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Abstract

Background: Nutrition is one of many factors that affect
brain development and functioning, and in recent years the
role of certain nutrients has been investigated. B vitamins
and n-3 polyunsaturated fatty acids (PUFA) are two of the
most promising and widely studied nutritional factors.
Methods: In this review, we provide an overview of human
studies published before August 2011 on how vitamin Bg,
folate, vitamin By, and n-3 PUFA may affect the brain, their
nutrient status and the existing evidence for an association
between these nutrients and brain development, brain
functioning and depression during different stages of
the life cycle. Results: No recommendation can be given
regarding a role of B vitamins, either because the number of
studies on B vitamins is too limited (pregnant and lactating
women and children) or the studies are not consistent (adults
and elderly). For n-3 PUFA, observational evidence may be
suggestive of a beneficial effect; however, this has not yet
been sufficiently replicated in randomized controlled trials
(RCTs). Conclusions: We found that the existing evidence

from observational studies as well as RCTs is generally too
limited and contradictory to draw firm conclusions. More re-
search is needed, particularly a combination of good-quality
long-term prospective studies and well-designed RCTs.
Copyright © 2012 S. Karger AG, Basel

Introduction

In recent years, there has been increasing scientific
and public interest in the relation between nutrition and
brain functioning, and there are indications that diet can
affect cognitive development and functioning at different
ages and life stages (e.g. fetuses, neonates, infants, young
children, adults and elderly). Much attention has been
given to the n-3 polyunsaturated fatty acids (PUFA)
eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) and B vitamins, in particular the homocysteine
(Hcy)-related vitamins Bg, folate and By,, and of all nutri-
ents they have been highlighted as potentially important.
However, epidemiological studies and randomized con-
trolled trials (RCTs) often show conflicting results, are
too limited in terms of the number of subjects or lack ap-
propriate methodology to draw firm conclusions. Also,
mechanisms underlying the effects of nutrients on brain
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function and development are only beginning to be un-
derstood. In this review, we will summarize the current
literature on the relation between B vitamins and n-3
PUFA and brain functioning.

B Vitamins

The B vitamins that have been particularly investigat-
ed in relation to the brain are vitamin Bg, folate and vita-
min Bj,. They are found especially in unprocessed foods
and in meat such as turkey and tuna, liver and meat prod-
ucts [1]. These B vitamins contribute to optimal function-
ing of the central nervous system through their role as
cofactors in numerous catalytic reactions in the human
body, which are required for neurotransmitter synthesis
and functioning [2-5] and myelination of the spinal cord
and brain [5]. Adequate folate status is important for the
normal growth of the fetus and for brain development,
effects that reflect an influence on nucleotide synthesis,
DNA integrity and transcription [6]. Most clearly, folate
is involved in brain development through its well-dem-
onstrated role in the formation of the neural tube after
conception [7]. Folate may also be required for methyla-
tion of phospholipids in neuronal membranes and have
an impact on membrane-bound receptors, second mes-
senger systems and ion channels. Folate and also vitamin
B,, deficiency may cause pernicious anemia with similar
effects on cognitive development and functioning as ane-
mia caused by iron deficiency [3, 4]. Vitamin By, defi-
ciency can also result in neuropathy through degenera-
tion of nerve fibers and irreversible brain damage, which
might mediate the effect on cognition [8, 9]. Similar to
folate, vitamin B,, deficiency during pregnancy has also
been associated with an increased risk of neural tube de-
fects (10, 11]. Vitamin Bg, folate and vitamin B, are also
all involved in Hcy metabolism, and deficiencies in one
or more of these vitamins may lead to increased levels of
Hcy [12], which is also one of the modifiable risk factors
for Alzheimer’s disease (AD) [13].

n-3 PUFA

n-3 PUFA (also called omega-3 PUFA) are PUFA in
which the first double bond is located at the third carbon
atom, counting from the methyl end. n-3 PUFA are pres-
ent in the diet as a-linolenic acid (ALA; C18:3 n-3), of
which vegetable oils and nuts are main sources, and as
very long-chain PUFA, primarily EPA (C20:5 n-3) and
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DHA (C22:6 n-3), which are mainly supplied by (fatty)
fish. ALA is an essential fatty acid, which can be convert-
ed into EPA and DHA by a series of desaturations and
elongations. However, in humans the conversion of ALA
to EPA and DHA is very limited; only 5-10% of ALA is
converted into EPA, and 1-5% of ALA or EPA is convert-
ed into DHA [14-18], with an overall conversion rate of
4% at most [19]. This conversion may also be influenced
by the amount of ALA and linoleic acid in the diet [20-
22], and it is presently unclear whether conversion of di-
etary ALA is sufficient to meet optimal DHA require-
ments under all circumstances. Because EPA and DHA
are not efficiently synthesized in humans, it is more ef-
fective when they are obtained directly from the diet or
supplements (e.g. fish oil capsules). Approximately 25-
30% of the fatty acids in the human brain consist of
PUFA, of which the n-3 fatty acid DHA and the n-6 fat-
ty acid arachidonic acid (A A) are major components and
play an important role in the structure and function of
cell membranes. DHA and AA are rapidly incorporated
into the nervous tissue of the retina and brain during the
brain’s growth spurt, which mainly takes place from the
last trimester of pregnancy up to 2 years of age [23-26].
Beyond development of the central nervous system, n-3
PUFA may influence brain function by means of multiple
neuroprotective mechanisms. They may reduce oxidative
stress and exert anti-inflammatory effects, and they have
been linked with aspects of neuron function, including
neurotransmission, membrane fluidity, ion channel and
enzyme regulation and gene expression. They also reduce
cardiovascular risk factors such as triglyceridemia and
cerebral blood flow. Plausible mechanisms are well ex-
plained in several reviews [27-29].

Currently, little is known about the interaction be-
tween B vitamins and n-3 PUFA with regard to cognitive
functioning. However, it could be hypothesized that sup-
plementation with B vitamins as well as n-3 PUFA would
lead to synergistic improvements in mental performance,
because both groups of nutrients play a role in the func-
tioning of the central nervous system, as indicated above.
Furthermore, animal studies have indicated that vitamin
B6 may enhance the conversion of ALA to DHA, through
involvement in the 86 desaturation step [30]. Thus, vita-
min B6 supplementation may improve the brain’s DHA
status and subsequently influence cognitive function.

In this review, we will focus on the B vitamins (vitamin
B, folate and vitamin By,) and n-3 PUFA in relation to
cognitive development, cognitive functioning and mental
well-being (depression) throughout the life cycle, i.e. in
pregnant and/or lactating women, childhood and in ado-
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lescents and the elderly. Current literature reviews will be
summarized with the aim of obtaining a more compre-
hensive overview and assessing the state of art in order to
come to a general and updated consensus. This review will
address the following questions for B vitamins and n-3
PUFA: (1) what is their nutritional status in the different
age groups; (2) what is the evidence for a relation with
brain function, which conclusions can be drawn from that
evidence and which inconsistencies and limitations can be
determined, and (3) what suggestions and recommenda-
tions can be provided for future research, based on a care-
tul evaluation and discussion of the current literature?

