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Abstract

Background—Adverse neurodevelopmental and neuropsychiatric outcomes have been
established as signs of nutrient deficiencies and may be applicable to insufficient dietary intakes of
omega-3 long chain fatty acids (n-3 LCFAS).

Objective—Consider if statistical definitions for Daily Reference Intakes can be applied to n-3
LCFAs intakes during pregnancy for maternal and neurodevelopmental deficiencies.

Design—Data was prospectively collected from women during pregnancy and children up to age
8 y participating in the Avon Longitudinal Study of Parents and Children (ALSPAC). Statistical
analyses took social and lifestyle factors into account.

Results—During pregnancy, n-3 LCFA intakes from seafood that putatively meet statistical
definitions of an Estimated Average Requirement ranged from 0.05 —0.06 en % (111-139 mg/d/
2,000 Cal) for suboptimal fine motor control at 42 m and 0.065-0.08 en% (114-181 mg/d/2,000
Cal) for suboptimal verbal 1Q at age 8 y and 0.18-0.22 en% (389-486 mg/d/2,000 Cal) for
maternal depression at 32 w. Intakes of n-3 ranging from 0.2-0.41 en% (445 — 917 mg/d/2,000
Cal) prevented both increased risk of maternal depression and adverse neurodevelopmental
outcomes for children among 97.5% of the population. No upper limit for safety was found.

Conclusion—During pregnancy, a n-3 LCFA intake of 0.40 en% (900 mg/d/2,000 Cal) from
seafood is likely to meet the nutritional requirements for 97.5 % of the mothers and children of
this population. These considerations do not constitute DRI’s for docosahexaenoic acid and n-3
LCFAs, but may contribute to their formulation.

Introduction

Estimation of the daily requirements of docosahexaenoic acid (DHA) necessary to maintain
optimal health was a central objective of the Workshop on Docosahexaenoic acid (DHA) as
a Required Nutrient, convened by Martek Biosciences on June 23, 2008. This workshop
considered the criteria of Daily Recommended Intakes (DRI’s) for nutrients which are
issued by The Food and Nutrition Board of the Institute of Medicine using established
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statistical criteria and an extensive deliberative process. Here we hope to contribute to this
process by utilizing the statistical definition of Estimated Daily Requirement’s (EAR) in
considering dietary intakes of DHA and other omega-3 long chain fatty acids (n-3 LCFA:
eicosapentaenoic acid, docosapentaenoic acid n-3 and docosahexaenoic acid). The Food and
Nutrition Board defines an EAR as: “The average daily intake level that is estimated to meet
the nutrient requirements of half the healthy individuals in a particular life state and gender
group” (1). “When available, data on a nutrient’s safety and role in health are considered in
the formulation of a recommendation, taking into account the potential reduction in the risk
chronic degenerative disease or developmental abnormality, rather than just the absence of
signs of deficiency.” (1). To meet these definitions, the relationship of n-3 LCFA intakes to
signs of deficiency, chronic degenerative disease and developmental abnormalities must be
understood in terms of population risk. Optimally, data from graded dose response
interventions trials, evaluating hundreds of doses, each in a representative population, each
dose given for the decades necessary for the development of chronic diseases would be
available. Unfortunately, such data has not available for most nutrients in establishing
DRI’s, such as for fiber. An evaluation of the Hill criteria for causality of n-3 LCFA
deficiency in depressive symptoms and neurodevelopmental deficits is included in the
discussion.

