementation on depressive symptoms and on health-related quality of life in the treatment of elderly women with depression: A double-blind, placebo-controlled, randomized clinical trial. J. Am. Coll. Nutr. 2010, 29, 55–64. [Google Scholar] [CrossRef]

	



Sinn, N.; Milte, C.M.; Street, S.J.; Buckley, J.D.; Coates, A.M.; Petkov, J.; Howe, P.R. 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-month randomised controlled trial. Br. J. Nutr. 2012, 107, 1682–1693. [Google Scholar] [CrossRef]

	



Clayton, E.H.; Hanstock, T.L.; Hirneth, S.J.; Kable, C.J.; Garg, M.L.; Hazell, P.L. Reduced mania and depression in juvenile bipolar disorder associated with long-chain omega-3 polyunsaturated fatty acid supplementation. Eur. J. Clin. Nutr. 2009, 63, 1037–1040. [Google Scholar] [CrossRef]

	



Richardson, A.J.; Puri, B.K. A randomized double-blind, placebo-controlled study of the effects of supplementation with highly unsaturated fatty acids on ADHD-related symptoms in children with specific learning difficulties. Prog. Neuropsychopharmac. Biol. Psychiatry 2002, 26, 233–239. [Google Scholar] [CrossRef]

	



Mamalakis, G.; Kalogeropoulos, N.; Andrikopoulos, N.; Hatzis, C.; Kromhout, D.; Moschandreas, J.; Kafatos, A. Depression and long chain n-3 fatty acids in adipose tissue in adults from Crete. Eur. J. Clin. Nutr. 2006, 60, 882–888. [Google Scholar] [CrossRef]

	



Assies, J.; Lieverse, R.; Vreken, P.; Wanders, R.J.; Dingemans, P.M.; Linszen, D.H. Significantly reduced docosahexaenoic and docosapentaenoic acid concentrations in erythrocyte membranes from schizophrenic patients compared with a carefully matched control group. Biol. Psychiatry 2001, 49, 510–522. [Google Scholar] [CrossRef]

	



Hamazaki, T.; Sawazaki, S.; Itomura, M.; Nagao, Y.; Thienprasert, A.; Nagasawa, T.; Watanabe, S. Effect of docosahexaenoic acid on hostility. World Rev. Nutr. Diet. 2001, 88, 47–52. [Google Scholar]

	



Mamalakis, G.; Kafatos, A.; Tornaritis, M.; Alevizos, B. Anxiety and adipose essential fatty acid precursors for prostaglandin E1 and E2. J. Am. Coll. Nutr. 1998, 17, 239–243. [Google Scholar] [CrossRef] [PubMed]

	



Shakeri, J.; Khanegi, M.; Golshani, S.; Farnia, V.; Tatari, F.; Alikhani, M.; Nooripour, R.; Ghezelbash, M.S. Effects of Omega-3 Supplement in the Treatment of Patients with Bipolar I Disorder. Int. J. Prev. Med. 2016, 7, 77. [Google Scholar] [PubMed]

	



Vesco, A.T.; Lehmann, J.; Gracious, B.L.; Arnold, L.E.; Young, A.S.; Fristad, M.A. Omega-3 Supplementation for Psychotic Mania and Comorbid Anxiety in Children. J. Child Adolesc. Psychopharmacol. 2015, 25, 526–534. [Google Scholar] [CrossRef] [PubMed]

	



Cott, J.; Hibbeln, J.R. Lack of seasonal mood change in Icelanders. Am. J. Psychiatry 2001, 158, 328. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Consequences of having a long-chain omega-3 fatty acid deficiency in the brain (adapted from Logan) [63].
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	20% reduction in 5’-nucleotidase activity (decrease membrane fluidity)



	30% decrease in synaptic vesicle density in the hippocampus



	30% decrease in glucose uptake by neurons



	30–35% decrease in phosphatidylserine in brain cortex, brain mitochondria and olfactory bulb



	40% decrease in cytochrome oxidase activity



	40% reduction in Na-K-ATPase at nerve terminals



	Decrease dopamine in vesicle pool, frontal cortex, olfactory bulb



	90% decrease in tyramine-stimulated dopamine release from vesicle storage



	Decreased dopamine release upon serotonin stimulation



	Decreased cerebral microperfusion



	Decreased hippocampal CA1 pyramidal neuron cell body size



	Decreased vesicular monoamine transporter (VMAT2) which allows dopamine entry/storage in the vesicle)



	Decreased pre and post-synaptic dopamine receptor (D2R) in the frontal cortex



	Increased serotonin receptor (5HT2) density (indicating reduced serotonin function) similar to that found in those who have committed suicide



	Animal studies have found that high levels of omega-3s associate with a 40% increase in frontal cortex dopamine levels including increased binding to the D2 receptor and inhibition of monoamine-oxidase B an enzyme that breaks down dopamine



	Reduced nerve growth factor and neurite outgrowth



	Decreased amino acid delivery across the blood-brain barrier



	Increased proinflammatory cytokines and eicosanoids increased PDE4 activity and a possible reduction in brain-derived neurotrophic factor



	Reduced phospholipid biosynthesis and increased phospholipid breakdown (increased brain atrophy)
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Table 2. Possible mechanisms for the benefits of omega-3s in depression [63].
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	Improved neuronal membrane stability



	Improved serotonin and dopamine transmission



	Decreased 5-HT2 receptors and increased D2 receptors in the frontal cortex



	Antagonism of arachidonic acid metabolism and metabolites reducing inflammation in the brain



	Pro-resolving inflammation/anti-inflammatory effects
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Table 3. Key Clinical Studies Testing Marine Omega-3s in Depression and Borderline Personality Disorder.
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	Population
	Dose of Omega-3
	Outcome





	Major Depressive Disorder [83]
	2 g of EPA/day
	Improved insomnia, depressed mood and feelings of guilt and worthlessness when added to antidepressant therapy



	Major Depressive Disorder [85]
	3.3 g EPA/DHA twice daily
	Significantly improved the Hamilton Rating Scale for Depression vs. placebo in just 8 weeks on top of standard antidepressant therapy



	Treatment-resistant Depression [86]
	Ethyl-EPA given at 1 g/day
	Improved anxiety, depression, lassitude, libido, sleep and suicidal ideation



	Major Depressive Disorder [88]
	1-g EPA/day
	Equally effective in controlling depressive symptoms compared to fluoxetine



	Borderline personality disorder [84]
	1-g EPA/day
	Reduced aggression and severity of depressive symptoms
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