Methodology

Medline databases and the Cochrane database were
searched up to August 2011 for papers that matched
(combinations of) the following search terms: (1) cogni-
tion, cognitive decline, cognitive functioning, cognitive
development, mental health, mental development, men-
tal well-being, depression or mood; (2) B vitamins, vita-
min Bg, pyridoxine, folate, folic acid, vitamin By, or co-
balamin, and (3) fish, omega-3 fatty acids, n-3 fatty acids,
docosahexaenoic acid, DHA, eicosapentaenoic acid or
EPA. In addition, lists of references in the identified pub-
lications were checked. The search was restricted to pa-
pers that were written in English, and we used the most
recent review papers as a starting point. When no review
papers were found or when review papers were published
before 2009, original research papers were also included.

We included studies conducted in apparently healthy
subjects, and therefore studies in selected subjects with
learning disabilities, neuropsychiatric disorders or
chronic psychiatric health conditions were excluded.
Studies investigating vitamin B, folate, vitamin By,, EPA
and DHA alone or as combinations of these nutrients
were included. We excluded studies investigating B vita-
mins and/or n-3 PUFA in combination with other nutri-
ents. Studies with outcomes on cognitive development
and performance and on depression were included. For
studies conducted in pregnant and lactating women, we
included the effects of the intervention on outcomes in
their children and excluded outcomes on cognitive per-
formance or depression in the mothers.

Throughout this review, we have divided the identi-
tied literature into three different target groups: (1) preg-
nant and/or lactating women and effects on their chil-
dren; (2) infants, children and adolescents, and (3) adults
and elderly.
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Results

Our search yielded a total of 88 publications, of which
19 were reviews on B vitamins and 16 were reviews on n—3
PUFA. In total, 112 studies on B vitamins and cognitive
function and 29 studies on B vitamins and depression
were described, as well as 120 studies on n-3 PUFA and
cognitive function and 61 studies on n-3 PUFA and de-
pression. No publications were found on studies investi-
gating a combination of B vitamins and n-3 PUFA.

B Vitamins

Recommended Intakes and Nutritional Status of the B
Vitamins per Age Group

The recommended daily intakes (RDIs) for vitamin
B, folate and vitamin B, as established by the Food and
Nutrition Board [31], the Health Council of The Nether-
lands [32] and the EURRECA network [33-35] are shown
in table 1.

Pregnant and Lactating Women

It is confirmed that indicators of vitamin Bg status de-
crease during pregnancy, especially in the third trimester
[36-38]. Studies have suggested that a large percentage of
pregnant and lactating women have vitamin Bg intakes
between 44 and 61% of the RDI, and only 6% met the RDI
(39, 40]. Studies using biochemical indicators of vitamin
B status confirmed that these low intakes affect the sta-
tus of mothers and their infants (40-60% were subopti-
mal) and vitamin Bg concentrations in the breast milk [2,
41]. Pregnant women are at risk of folate deficiency be-
cause pregnancy significantly increases the folate re-
quirement, especially during periods of rapid fetal growth
(i.e.in the second and third trimester) [42]. During lacta-
tion, losses of folate in milk also increase the folate re-
quirement. In several countries, fortification of enriched
cereal-grain products with folic acid is mandatory, and in
these countries a substantial increase in serum folate con-
centrations and subsequent decline in neural tube birth
defect rates have been observed among women of child-
bearing age [43]. When pregnant women consume diets
providing adequate levels of vitamin B,, the fetus accu-
mulates vitamin By,. In contrast, children born to vege-
tarians or women with a low vitamin By, intake may de-
velop signs of clinical vitamin By, deficiency such as neu-
ropathy. Moreover, higher amounts of vitamin B, are
found in milk of lactating women with adequate vitamin
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Table 1. Current recommendations for intakes of vitamin Bg, folate and vitamin B,

Population Age group Vitamin Bg, mg/day Folate, pg/day Vitamin By,, pg/day
RDI! RDI (NL)? RDI' RDI (NL)? RDI! RDI (NL)>  across
Europe’
Infants 0-6 months 0.1 65 0.4 0.3-1.5
7-12 months 0.3 80 0.5 0.3-1.5
Children 1-3 years 0.5 150 0.9 0.3-1.5
4-8 years 0.6 200 1.2 0.3-1.5
Adolescents 9-13 years 1.0 300 1.8 0.8-3.0
Adults 14-50 years 1.3 1.5 400 300 2.4 2.8 1.4-3.0
Elderly >50 years 1.7/1.5 (M/F) 1.8 400 300 2.4 2.8 1.4-3.0
Pregnant women NA 1.9 1.9 600 400 2.6 3.2
Lactating women NA 2.0 1.9 500 400 2.8 3.8

NA = Not applicable. ! Food and Nutrition Board. 2 The Netherlands Nutrition Centre. > EURRECA network.

B, status, indicating an extra need during lactation. In
Guatemala, a high prevalence of deficient and marginal
plasma vitamin By, concentrations was reported in lac-
tating mothers [44].

Infants, Children and Adolescents

In a small study performed in 35 children aged 3-4
years, 17% of the children had estimated vitamin B in-
takes less than 2/3 of the RDI and 9% seemed to have in-
adequate vitamin By status as indicated by plasma pyri-
doxal phosphate levels below 8.5 ng/ml [45], which is con-
sistent with another study in which deficiency was found
in about 10% of British children [46]. In young British
adults, 28% of males and 37% of females were deficient
[47]. In contrast, in an extensive review of dietary intake
and B vitamin status of European adolescents (9-18
years), the mean dietary intake of B vitamins, including
vitamin Bg, generally exceeded the RDI, except for folate
[48]. A possible deficiency of folate was noticed, and girls
in particular seemed to be more at risk. Supplements and
fortified foods were not taken into consideration by most
of the published studies, which distorts the real intake. In
another study in 243 young British adults, the status of
folate was adequate in most of the cases [47]. Data on the
adequacy of vitamin B, intakes in infants, children and
adolescents are limited. In general, daily intake of vita-
min B, exceeded the estimated average requirements
[48]. According to National Health and Nutrition Exam-
ination Survey data from 1999-2002, serum concentra-
tions of vitamin B, were <148 pmol/l in less than 3% of
children and adolescents [49]. Across studies in Latin
America, 40% of children and adults had a deficient or
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marginal status, and in African and Asian countries, the
reported prevalence of deficient and marginal values
might even be as high as 70-80% due to the low intake of
animal-source foods [49].