The absence of signs of deficiency related to critical target tissues has been considered in
formulation of required dietary intakes. DHA is selectively concentrated in synaptic
neuronal membranes and comprises nearly 14% of all brain fatty acids and is necessary for
optimal neurological function (2). Thus, deficit intakes of DHA or n-3 LCFA’s supporting
DHA are likely to manifest as signs or symptoms of neural dysfunction including
neurodevelopmental and neuropsychiatric impairments. Neurodevelopmental impairments
are identified as signs and symptoms of deficiency in setting the DRI’s (1) for biotin, folate ,
iodine and iron. Psychiatric and neurocognitive impairments are also identified as signs and
symptoms of deficiency in setting the DRI’s (1) for vitamin B6; depression and confusion,
vitamin B12; mood changes, confusion, insomnia and cognitive impairments, biotin;
depression, lethargy and hallucinations, folate; irritability and difficulty concentrating,
niacin; depression and apathy, panothenic acid; irritability, restlessness, apathy and malaise,
thiamin; apathy, irritability, confusion decreased short term memory, iodine;
hypothyroidism and learning impairments and iron; impaired cognition and decreased work
capacity. Severe symptoms of major depression may be used as a categorical diagnosis and
can potentially be used to calculate an EAR. Major depression is commonly a chronic
degenerative disease. Neurodevelopmental and neuropsychiatric impairments are clearly
identified by the Food and Nutrition Board as signs and symptoms of deficiencies for
several nutrients (2), thus setting a precedent potentially applicable to n-3 LCFA’s
deficiencies in similar outcome parameters.

In the absence of large scale long term graded intervention trials, dietary exposure data with
well defined clinical outcomes from a carefully characterized large normative population
can clearly be useful for evaluating statistical definitions for DRI’s. These study criteria are
met in ALSPAC (the Avon Longitudinal Study of Parents and Children) which was
prospectively designed to identify features of the environment, including dietary exposure in
pregnancy, that influenced the health and development of children and their parents (3). The
initial population consisted of 14,541 pregnant women who were resident in the Avon health
authority area in south-west England and had an expected date of delivery between April
1991 and December 1992. Data were collected using multiple strategies (4). Women with
outcomes of foetal or infant death, and those with multiple births were excluded. In this
cohort, we have previously reported that lower seafood intake during pregnancy was
associated with greater risks neurodevelopmental abnormalities in the children; low verbal
1Q, greater risks of fine motor deficits, and suboptimal behavioral problems (5). Here we
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also consider adverse neuropsychiatric outcomes for the mother, specifically significant
depressive symptoms during pregnancy (6), in evaluating n-3 LCFAs intake levels that
might meet the statistical definition of an EAR and an RDA.

Methods

Neurodevelopmental outcomes

The assessment of suboptimal verbal 1Q by the WISC-I11- UK, fine motor deficits by the
ALSPAC Developmental Index and suboptimal behavioral outcomes by the Strengths and
Difficulties Questionnaire were conducted as previously detailed (6).

Depressive symptoms

The Edinburgh Postnatal Depression Scale (EPDS) was completed by the mother at 18 and
32 weeks gestation. This scale was devised to measure maternal depression after childbirth,
but has also been validated for use during pregnancy (7). Symptoms attributable to somatic
effects of pregnancy and childbirth (e.g. weight gain, sleeplessness, tiredness) are excluded
in this scale. Scores on the EPDS can be categorised by well validated cut-off points; those
scoring 13+ are classified as having high levels of depressive symptoms (HLDS) with
sensitivities and specificities of 95% and 93% respectively in comparison to the DSM 111
criteria for depression (8).

Seafood Exposure

Maternal food consumption was estimated at 32 weeks gestation using a self-completion
food frequency questionnaire, which was also used to derive n-3 LCFA energy intake (9).
Three questions assessed seafood consumption: “How many times nowadays do you eat ()
white fish (cod, haddock, plaice, fish fingers, etc.), (b) dark or oily fish (tuna, sardines,
pilchards, mackerel, herring, Kippers, trout, salmon, etc.) (c) Shellfish (prawns, crabs,
cockles, mussels etc.)?” Each response had five pre-defined categories: Never or rarely,
once in 2 weeks, 1-3 times per week, 4—7 times per week, and more than once a day. These
were converted to weekly frequencies of consumption (portions per week) of 0, 0.5, 2, 5.5
and 10 respectively. Portion sizes and types of fish were based on typical consumption
patterns in Britain at that time. Fatty acid compositions were calculated using British food
composition tables (10). Only 221 (2%) of the study women were taking omega-3
supplements. Exclusion did not substantially alter the results. The validity of estimations of
the dietary intakes of long chain omega-3 intake from fish in comparison to red blood cell
compositions of DHA from dietary and tissue compositional data from this cohort has
previously been established (11).

Potential confounders

The following factors were considered as potential confounders either because of an
association with depression or with fish eating or both: maternal age (<25, 25+); parity - the
number of previous pregnancies resulting in a live birth or a late foetal death (0,1,2+);
maternal education based on the highest educational qualification achieved (low - no more
than a vocational qualification; medium - O-level or equivalent; high - A-level or higher);
housing tenure (owned/mortgaged, council rented (public housing), other); the mothers' life
events in childhood scale - a 108 point measure concerning major events (<21, 21+); the
scales of 44 recent life events occurring in pregnancy (<901, >90t centile); chronic stress as
measured by a Family Adversity Index (FAI) (<90t centile, 90" centile +); maternal
smoking (no, yes) at each time point; alcohol (none, any) at each time point; maternal ethnic
origin (white, non-white). We examined the influence of both 12 food groups and of 24
derived nutrients on neurodevelomental risks and found these nutrients to be non-
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contributory (5). We performed similar analyses for the effect of these nutrients and foods
for the outcomes of maternal depression and found them to be non-contributory. Potential
confounding factors for maternal depression were evaluated as previously described (6).

An EAR is defined as “an estimated median intake such that the level of intake at which half
the health individual at a particular stage of life fall short of the nutrient requirements and
half exceed their nutrient requirements.” (1). This does not mean that 50% of the population
shows signs of deficiency, but rather that “the EAR is the intake at which the risk of
inadequacy is 0.5 (50% to an individual)” (1). Operationally this corresponds to an equal
risk of signs or symptoms of deficiency (a probability or odds ratio, (OR) of 0.5) comparing
groups above or below the cut point (1). For example, a population of 4,000 persons may
have 40 persons with manifested signs of deficiency. If 3,000 were below and 1,000 were
above an ERA cut point, then signs of deficiency would be manifest in 30 persons above,
and 10 persons below, that set point for a 50:50 risk of inadequacy. Progressively higher cut-
points of intake were iteratively tested until the risk of deficiency symptoms was nearly
equal comparing groups above and below the cut-off point. This risk was expressed as an
adjusted odds ratio closest to p= 1.0, using the group below the cut-off point as the reference
(figure 1). Multivariate logistic regression was used here to adjust for the potential
confounding variables when comparing groups of mothers above and below each cut point
tested (SPSS, version 11.0.1). This adjustment accounted for an unequal distribution of other
factors the increase risk of manifesting signs of deficiency. For suboptimal verbal 1Q and
suboptimal fine motor development, and maternal severe depressive symptoms adjusted
odds ratios included the potential confounding variables previously described (5).

Possible DRI’s are presented in table 1, based on the ALSPAC cohort. The Recommended
Daily Allowance (RDA) is defined as “an estimate of the daily average intake that meets the
nutritional requirements of nearly all (97-98%) of healthy members of a particular life stage
and gender group.” (1). When the nutrient requirement has a statistically normal distribution,
the RDA is derived from the EAR by adding two standard deviations in nutrient requirement
to the EAR. The SD of the variance in nutrient requirement is defined as the EAR times a
coefficient of variance (CV).

RDA=EAR+2 SD
RDA=EAR+2 (CV X EAR)

In the absence of adequate data, the coefficient of variance of the nutrient requirement is
assumed to be 10 % of the EAR (1). When using a CV of 10% for suboptimal fine motor
control, which has an EAR of 0.05 en % (n-3 LCFA), the RDA would be 0.06 en% (n-3
LCFA) (putative-RDA model, table 1). However, at this level of intake nearly an equal
number of the population of children above and below this set point would still manifest this
symptom of deficiency. Thus, a CV for n-3 LCFA assumed to be 10% fails at face value to
meet the nutrient requirements of 97.5 % of the population and thus fails to meet the
definition of an RDA.