Adults and Elderly

It was found that 71% of males and 90% of females
aged 19-74 years consumed less than the 1980 RDI of vi-
tamin Bg [39]. Especially in older people, poor vitamin B¢
status, approximately 20% [12], and low dietary vitamin
B intakes have been observed [50-52]. The trend of low-
er vitamin Bg status in later life involves low intake, less
efficient retention and increased catabolism of the vita-
min [50, 51, 53]. Folate deficiency is one of the commonest
forms of vitamin deficiency, occurring in about 10% of
the US population [54], in 42% of healthy older people
[12] and in 30-35% of geriatric patients [55]. However,
since folate fortification became mandatory in several
countries across the world, serum folate concentrations
of middle-aged and older adults have increased [56]. As a
consequence, the prevalence of high Hcy concentrations
has decreased [43]. There is a high prevalence of low/de-
ficient vitamin By, status among healthy elderly people,
which becomes more common with increasing age. Re-
cent population-based studies in Western countries esti-
mated that vitamin By, deficiency affects 5-45% of the
elderly population, depending on the diagnostic criteria
used [49, 57, 58]. In less developed countries, the preva-
lence may be even higher. Although low intake is a poten-
tial cause of vitamin By, deficiency, more than 60% of the
low vitamin B, status found in older people may be due
to malabsorption of the vitamin in the gastrointestinal
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tract due to atrophic gastritis or pernicious anemia [49,
59]. For this reason, in the USA people aged >50 years are
recommended to consume most of their vitamin B, from
crystalline By, found in fortified foods and supplements.
In this era of folic acid fortification, prevention of vitamin
B, deficiency due to food-bound malabsorption is an im-
portant public health issue to be addressed, because high
levels of folate may mask anemia related to vitamin B,
deficiency, which makes it difficult for the deficiency to
be discovered, thus increasing the risk of irreversible neu-
rological damage [58]. It is also important to consider the
potential interaction between folate and B, status, be-
cause it has been shown that when vitamin B, status is
normal, folate supplementation is protective, but in el-
derly with a suboptimal vitamin By, status, high serum
folate was associated with anemia and cognitive impair-
ment [60, 61].

Evidence for Effects of B Vitamins on Cognitive
Development and Function per Age Group

Pregnant and Lactating Women

Observational Evidence

We did not find observational studies that investigated
the effect of vitamin B¢ alone on cognitive functioning.
Only two cross-sectional studies were found on the asso-
ciation between maternal folate concentrations and cog-
nitive ability in offspring. One of these studies assessed
cognition in 9- to 10-year-old children in India [62] and
the other assessed the mental development of children <1
year old in Mexico [63]. Both studies indicated that high-
er maternal folate concentrations during pregnancy may
positively influence their children’s cognitive ability. The
same two studies also showed that better maternal vita-
min By, status during pregnancy may positively influence
their children’s cognitive ability, but a third cross-sec-
tional study performed in India did not show such an as-
sociation [62-64].

Trial Evidence

We did not identify any trials on the effect of vitamin
B, folate or vitamin B, supplementation in pregnant or
lactating women on the cognitive functioning of their
offspring.

Infants, Children and Adolescents

Observational Evidence

We did not find any observational studies on vitamin
Bg alone, and only two studies, both performed in India,
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explored the link between folate status and cognitive per-
formance in toddlers [65] and schoolchildren [66]. Both
failed to find a significant association between folate sta-
tus and cognitive test scores. Four studies have assessed
the association between vitamin By, status and cognitive
performance in children. The first study, conducted in
The Netherlands, showed that infants of 15 months of age
from mothers on a macrobiotic diet had a lower vitamin
B, status and delayed motor and language development
compared to control children [67]. When these children
were 10-16 years of age, those consuming a macrobiotic
diet early in life performed less well on cognitive tests
measuring fluid intelligence, spatial ability and short-
term memory compared to omnivorous children [68]. A
second study in Indian toddlers aged 12-18 months
showed a significant positive association between vita-
min By, status and mental performance [65]. Similarly, a
study conducted in Guatemala demonstrated that 8- to
12-year-old school children with vitamin By, deficiency
had poorer scores on cognitive tests than children with
an adequate status. However, these findings were not con-
trolled for socioeconomic status, hemoglobin, iron status
and blood lead levels [69]. In contrast, a fourth study in
Indian schoolchildren 6-10 years of age found an inverse
association of vitamin B}, concentrations with cognitive
performance, which remained significant after control-
ling for hemoglobin and folate status and height-for-age
7 scores [66].

Trial Evidence

To the best of our knowledge, there are no RCTs that
have investigated the effect of vitamin B or folate alone
on cognitive functioning. Only recently, the effect of vi-
tamin By, supplementation was studied in an RCT in 32
Indonesian children 4-6 years of age [70]. After 6 months
of intervention, children consuming 10 pg of vitamin B,
daily performed significantly better on memory tests
compared to control children.

In summary, there are no studies on vitamin B¢, and
studies on folate are scarce. There are some indications
that vitamin B}, may benefit children’s cognitive develop-
ment, but only from a limited number of studies. In par-
ticular, more RCTs will be needed to conclude whether
vitamin B supplementation will improve mental perfor-
mance in children.

Adults and Elderly

Observational Evidence

In two reviews, observational studies investigating the
association of vitamin B¢ status with cognitive perfor-
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mance have been described [8, 71]. Two cross-sectional
studies and one longitudinal study were included, and
except in one cross-sectional study, higher vitamin Bg
status was associated with better cognitive performance.
A more recent review by Smith [72] included six addi-
tional cross-sectional studies and seven prospective stud-
ies performed after 2002. Of these additional cross-
sectional and prospective studies, three did not find an
association, whereas the remaining seven (three cross-
sectional and four prospective) did. Van Dam and Van
Gool [13] reviewed high-quality studies (according to a
quality scoring list [73, 74]) and identified only one case-
control study meeting their standards, without a signifi-
cant association between low vitamin B¢ levels and AD.
In summary, there is still a lot of controversy in this area
and more research is needed.

Raman et al. [75] reviewed evidence from cohort and
case-control studies on folate status and cognitive perfor-
mance. In six out of ten longitudinal and case-cohort
studies, low baseline blood folate concentrations in cog-
nitively intact or impaired aging subjects were associated
with poorer cognitive test performance at follow-up [75].
The relation between folate levels and AD was investi-
gated in nine studies, among which four found associa-
tions. Van Dam and Van Gool [13] reviewed only 13 high-
quality (based on a quality scoring list [73, 74]) case-con-
trol studies, of which four (three also addressed by Raman
et al. [75]) observed lower serum folate levels in AD cases
versus controls.

A large number of reviews has been published that re-
port on the relation between vitamin B, and cognitive
function. Here, only the results of systematic reviews are
summarized. Ellinson et al. [76] summarized the evi-
dence from two case-control and two cohort studies that
examined the association between serum vitamin B, and
cognitive decline in patients with AD or vascular demen-
tia. One case-control study reported that among demen-
tia cases, lower cognitive scores were associated with
higher serum By, levels. The other case-control study and
the two cohort studies did not show any association [76].
Raman et al. [75] reviewed evidence from cohort and
case-control studies, including one case-control study
also included by Ellinson et al. [76]. Results from eight
studies (n = 80-700) in cognitively intact or impaired ag-
ing subjects showed no clear association between vitamin
B;, blood concentrations and changes in performance in
any particular cognitive domain during 3-8 years of fol-
low-up. Only two studies reported a significant positive
association between baseline vitamin B;; levels and cog-
nitive outcomes at follow-up (memory and visuomotor
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skills). An association between vitamin B, levels and the
risk of AD could not be demonstrated using data from
tive prospective and five case-control studies; only one
case-control study showed an association [75]. All studies
included in the review by Raman et al. [75] were judged
for study quality, and all, except for one, were graded fair
or poor. Vogel et al. [77] reviewed the evidence from
cross-sectional, case-control and longitudinal studies. As
all studies reporting on an association between vitamin
By, levels and cognitive outcomes were of cross-sectional
or case-control design, the associations found could also
result from cognitive impairment, rather than a causal
relationship between vitamin Bj, and cognitive perfor-
mance [77].