Since the ALSPAC cohort as large and representative of a UK population, it represents a
normative population distribution in the variance in nutrient requirements during pregnancy.
Thus in this cohort, the variance of the nutrient requirement (2 SD’s) can be directly derived
from the intake distribution data. The frequency distribution of n-3 LCFA’s was Z — score
transformed to calculate 2 SD’s (0.155 en%) as described in the IOM methodology (1). 2
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SD’s were added to each putative EAR to derive a putative RDA’s for each deficiency
model (Table 1). Since other food sources, such as eggs and meat are sources of n-3
LCPUFAs (12), the range of values presented assumes a possible upward limit of correction
of 25% to account for n-3 LCFA from these other dietary sources.

Discussion

To our knowledge this is the first calculation of intakes of n-3 LCFAs that approaches
established statistical criteria and definitions for DRI’s. We wish clarify that the putative
considerations presented here are solely the opinions of the authors and should not be
confused with Dietary Reference Intakes issued under authority of the Food and Nutrition
Board. We estimated that for reduction of neurodevelopmental and psychiatric risks, a
putative EAR for n-3 LCFA in pregnancy is 0.175 en% in a Western population with a
background intake of approximately 4-6 en% LA. A higher requirement for the mother is
consistent with the observation that DHA is preferentially transferred by the placenta to the
fetus (13). Specific requirements for DHA in isolation for other n-3 LCFAs could not be
established from this population based analysis. We also recognized that other foods such as
meats may contribute as much as 30% of dietary n-3 LCFAs and thus a putative EAR of
0.175 en% is likely to be a low estimate (12). Ranges that include a 25% upward error are
thus presented in table 1. Putative RDA’s are difficult to estimate due to uncertainties
regarding the variance in nutrient requirements and skewing of the population distribution.
A coefficient of variance in nutrient requirements for n-3 LCFAs that is larger than 10% is
consistent with observation that nearly 10-fold greater intakes of n-3 LCFAs are needed to
achieve the same n-3 LCFA tissue compositions due to a 10-fold variance in background
intakes of n-6 fatty acids that compete for elongation, desaturation and phospholipid
incorporation (15). In our prior publication we estimated that intakes of 0.350 en% of n-3
LCFA from seafood would reduce risk in 12 models of chronic disease for >98% of the
populations, but did not utilize the statistical definitions of DRI’s (14). Despite two
divergent statistical methodologies and population datasets, the results are remarkably
convergent for neurodevelopmental and psychiatric outcomes, but reduction in mortality
from cardiovascular disease, stroke and all cause mortality in men and women (14).

Upper limit of intake

We found no evidence for an upper limit of intakes n-3 LCFA seafood among the ALSPAC
cohort. We are not aware of data indicating that an excess of n-3 LCFA intake contributes to
neurodevelopmental or psychiatric risks. Intakes of linoleic acid greater that 1-2 en% impair
the ability dietary intakes of n-3 LCFA to reach EAR targets for the tissue compositions of
n-3 LCFAs due to completion for elongation and desaturation (15). Lowering background
intakes of the omega-6 linoleic acid, especially below 3 energy %, elevates tissue
compositions of n-3 LCFAS (1) and would likely lower dietary requirements for n-3 LCFAs
(16).

Consideration of the Hill Criteria for Causality

The viewpoints of Sir Austin Bradford Hill are routinely evaluated in assessing the strength
of the body of epidemiological and other evidence for possible relationships to causality
(17). While an epidemiological study of a representative population was utilized to calculate
the putative DRI’s presented here, a single epidemiological study is insufficient to establish
causality. The causal relationships between n-3 LCFA deficits and neurodevelopmental
abnormalities have recently been reviewed in the consensus recommendations on behalf of
the European Commission research projects on Perinatal Lipid Metabolism and Early
Nutrition Programming (18). Here we utilize the “Hill Criteria to evaluate the postulation
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that DHA and n-3 LCFA deficiencies are causally related to an increase risk of psychiatric
disorders, specifically major depression.

The ecological and epidemiological associations between low seafood and n-3 LCFA intake
are strong. Ecological studies indicate that in comparison to countries with the highest
consumption, low seafood consumption is associated with: a 65-fold higher risk for lifetime
prevalence of major depression (r= — 0.84, p<0.0001) (19), a 50-fold higher risk for
postnatal depression, (r= — 0.81, p<0.0001) (20), a 30-fold higher risk for bipolar spectrum
disorder (r= — 0.80, p<0.0003) (21) and a 10-higher risk of death from homicide mortality
(r=—0.63, p<0.0006) (22). Correlation coefficients in these ranges are considered to be
strong.

2. Consistency

Consistent findings observed by different persons in different places with different samples
strengthens the likelihood of an effect” (17). We find relationship of low n-3 LCFA status
and greater risk of affective illnesses to be consistent across ecological studies,
epidemiological studies, case control studies and biological tissue sample studies. In
particular, epidemiological studies have reported strong associations between low seafood
intake and greater risk of depression with a high degree of consistently. Among 1,767
subjects in Northern Finland, Tanskanen et al (23) found that both the risk of being
depressed (OR=0.63; 95% ClI, 0.43 to 0.94; P=0.02) and the risk of having suicidal ideation
(OR=0.57; 95% CI 0.35 to 0.95; P=0.03) were significantly lower among frequent lake-fish
consumers compared with more infrequent consumers. In a birth cohort of 5,689 Finnish
subjects, the risk of depression was 2.6-fold (95% ClI 1.4 to 5.1) greater and risk of suicidal
thinking was 1.5 fold (95% CI 1.0 to 3.0) greater comparing females with rare fish
consumption to regular consumers (24). Finnish fishermen (n=6,410) consume twice as
much fish but have lower risk of mortality from alcohol-related diseases (OR= 0.59; 95% ClI
0.41 to 0.82) and suicides (OR=0.61; 95%CI 0.39 to 0.91) compared to the general
population, after adjustment for confounding variables (25). In contrast, Hakkarainen et al
(26) found no associations between dietary intakes of omega-3 fatty acids (or fish
consumption) and self reports of depressed mood, hospitalization for a major depressive
episode or suicide among 29,133 Finnish men. However, there was a high covariance with
fish and omega-6 linoleate consumption, which was 20-fold higher than n-3 LCFA from fish
(27). Thus, it is difficult to determine which factor was specifically associated with
increased risk of depression. Among 21,835 Norwegians, users of cod liver oil were
significantly less likely to have depressive symptoms than non-users after adjusting for
multiple possible confounding factors (OR=0.71; 95% CI 0.52 to 0.97) (28). In a
longitudinal follow up study of 13,017 French subjects, subjects consuming fatty fish, or
having an n-3 LCFA intake greater than 1 en%, had significantly reduced risk of single or
recurrent depressive episodes (29). In the Zupthen Study of the Elderly, high intakes of n-3
LCFAs (mean = 407 mg/d) were associated with lower risk of depressive symptoms (OR=
0.46; 95% CI 0.22 to 0.95), compared with low intakes= 21 mg/d) (30). Among 7,903
Spanish subjects, moderate consumption of fish had a relative risk reduction of more than
30% (31). Among 10,602 men from Northern Ireland and France, greater depressed mood is
associated with lower fish intake in a nonlinear relationship (32). A similar non-linear
relationship between greater depression and lower fish intake was described among a UK
population (n=2,982) (33). Jack et al (34) also found no association between fish
consumption and depression defined by DSM-III criteria in New Zealand population (n=
755). Murakami et al found no association between fish intake and lower risk of depressive
symptoms among 618 adults. However the mean n-3 LCFA intake was approximately 0.37
en% far above the putative EAR’s presented here (35), thus the majority of the population
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may have adequate intakes. We conclude that epidemiological studies utilizing dietary
intake measures find associations between low n-3 LCFA intake and significant depressive
symptoms with good consistency to these data (6).