Conclusions from nonsystematic reviews are in line
with those from the reviews described above, stating that
the direct relation between vitamin By, levels and cogni-
tive function remains unclear [8, 78-81]. It is important
to note that good-quality studies are lacking, and there is
alarge variation between studies with regard to cognitive
assessment methods (incidence dementia, global cogni-
tive performance or domain-specific cognitive perfor-
mance tests), cutoff levels for indicating low vitamin B,
status, study populations and adjustment for confound-
ers, limiting data supportive of an association [72, 75].
Furthermore, the most commonly used indicator of vita-
min B, status is total serum B, whereas methylmalonic
acid and holotranscobalamin are more sensitive indica-
tors of functional vitamin By, status in relation to cogni-
tion. A case-control study and a cohort study demon-
strated that cognitive impairment was associated with
methylmalonic acid and holotranscobalamin, whereas
no associations with serum B;, were found [72]. The re-
views summarized here showed inconsistent results with
respect to the association between vitamin By, concentra-
tions and cognitive function.

Results from four studies investigating the relation
between dietary intake of all three B vitamins and cogni-
tive test performance or AD did not support an associa-
tion [75]. A review by Calvaresi and Bryan [8] showed
that cross-sectional studies on 71-833 healthy commu-
nity-dwelling elderly subjects suggested low folate intake
or status to be the most reliable associate of cognitive
performance either alone or in combination with vita-
min By,. Results of two longitudinal studies suggested
that intake of B vitamins is a predictor of cognitive status
at a later date [8]. Vogel et al. [77] addressed 77 cross-
sectional studies including more than 34,000 subjects.
Results indicated significant associations between low
blood levels of vitamin B, and folate and vascular de-
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mentia, AD and mild cognitive impairment. This asso-
ciation could not be demonstrated in all of a total of 33
longitudinal studies including more than 12,000 sub-
jects. It could be that poor nutritional habits of demented
patients explain vitamin B deficiency instead of the oth-
er way around [77]. Ellinson et al. [76] considered three
case-control studies and three cohort studies examining
the association between serum vitamin B,,, serum folate
and total Hcy and cognitive decline in patients with AD
or vascular dementia. The results suggested that cogni-
tive impairment was negatively correlated with Hcy but
not consistently with serum By, and serum folate [76].
Low levels of both B vitamins and raised Hcy were also
observed in subjects without cognitive impairment, thus
not supportive of an association. Ellinson et al. [76] sug-
gest that elevated Hcy may be a consequence of cognitive
impairment in elderly people. Dangour et al. [82] includ-
ed 11 prospective cohort studies in their systematic re-
view and confirmed the lack of any consistent beneficial
effect on cognitive function of folic acid with or without
vitamin By,.

Trial Evidence

The Cochrane Review of literature on vitamin Bg and
cognition published before April 2008 only included two
RCTs, one conducted in 211 healthy older women and one
in 76 healthy older men [83]. Though oral vitamin Bg sup-
plements improved biochemical indices of vitamin By
status in the healthy men, in both studies, no statistically
significant effects on cognition were observed. Another
review completed by Balk et al. [84] included one addi-
tional RCT [85], which also showed no effect. This trial
was performed in subjects with ischemic vascular dis-
ease, and follow-up cognitive testing was performed 9
months after the vitamin supplementation was stopped.
Another RCT not included in the Cochrane Review, but
included in the review of Calvaresi and Bryan [8], did find
a positive effect of vitamin Bg supplementation on visual
reproduction [86]. No trials of vitamin B¢ involving indi-
viduals with cognitive impairment or dementia were
found. There is insufficient trial evidence to support any
dose effect or differences in effect on cognitive domains.
More well-designed RCTs are needed to explore possible
benefits from vitamin Bg supplementation for healthy
older people and also for those with cognitive impair-
ment or dementia.

Balk et al. [84] included three RCTs on the effects of
folic acid supplementation on cognitive function. None of
these studies observed significant effects compared to
placebo. For several cognitive tests, net improvements
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were shown, and therefore they conclude that there is
limited evidence, but it may suggest a benefit from folic
acid supplementation for people with cognitive impair-
ment and low folate levels. In 2005, Malouf included four
RCTs in a Cochrane Review and found no evidence for
an effect of folic acid on cognitive functioning. This Co-
chrane Review was updated in 2008 and now eight RCTs
were included [87]. Out of four RCTs performed in healthy
elderly, one found a beneficial effect of folic acid supple-
mentation. The four other RCTs were performed in cog-
nitively impaired people, and again only one showed a
beneficial effect. In two RCTs, folic acid was supplement-
ed together with vitamin By,, but neither showed an ef-
fect. The most recent meta-analysis focusing on the ef-
fects of folic acid supplementation with or without other
B vitamins on cognitive function in non-cognitively im-
paired elderly is from Wald et al. [88], and the most recent
systematic review is from Dangour et al. [82]. The same
four RCTs on folic acid supplementation were addressed
as discussed above, leading to the same conclusion of no
effect.

A Cochrane Review [89] including three RCTs (n =
11-141) on the effect of vitamin B;, supplementation on
cognitive function of people with low serum vitamin B,
revealed no effect. Balk et al. [84] addressed evidence
from six RCTs (n = 18-70; two trials were also included
in the Cochrane Review) on 35 tests in subjects with ei-
ther normal or impaired cognitive function. Half of the
tests found a net but not clinically relevant improvement
in cognitive function and the other half found a net
worsening of cognitive function with vitamin By, sup-
plementation. There was no evidence across RCTs of dif-
ferences in effects in tests of different cognitive domains.
Moretti et al. [79] summarized results from good-qual-
ity intervention studies performed in cognitively im-
paired or demented subjects and concluded that vitamin
B, supplementation may improve language function
but will not cure dementia. This conclusion is in line
with a review by Wang [81] showing positive effects of
vitamin B;, supplementation in subjects with mild de-
mentia or a short history of dementia (four studies),
whereas no effects were found among severely demented
patients or demented patients of mixed severity (three
studies).

Balk et al. [84] and Dangour et al. [82] included six
RCTs on the effect of combined B vitamin intervention,
of which two RCTs were also included in the Cochrane
Review of Malouf and Grimley Evans [87]. Two studies
used a combination of vitamin Bg, folic acid and vitamin
B,,, and four other studies combined folic acid and vita-
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min Bj,. For most of the cognitive tests, no effect was
found with B vitamin treatment. This result is in line with
other reviews showing no effect of vitamin B, supple-
mentation in combination with folate and vitamin Bg
(one and seven RCTs, respectively) [8, 77]. A very recent
RCT in 299 hypertensive men aged 75 years and over did
not observe a benefit of 2-year daily supplementation of
vitamin Bg, B, and folic acid on cognitive function in
older men, nor did this regime reduce the risk of cognitive
impairment or dementia 8 years later [90].

In summary, RCTs have showed inconsistent results.
However, it must be noted that there is a large variation
between trials with regard to doses, administration routes
(e.g. oral or intramuscular), study populations and dura-
tion of treatments, which complicates drawing firm con-
clusions regarding the effects of vitamin By, supplemen-
tation.