3. Specificity

Tissue compositional studies have fairly consistently reported a lower n-3 LCFA status and/
or a higher n-6 LCFA status among depressed subjects. The most specific evidence of tissue
compositional deficits is the finding that DHA was 22% lower in the postmortem
orbitofrontal cortex of patients with major depressive disorder (36). A similar deficit of
DHA was found in the orbitofrontal cortex of patients with bipolar disorder (37). The
pathophysiology of depressive disorders is thought to involve deficits in orbitofrontal cortex
function (38). These specific deficits in brain composition, combined with the
epidemiologically based tissue compositional studies, indicate that deficits of n-3 LCFA, in
particular EPA and DHA, are associated with depressive illnesses. Adams et al (37) found a
significant positive correlation between to the severity of depression and both the
erythrocyte phospholipid arachidonic acid (AA) and EPA ratio and erythrocyte EPA alone.
Maes et al (39) found lower n-3 LCFAs in serum phospholipids and cholesterol esters of
depressed patients compared to controls. Edwards et al (40) reported lower EPA and DHA
concentrations in erythrocytes depressed compared to control subjects. They also noted a
biological gradient with lower erythrocyte DHA correlated with greater severity of
symptoms (r= 0.80, p<0.01). Peet et al (41) also reported a nearly 50% reduction in DHA in
the erythrocytes of depressed subjects. Among a community sample of the elderly in
Bordeaux, plasma EPA alone was inversely associated with severity of depressive
symptoms (42). Among adolescents in Crete (n=90), depressive symptoms were negatively
associated with EPA and positively associated with the omega-6 fatty acid dihomo-gamma
linolenic acid in adipose tissue (43). Among 247 healthy males in Crete, mildly depressed
subjects had significantly reduced (—34.6%) adipose tissue DHA levels compared to non-
depressed subjects. Multiple linear regression analysis indicated that depression related
negatively to adipose tissue DHA levels (44). Among 3884 elderly subjects in Rotterdam,
n-3 LCFAs were significantly lower (5.2% vs. 5.9% P = 0.02) and ratios of n-6 to n-3
LCFAs were higher (7.2 vs. 6.6, P = 0.01) among subjects with depressive disorders
compared to controls (45). Among a US community sample (n=207), higher plasma AA and
lower EPA concentrations were associated with greater depression and neuroticism (46) and
erythrocyte n-3 LCFAs were decreased among patients with social anxiety disorder (47).
EPA levels in erythrocyte were significantly lower in suicide attempters compared to control
subjects (48). When the highest and lowest quartiles of EPA in RBC were compared, the
odds ratios of suicide attempt was 0.12 in the highest quartile (95% CI 0.04 to 0.36, p for
trend =0.0001) after adjustment for possible confounding factors (48). A bias against
publications failing to find tissue compositional differences may exist, however most
published studies indicate a lower n-3 LCFA body composition status among depressed
subjects.

Depression associated with other medical disorders—Among patients with acute
coronary syndromes depressed subjects had significantly lower concentrations of total
omega-3 and DHA and higher ratios of AA/DHA and AA/EPA, compared to controls, (49).
A second study of patients with acute coronary syndromes reported that higher depression
severity scores were significantly associated with lower DHA levels (50). Similar, but non-
significant trends were observed for EPA and total n-3 LCFA levels. Consistent with these
reports, Schins et al (51) found higher plasma AA/EPA ratios among depressed subjects
compared to non-depressed subjects in a study of 50 post myocardial infarction patients.
Kobayakawa et al (52) found no differences comparing depressed and non-depressed lung
cancer patients, but used very low cut point to define significant depression. Among patients
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with multiple sclerosis, no differences in n-3 LCFA compositions were found comparing
depressed to non-depressed patients (53).

4. Temporality

Deficits in n-3 LCFA tissue status can be caused by either low intakes of n-3 LCFA and or
excessive intakes of competing omega-6 fatty acids; for example reducing dietary intakes of
n-6 linoleic acid, from 8 en% to 1 en %, results in 10-fold higher tissue concentrations of n-3
LCFA (14). Strong temporal relationships has been reported between increasing intakes of
the omega-6 fatty acid, linoleic acid and greater prevalence rates of major depression (54)
and homicide mortality in 5 different countries 1960 and 2000 (20-fold higher risk, r=0.94,
p<0.0001) (55).

5. Biological gradient

A biological gradient is apparent in the reduction of risk of depression in evident in
ecological studies and epidemiological studies progressively greater exposure to n-3 LCFA
from fish consumption generally lead to progressively lower incidence of psychiatric
symptoms and illness as reviewed above. Direct compositional analyses of tissue
composition usually report a similar biological gradient, as reviewed above. In ecological
and epidemiological studies, negative exponential equations consistently best describe the
biological gradient relationships (14).

6. Plausibility

DHA is a required nutrient for neurological development, cannot be substituted by any other
molecule (2,56). The multiple interacting mechanisms linking n-3 LCFA and depressive
symptoms have recently been reviewed (57,58). Plausible biological mechanisms linking
dietary deficiencies of n-3 LCFAs with psychiatric illness include: depletion of serotonin
and dopamine levels by 50% in animal models, impaired neuronal migration, connectivity,
timed apoptosis, and dendritic arborization, such that there is an irreversible disruption in the
neuronal pathways that regulate behavior (58) neuroinflammatory processes (39,59) and
dysregulation of the hypothalamic pituitary adrenal axis (60). N-3 LCFAs may prevent
vascular contributions to depression (61). Inadequate serotinergic and dopaminergic
function has long been recognized in the pathophysiology of depression and is the target of
most pharmaceutical treatments. Concentrations of serotonin and dopamine were nearly
doubled in the frontal cortex of piglets among piglets fed infant formula supplemented with
DHA and AA for 18 days (62). Unconditioned mild stress induced a significant decrease in
the tissue levels of serotonin decreased in the frontal cortex, striatum and hippocampus in
the range of 40% to 65%. Interestingly, the n-3 LCFA supplementation reversed this stress-
induced reduction in 5-HT levels and decrease aggressive behavior (63). One generation of
n-3 LCFA deficiency markedly increased depressive and aggressive behaviors in rats (64).
Consistent with these animal studies Hibbeln et al (65) found the lower plasma DHA
concentrations were correlated with lower concentrations of the metabolites of both
serotonin and dopamine in cerebrospinal fluid among healthy controls. Low cerebrospinal
fluid concentrations of these metabolites have been repeatedly reported among suicidal and
impulsive patients. Chronic alcohol use, in the context of a low omega-3 diet depleted DHA
levels by 50% in Rhesus frontal cortex, (14% to 7%), suggesting that depression and
impulsive behaviors associated with alcohol may be attributable, in part, to depletion of n-3
LCFAs (66). Alcohol induced depletion of neural tissues may contribute to the high rates of
violence and depression among alcoholics (54). We conclude that many known biological
mechanisms plausibly link n-3 LCFA deficiencies to depressive and aggressive pathologies.
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7. Coherence

Coherence between epidemiological and laboratory findings increases the likelihood of an
effect (17). One example of the coherence is the role of n-3 LCFA in relationship to
depressive symptom in pregnancy. We posited that since maternal DHA is selectively
transported to the fetus, mother without sufficient dietary intakes may become depleted,
leaving them more vulnerable to depression symptoms during or after pregnancy (20). A
cross national ecological study supported this proposition linking both low maternal milk
DHA composition and low seafood consumption with higher rates of postnatal depression
(20). In a series of animal experiments Levant et al (67-69) have demonstrated the depletion
of regionally specific brain DHA in a single reproductive cycle, with multiple parity and
alterations of dopamine and dopamine related behaviors. Decreased brain DHA was
associated with decreased hippocampal brain derived neurotropthic factor, increased
corticostrerone responses to stress and increased immobility on the forced swim test (70).
Otto et al (71) found that postpartum depression symptoms were associated with a slower
recovery of DHA plasma status. A recent randomized controlled trial among pregnant
women reported significantly lower depression scores and higher rates of clinical response
(62%) to 3.5 g/d of omega-3 fatty acids compared to placebo (27%) (72). Another
randomized controlled trial reported a trend towards efficacy, but was described by the
authors as underpowered (73). Recent non-blinded trials of EPA and DHA supplementation
have also reported a reduction of depressive symptoms related to pregnancy of 50%(74.75).
Two prior epidemiological studies (from New Zealand and Japan) reported no association
between seafood consumption and pregnancy-related depressive symptoms. The New
Zealand study included only 80 women (76) and consequently did not have sufficient power.
Although the Japanese study had much larger numbers (n=865) it used a cut point of 9+
(rather than 13+) on the Edinburgh Postnatal Depression Scale and nearly all subjects had a
relatively high intake of oily fish with very few subject consuming zero omega-3 from
seafood (77). In contrast, Sontrop et al (78) found that among smoking and single women,
low intakes of omega-3’s from seafood were associated depressive symptoms in pregnancy.
In summary, the status of studies in pregnancy related depression is coherent and promising:
animal studies, adequately powered intervention and epidemiological studies do support the
proposition that n-3 LCFAs may have therapeutic benefit.