Hcy and Optimal Cognitive Development and
Function

Elevated plasma Hcy was associated with cognitive de-
cline in several studies [13, 72, 75, 77, 80] and predicted
the subsequent development of dementia in cognitively
intact middle-aged and elderly individuals [91]. It was
suggested that moderately elevated concentrations of Hcy
and/or low to normal concentrations or intake of folate,
vitamin B¢ and vitamin Bj, increase the risk of develop-
ing cognitive impairment and dementia in older popula-
tions [8, 72]. The review by Clarke [78] revealed an asso-
ciation between baseline Hcy and subsequent cognitive
decline based on prospective studies of individuals with-
out dementia. Moreover, elevated Hcy levels were associ-
ated with brain atrophy. The review raised the possibility
that vitamin B,, may have an effect on the risk of demen-
tia that is independent of differences in plasma Hcy [78].
Van Dam and van Gool [13] provided a systematic analy-
sis of observational studies fulfilling the criteria of a
high-quality scoring list [73, 74] on the relation between
elevated levels of Hcy and AD. The results suggested that
levels of Hcy in AD are indeed higher and that this is most
probably caused by lower folate, vitamin B, and possibly
also vitamin Bg levels during disease [13]. Itis not yet clear
whether the observed associations of Hcy with cognitive
function are caused by Hcy itself, independent actions of
folate, vitamin Bg or vitamin By, by means of lowering
Hcy, or by a combination [77].

B Vitamins and n-3 Fatty Acids and
Mental Health

B Vitamins in Relation to Depression

Pregnant and Lactating Women/Infants, Children

and Adolescents

Observational Evidence

We did not find any observational studies that exam-
ined the effect of B vitamins on depression in the off-
spring of pregnant and lactating women, and we found
only one observational, cross-sectional study performed
in 3,067 Japanese boys and 3,450 girls aged 12-15 years.
This study suggests that higher intake of dietary B vita-
mins, particularly folate and vitamin B, is independent-
ly associated with a lower prevalence of depressive symp-
toms in early adolescence [92].

Trial Evidence

We did not find any RCTs that examined the effect of
B vitamins on depression in pregnant and lactating wom-
en or in infants, children or adolescents.

Adults and Elderly

Observational Evidence

Few studies have examined the association of only vi-
tamin B¢ with depression. Some cross-sectional studies
observed an association of vitamin B status with depres-
sion [93, 94], but others did not [95]. Some recent cross-
sectional studies observed associations between folate sta-
tus and depressive symptoms [95-97], whereas others did
not [98, 99]. Results of studies that assessed the association
between vitamin B, and depression were also controver-
sial, some showing a significant association between a bet-
ter status and less depression [95, 96, 98] and some not [97,
99]. A prospective study with up to 12 years of follow-up
showed that high total intakes of vitamin Bg and folate as
well as vitamin By, are protective against depressive symp-
toms over time [100]. The observation that B vitamins and
total Hcy may be associated with depression was first de-
scribed in the 1970s by Reynolds et al. [101]. Nine cross-
sectional studies were combined in a meta-analysis by Al-
meida et al. [102] to investigate the association between
total Hcy and depression in later life. Generally, high plas-
ma total Hcy was associated with an increase in the odds
of depression. However, more recent cross-sectional stud-
ies did not observe an association between Hcy levels and
depression [97-99]. Data from a recent prospective study
showed only moderate support for the hypothesis that
blood Hcy is a predictor of depression [103].

Altogether, evidence from observational studies for a
link between depression and either one of the Hcy-lower-
ing B vitamins or plasma Hcy on its own is mixed.
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Trial Evidence

In the Cochrane Review on vitamin B¢ and cognition,
the effect of vitamin Bs on mood was also reported. Based
on the two trials that fulfilled the criteria, no evidence for
short-term benefit was found [83]. In 2005, Williams et
al. [104] evaluated the evidence on vitamin By supple-
mentation as treatment for depression and included five
RCTs. One had to be excluded, and of the four remaining
RCTs, two observed a treatment effect of vitamin Bg.

Almeida et al. [102] reported on the effects of Hcy-
lowering treatment on depression. Of the five RCTs in-
cluded, four used supplementation with folic acid only
and one with vitamin By, only. All showed an antidepres-
sant effect, although the number of patients studied was
small and the reported benefits associated with B vitamin
treatment were mostly based on post hoc comparisons of
subgroups of patients. Ford et al. [105] supplemented 299
men of >75 years with a combination of vitamin B, folic
acid and vitamin By, for a period of 2 years, but the results
of this study showed that B vitamin treatment was not
better than placebo for reducing depressive symptoms. A
very recent trial by Almeida et al. [106] in poststroke pa-
tients observed that long-term treatment (mean 7.1 years)
with folic acid, vitamin B4 and vitamin B;, was associated
with a reduction in the hazard of major depression. A
larger trial, aiming to include 300 adults >60 years who
will be supplemented with vitamin Bg, folate and vitamin
By, or placebo for 12 weeks, is currently ongoing [90]. The
results from clinical trials to date are modest at best and
do not adequately support the findings of observational
research.

In summary, the number of studies that have investi-
gated the relation of B vitamins with depression is limit-
ed, especially in pregnant and/or lactating women and
infants, children and adolescents.

n-3 PUFA

Recommended Intakes and Nutritional Status of n-3
PUFA per Age Group

The recommended EPA + DHA values that have been
proposed by different organizations are globally in the
range of 200-600 mg/day [107]. Information has accumu-
lated from observational and intervention studies with
pregnant and lactating women, and with infants fed for-
mula, that under some circumstances, higher dietary in-
takes of n-3 PUFA are needed [108]. However, specific di-
etary recommendations in such circumstances are cur-
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rently unknown. One study showed that an n-3 PUFA
intake of 0.4 en% (900 mg/day/2,000 kcal) from seafood
was likely to meet the nutritional requirements of 97.5% of
the mothers and children. These considerations may con-
tribute to the formulation of specific RDIs [109]. Harmful
contaminants, such as mercury, accumulate in fish, but
similar to the general population, it is also the case for
pregnant and lactating women that the benefits of modest
fish intake, excepting a few selected species, outweigh the
risks [110]. Furthermore, there are indications that re-
quirements may also be altered by certain gene polymor-
phisms, such as variations in FADS1 and FADS2 [111].

Pregnant and Lactating Women

DHA (and also AA) are highly incorporated into the
developing brain of the fetus during the prenatal period,
and sufficient evidence is available to conclude that ma-
ternal fatty acid nutrition is important for DHA transfer
to the infant before and after birth, with short- and long-
term implications for neural function [111]. However, this
transfer is probably at the expense of the status of the
mother as the overall maternal n-3 PUFA status declines
steadily during pregnancy [112]. Therefore, the question
arises whether the mother, under the prevailing dietary
conditions, is able to meet the high fetal requirement for
n-3 PUFA [112]. However, in very early pregnancy, ma-
ternal plasma and erythrocyte phospholipid 22:6 n-3
concentrations start to increase, which cannot be ex-
plained by changes in dietary intake alone. This rise
probably represents early maternal adaptations to meet
the requirements of highly proliferating and differentiat-
ing tissues of the fetus [113].