8. Experiment

The specificity and efficacy of n-3 LCFAs in reducing significant depressive symptoms has
been assessed in the meta-analyses of randomized placebo controlled trials. Three recent
meta-analyses of up to 11 randomized placebo controlled trials of omega-3 fatty have each
reported large treatment effect sizes of n-3 LCFA in reducing significant depressive
symptoms (75,79,80). In 2006 the accumulation of data was sufficient enough for the
American Psychiatric Association to issue treatment recommendations for n-3 LCFAs (75).
Since that time several confirmatory studies have also been published. Jazayeri et al (81)
reported similar response rates (defined as a 50% reduction in depressive symptoms)
comparing patients receiving 1 g of EPA alone (50%) to fluoxetine (56%) but significantly
better rates (81%) when patients received both EPA and fluoxetine in combination. Antypa
et (82) found a reduction of depression related cognitive symptoms even among healthy
controls. Mischoulon et al (83) reported antidepressant efficacy of DHA 1gm/d, but not at
higher doses. Dinan et al (84) reported that n-LCFA levels and ratios of EPA to AA
predicted clinical responses to antidepressants. Freund-Levi et al (2007) found that reduction
of aggressive and depressive symptoms in Alzheimer’s patient to n-3 LCFAs appeared to
depend upon their APOEw4 genotype. Some randomized controlled trials have failed to find
treatment effects (85-88). However, Elkin et al (89) established that if clinical trials include
subjects without a sufficiently high initial severity of depression, antidepressants and
antidepressant treatments were unlikely to demonstrate treatment effects because of
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inadequate power and floor effects inherent in the clinical study of depression (89). A
common feature of the clinical trials that have failed to find antidepressive effects of n-3
LCFAs has been the enrollment of patients below the cut points of depressive symptom
severity established by Elkin et al (89) with one exception (86). Thus, these insufficiently
powered trials should be not considered as definitively negative trials. The demonstration of
efficacy in randomized trials appears to depend upon adequate symptom severity, baseline
n-LCFA status perhaps the relative amounts of EPA and DHA and perhaps allelic variance.
The evidence from the currently published placebo controlled randomized trials and meta-
analyses of these trials indicate that n-3 LCFAs are effective in treating severe depression.

Nutritional deficiencies in vitamin B6, vitamin B12, niacin, folate, panothenic acid iodine
and iron results in reversible neuropsychiatric symptoms. Deficiency symptoms for these
nutrients are rarely confined to one organ system. Deficiencies in n-3 LCFAs may similarly
increase risk of several chronic diseases. We have previously proposed that increased risk of
cardiovascular disease and increased risk of affective disorders are two different
manifestations of a common deficiency of n-3 LCFA’s (54).

After consideration of these viewpoints, commonly referred to as the Hill Criteria, we
conclude that the relationship between low n-3 LCFA status and increased risk of major
depression is highly likely to be causal. This conclusion is consistent with the statement of
treatment recommendations for n-3 LCFAs issued by the American Psychiatric Association
(90) and by a United Kingdom Parliamentary Inquiry Report on Nutrients in Mental Health
(91). We conclude that neuropsychiatric and neurodevelopmental endpoints have precedent
for use deficiency outcome measure and that Dietary Reference Intake’s for n-3 LCFAS can
be established after careful consideration.
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