Infants, Children and Adolescents

Specific dietary recommendations for EPA and DHA
in these age groups are currently unknown, and it is un-
clear whether dietary ALA intake is sufficient for optimal
cognitive development. In the majority of countries
worldwide, intakes of ALA are below the recommenda-
tions of the WHO [114]. Compared to adults, conversion
rates are lower in infants, in particular those born prema-
ture, and because of its critical role in the development of
the brain and retina, additional DHA is recommended
early in life [115-117].

Adults and Elderly

There is a large variation in intake of EPA + DHA
across studies and countries, but in most Western popu-
lations, intakes are far below recommendations. In the
USA and Europe, the mean intake of EPA + DHA varies
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between 100 and 500 mg per day [118-121], while in Japan
intakes are around 1 g per day [121]. Average fish intake
of the general Dutch population as estimated in 1998 was
only 10 g per day [122], especially in older men, of whom
28% did not consume fish at all and 41% consumed
>20 g per day, but only 11% comprised fatty fish [123].
With aging, n-3 PUFA concentrations in brain tissues
appear to decrease [124, 125], and also, cognitively im-
paired and demented individuals have decreased blood
levels of n-3 PUFA [126, 127]. The underlying cause of
these changes is largely unknown and could be related to
inefficient conversion of precursors (linoleic acid and
ALA) to long-chain PUFA or a high n-6 fatty acid intake
and/or reduced n-3 PUFA intake, but also to impaired
A-6 and A-5 desaturase activity or increased lipid per-
oxidation [116]. Also, genetic factors have to be taken into
account. Several studies suggest that effects of DHA may
be genotype specific; protection by DHA may be limited
in noncarriers of the apolipoprotein E (APOE) 4 allele of
the APOE genotype, probably through different trans-
port or metabolism of n-3 PUFA [128, 129].

Evidence for Effects of n-3 PUFA on Cognitive
Development and Function per Age Group

Pregnant and Lactating Women

Observational Evidence

In 2008, Hadders-Algra [130] reviewed studies on the
effect of n-3 PUFA or fish consumption by women dur-
ing pregnancy on the neurodevelopmental outcomes of
their children. The results of these studies suggest that
prenatal DHA status may have a subtle positive effect on
neurodevelopmental outcomes, also beyond early infan-
cy [130]. More recently performed studies (n = 8) were
included in the review by Ryan et al. [131], and six linked
higher intakes of fish in pregnant women to higher scores
on tests of cognitive function in their children at ages be-
tween 18 months and 14 years.

Trial Evidence

In the review of Eilander et al. [132], which was pub-
lished in 2007, seven RCTs on n-3 PUFA supplementa-
tion in pregnant and/or lactating women and the effect
on the cognitive development of their children were iden-
tified. Based on these studies, it was concluded that there
is suggestive evidence for a beneficial effect of supple-
mentation during pregnancy and/or lactation on mental
development and on longer-term cognition. However, the
effects were small and inconsistent. Hoffman et al. [133]

B Vitamins and n-3 Fatty Acids and
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and Ryan et al. [131] also included most of the studies in
their reviews, and they also suggest that dietary DHA
may be relevant for cognitive functioning. Hadders-Al-
gra [130] includes some additional studies (probably be-
cause of using less strict inclusion criteria) and is more
careful by concluding that the effects are limited but that
there may be a subtle beneficial effect.

Infants, Children and Adolescents

Observational Evidence

Epidemiological studies on the association of n-3
PUFA intake and cognitive performance in childhood
are listed in the review by Ryan et al. [131], and three out
of the five studies showed a beneficial association.

Trial Evidence

In 2001, Simmer [134] concluded in a Cochrane Re-
view that, based on seven RCTs in term infants, there was
little evidence for a benefit of n-3 PUFA supplementation
on general neural development in the first 36 months of
life. After this review, there were nine new RCTs on n-3
PUFA supplementation in full-term infants, which were
reviewed by Eilander et al. [132] in 2007. They concluded
that based on these nine RCTs, there is hardly evidence
for beneficial effects. Simmer et al. [135] updated their
Cochrane Review in 2008, and additional studies were
described in the review by Hoffman et al. [133] in 2009.
Thus, more studies were included, but they came to the
same conclusion and acknowledge that there was signifi-
cant variation among the various studies regarding the
type, concentration and duration of supplementation
with n-3 PUFA and that higher levels of DHA may play
a role in achieving beneficial effects.

Eilander et al. [132] also searched for RCTs investigat-
ing the effects of n-3 PUFA on cognitive performance in
children after the age of 2, and in 2007, no such RCTs were
identified. However, since then, seven RCTs in older,
healthy children without developmental disorders, such
as attention deficit hyperactivity disorder, have assessed
the effect of n-3 PUFA on cognitive function. One of
them was conducted in preschool children aged 4 years
[136] and the others in children aged 6-10 years [137-
142]. Three of these studies investigated the effect of EPA
+ DHA or DHA only compared to a placebo, and none
found any beneficial effects of supplementation on cogni-
tive function following a low dose of 110 mg of EPA +
DHA [142] for 1 year, a dose of 400 mg of DHA for 4
months [136] or with higher dosages of 400 and 1,000 mg
of DHA for 8 weeks [138]. Similarly, a fourth study com-
paring the effect of either a low (140 mg of ALA) or high
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dose (900 mg of ALA plus 100 mg of DHA) of n-3 PUFA
for 12 months showed no differences between groups
[141]. A fifth study [139] showed that out of 37 outcomes
on cognitive and behavioral tests, there were three differ-
ences between the group receiving 228 mg of EPA + DHA
plus vitamins A, C, D and E for 8 weeks and the control
group. One of the three differences was in favor of the
control group. In contrast, however, a sixth study did find
an increase in prefrontal cortex activation during sus-
tained attention using functional magnetic resonance
techniques following 400 and 1,200 mg of DHA for 8
weeks [140]. Also, the seventh study showed that children
receiving an n-3-rich fish flour spread had better scores
on verbal learning and memory tests compared to those
receiving a control spread [137]. However, it is possible
that other nutrients in addition to the n-3 PUFA in the
tish flour contributed to the cognitive effects. Six of these
RCTs (all except that of Kirby et al. [139]) were included
in an update of the review by Ryan et al. [131].

Overall, there is little evidence for a beneficial effect of
EPA plus DHA on cognitive function in healthy children.
More specific and sensitive measures of brain function
may be needed to detect the relatively small effects of n-3
PUFA. Furthermore, the doses used may have been too
low [141, 142] or the duration of treatment may have been
too short [136, 138] to reveal the effects of EPA and DHA
on children’s cognitive function.

Adults and Elderly

Observational Evidence

De Groot et al. [143] performed an exploratory study
to investigate the potential association between fatty acid
status and cognitive performance in a healthy, nonpreg-
nant adult population and observed that, as in pregnant
women, higher DHA levels were associated with a slower
learning effect. Furthermore, not much information is
available about fatty acid status and cognitive perfor-
mance in healthy adults aged 20-40 years. Most of the
evidence for an association between n-3 PUFA and cog-
nition in older people originates from a number of differ-
ent epidemiological investigations. The association of
tish and EPA + DHA consumption with cognitive decline
and dementia has been examined in different popula-
tions, both cross-sectionally and prospectively. There are
several reviews providing a good overview of the current
evidence. All report separately on studies using fish or
n-3 PUFA intake and studies using biochemical indica-
tors for assessment of n-3 fatty acid status.

In 2009, Cunnane et al. [129] identified three cross-
sectional and nine prospective studies (follow-up 2-21
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years) that reported on fish or n-3 PUFA intake and the
risk of cognitive decline, dementia or AD. The majority
of the studies observed that higher intake decreased the
risk, and they conclude that this evidence is a fairly solid
basis for believing that low fish and DHA intake contrib-
ute significantly to the risk of AD. Based on the observa-
tions in seven prospective studies with a follow up of 3-9
years and 15 cross-sectional studies using blood mea-
sures of DHA status, they conclude that lower blood DHA
is also fairly convincingly linked to a higher risk of cogni-
tive decline and AD.

Cederholm and Palmblad [144] reviewed only ‘recent’
literature on the potential role of n-3 PUFA in cognitive
decline and AD. Their review, based on 13 recent obser-
vational studies (five cross-sectional and eight prospec-
tive), of which seven used biochemical indicators and
nine dietary assessment of n-3 PUFA, indicates that, al-
though a number of observational studies have been pub-
lished in recent years, no firm conclusions can be drawn
on the role of n-3 PUFA in the prevention and treatment
of cognitive decline, dementia and AD. The evidence is
only fairly consistent, but still fish or DHA intake may be
a preventive option at the population level and may
emerge, especially DHA, as an adjuvant treatment for se-
lected individuals in early AD.

The most extensive review, by Huang [128], reports on
nine cross-sectional studies, of which five out of the six
studies that examined blood or plasma n-3 PUFA and all
three that examined dietary n-3 PUFA in relation to cog-
nitive functioning in AD and dementia found that better
outcomes were associated with higher n-3 PUFA. In to-
tal, 27 prospective studies were found, of which 19 exam-
ined fish or n-3 PUFA intake and nine examined plasma
or erythrocyte n-3 PUFA with regard to dementia, AD
and cognitive decline. Again, the majority of the associa-
tions showed protective effects against dementia, AD or
cognitive decline, which is also consistent with a very re-
cent 13-year prospective study [145]. Nonsignificant ef-
fects may have been due to the amount and type of fish
consumed. The most recent systematic review by Dan-
gour et al. [82] included only prospective studies with AD
as end point and found eight studies (six also included in
the previously mentioned reviews), of which only two re-
ported reduced AD and dementia incidence.

Trial Evidence

In 2006, the latest review of the Cochrane Collabora-
tion was published and yielded only two RCTs in dement-
ed elderly and none in cognitively healthy elderly [146].
The first RCT was small in terms of sample size (n = 20)
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and the second one was of short duration (4 weeks) [147,
148]. Since then, several larger and longer RCTs have been
performed, both in healthy as well as cognitively im-
paired elderly.

The review of Cederholm and Palmblad [144] on ‘re-
cent’ evidence describes the results of three RCTs, one in
302 healthy Dutch elderly [149], one in 174 subjects with
mild to moderate AD [150] and a small RCT in Taiwan
including 46 subjects with mild to moderate AD and mild
cognitive impairment [151]. The first two RCTs, both
with a study duration of 6 months, observed no overall
effect, except in post hoc analyses in a subgroup of men
and carriers of the APOE4 allele [149] or in those with the
mildest forms of AD. The third trial showed better cogni-
tive outcomes after n-3 PUFA treatment for 24 weeks.
Dangour et al. [82] included only RCTs that fulfilled the
Cochrane Collaboration guidelines, which comprised
four RCTs, three of them also included in the other re-
views and one not fulfilling our criteria because there was
no EPA + DHA treatment intervention group.

In the review of Cunnane et al. [129] and the very re-
cent review of Huang [128], the same RCTs were included,
and they additionally included an exploratory preventive
RCT in 49 healthy elderly [152] and some small explor-
atory trials in patients with various forms of dementia.
Most of the RCTs did not observe any change in cognitive
performance after n-3 PUFA treatment, leading to the
conclusion that based on these eight RCTs, at best a very
modest clinical benefit of n-3 PUFA has been reported,
and suggest that supplementation may be more effective
in more vulnerable subjects who have not yet been diag-
nosed with AD. Fotuhi et al. [153] discussed four RCTs in
their systematic review, all of which were also included in
at least one of the previously mentioned reviews and all
of which also failed to show an effect.

However, some more recent large RCTs were not in-
cluded in these reviews. An 18-month RCT in subjects
with mild to moderate AD (n = 402) showed no treatment
effect of 2 g of DHA/day on cognitive function tests [154].
Improved learning and episodic memory functions after
6 months of supplementation with 900 mg of algal DHA/
day were observed in 485 elderly with memory com-
plaints [155]. The largest and longest RCT to date, per-
formed in 867 cognitively healthy adults aged 70-79
years, showed no significant differences in cognitive
functions after 24 months of supplementation with 200
mg of EPA + 500 mg of DHA [156]. Even though these
larger and well-performed trials are an important addi-
tion to the total body of evidence, still no definitive con-
clusion can be drawn. However, the studies do suggest
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that RCTs should be targeted to subjects who are vulner-
able but have not yet been diagnosed with AD. The results
of a large, ongoing intervention study planning to enroll
1,200 frail older adults who will be supplemented with
n-3 PUFA for a period of 3 years are awaited [157].

n-3 PUFA in Relation to Depression

Pregnant and Lactating Women

We only found a few observational studies and trials
that focused on maternal mental well-being, but none on
the effect of the mother’s n-3 PUFA status on their off-
spring’s mental well-being.

Infants, Children and Adolescents

Observational Studies

Ramakrishnan et al. [158] identified no observational
studies in healthy children in their recent review, only in
children with attention deficit hyperactivity disorder and
in children with behavioral problems, which are beyond
the scope of this review. Mamalakis et al. [159] investi-
gated n-3 PUFA in adipose tissue of adolescents aged 13-
18 years. Initially they did not observe an association be-
tween n-3 PUFA and depression scores [159], but when
they included serum adiponectin as a predictor variable,
they observed a negative association between EPA in ad-
ipose tissue and depression [160].

Trial Evidence

Ramakrishnan et al. [158] also identified no RCTs in
their recent review, only in children with attention deficit
hyperactivity disorder and in children with behavioral
problems. However, in 2006 an RCT investigating n-3
PUFA treatment in 28 children aged 6-12 years was per-
formed and observed that n-3 PUFA may have therapeu-
tic benefits in childhood depression [161]. Also, Osher et
al. [162] performed an RCT in 28 children of the same age
and showed highly significant effects of n-3 treatment on
different depression rating scales.

In this area, there is a lack of observational evidence
and RCT evidence is very limited. More observational
studies and more and larger RCTs are needed before a
conclusion can be drawn.

Adults and Elderly

Observational Evidence

n-3 PUFA have often been related to depressive symp-
toms. Early epidemiological evidence for the involvement
of n-3 PUFA in depression was provided by an ecological
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study which reported a negative correlation between na-
tional fish consumption and the annual prevalence of
major depression [163]. Since then, various population-
based studies have been performed, and their results were
summarized by Appleton et al. [164] in 2008. Most stud-
ies suggested a beneficial role for fish or n-3 PUFA intake
in depression [164]. Some more recent studies did [165] or
did not [166] observe an association between fish con-
sumption or n-3 PUFA intake and depressive symptoms,
and in one study associations were only found in women
[167]. To the best of our knowledge, there is only one pro-
spective study, which suggests a potential benefit of mod-
erate n—-3 PUFA intake after 2 years of follow-up [168].

Appleton et al. [164] also included clinical studies in-
vestigating the associations between n-3 PUFA status
and depressive illness in their review. The majority of
these studies found reduced n-3 PUFA concentrations in
individuals suffering from depression compared with
healthy persons [164]. In addition, a recent meta-analysis
focusing on 14 studies evaluating differences in fatty acid
status between depressed patients and controls has indi-
cated that EPA, DHA and total n-3 PUFA levels were sig-
nificantly lower in depressed patients, whereas there were
no differences in n-6 PUFA [169].

Furthermore, various studies assessing n-3 PUFA sta-
tus in population-based samples have reported an inverse
association between n-3 PUFA status and depressed
mood in community-dwelling individuals with depres-
sive symptoms above the clinical threshold [170, 171].
However, no associations between n-3 PUFA status and
depressive symptoms were observed when taking into ac-
count the full range of depressive symptomatology as oc-
curring in the general population [171, 172], which sug-
gests that n-3 PUFA status may be normal in individuals
showing only mild symptoms of depressed mood, where-
as suboptimal n-3 PUFA levels may accompany more se-
vere depressive symptomatology.

Trial Evidence

Intervention studies examining the effects of n-3
PUFA supplementation on depressive symptoms have
yielded heterogeneous results. Whereas a number of RCTs
have shown that treatment with EPA and/or DHA may be
effective in alleviating depressive symptoms in patients
suffering from major depression, other studies have not
found any effect of n-3 PUFA treatment on depressive
symptoms. Completed RCTs were included in a system-
atic review and meta-analysis in which it was concluded
that differences in study duration, placebo comparison
and n-3 PUFA dose may have contributed to the observed
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discrepancies between results and that this heterogeneity
also hampered comparison and evaluation of the studies
[173]. Another recent meta-analysis including 28 RCTs
has suggested that the contrasting results may be related
to the differential efficacy of EPA and DHA in reducing
depressive symptomatology; supplements containing
over 50% EPA were more effective in the treatment of de-
pressive illness than those consisting primarily of DHA
[174]. RCTs in population-based samples have generally
failed to demonstrate a beneficial effect of n—3 PUFA sup-
plementation on depressed mood [173], which is consis-
tent with the reported lack of associations between n-3
PUFA status and subclinical depressive symptoms in the
general population. The most recent RCT, performed in
depressed elderly patients, showed a beneficial effect of
n-3 PUFA treatment on depressive symptoms [175].
Altogether, despite substantial heterogeneity between
study findings, the results from epidemiological studies,
clinical studies and RCTs suggest that a low n-3 PUFA
status may be involved in depressive illness and that de-
pressed patients might benefit from supplementation
with n-3 PUFA, and EPA in particular. On the other
hand, the involvement of n—3 PUFA in subclinical mani-
festations of depressed mood appears to be negligible.

Discussion

We reviewed the available data from observational
studies as well as RCTs that investigated B vitamins and
n-3 PUFA in relation to cognitive development, cognitive
functioning and mental well-being throughout the life
cycle. In table 2, the findings of all studies included in this
review are summarized, to provide an overview of the
number of studies that has been published and their re-
sults. Based on all the studies together, we can conclude
that:

o With regard to the cognitive development and mental
well-being of pregnant and/or lactating women and
their offspring, there are currently no (vitamin Bg) or
only very few cross-sectional studies (folate and vita-
min B},). Therefore, this area needs more observation-
al studies as well as RCTs before recommendations can
be made. For n-3 PUFA, a fair number of observation-
al studies as well as RCTs have been performed; how-
ever, results are controversial. Thus, the role of n-3
PUFA remains inconclusive.

o With regard to the cognitive development, cognitive
functioning and mental well-being of infants, children
and adolescents, no (vitamin Bg) or only very few ob-
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Table 2. Summary of the main findings of the studies included in this review

Nutrient Population Evidence Main findings: cognition Main findings: depression
Vitamin Bs  pregnant and lactating observational ~ no studies 1 CS: beneficial association
women RCTs no studies no studies
infants, children and observational ~ no studies 1 CS: beneficial association
adolescents RCTs no studies no studies
adults and elderly observational 9 CS: 4 beneficial association 3 CS: 2 beneficial association
8 prospective: 5 positive 1 prospective: positive
RCTs 4 RCTs: 1 beneficial effect 6 RCTs: 2 beneficial effect
Folate pregnant and lactating observational 2 CS: 2 beneficial association no studies
women RCTs no studies no studies
infants, children and observational 2 CS: neither beneficial no studies
adolescents RCTs no studies no studies
adults and elderly observational 8 CS: all beneficial association 5 CS: 3 beneficial association
31 prospective: 15 positive 1 prospective: negative
RCTs 6 RCTs: 2 beneficial effect 4 RCTs: 4 beneficial effect
Vitamin By, pregnant and lactating observational 3 CS: 2 beneficial association no studies
women RCTs no studies no studies
infants, children and observational 3 CS: 2 beneficial association no studies
adolescents 1 prospective: positive
RCTs 1 RCT: beneficial effect no studies
adults and elderly observational 28 prospective: 7 beneficial association 5 CS: 3 beneficial association
1 prospective: negative
RCTs 6 RCTs: 0 beneficial effect 1 RCT: 1 beneficial effect
n-3PUFA  pregnant and lactating observational 2 CS: 2 beneficial association no studies for offspring
women 14 prospective: 9 positive
RCTs 17 RCTs: 8 beneficial effect no studies for offspring
infants, children and observational 5 CS: 3 beneficial association 1 CS: 1 beneficial association
adolescents RCTs 33 RCTs: 10 beneficial effect 2 RCTs: 2 beneficial effect
adults and elderly observational 9 CS: 6 beneficial association 21 CS: 17 beneficial association
28 prospective: 21 positive 1 prospective: positive
RCTs 12 RCTs: 6 beneficial effect 36 RCTs: 18 beneficial effect

CS = Cross-sectional study.

servational studies (folate and vitamin Bj,) and only
one RCT (vitamin B;,) have been performed, together
providing too limited evidence to draw a conclusion.
For n-3 PUFA, there are only few observational stud-
ies but many RCTs on cognition, most of which do not
support a beneficial effect. Studies on mental well-be-
ing are too few to draw a conclusion.

With regard to cognitive performance and cognitive
impairment in adults and elderly, the most studies were
found in this group. For the B vitamins, a fair number
of observational studies have been conducted, especial-
ly on the role of folate and vitamin By, but evidence is
mostly not supportive. RCTs are limited and mostly
show no evidence. The number of studies on mental
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well-being is less abundant, though they mostly support
a beneficial effect. For n-3 PUFA and cognitive impair-
ment as well as mental well-being, the numerous obser-
vational studies mostly show a beneficial association,
whereas RCTs are inconclusive. Based on epidemiolog-
ical data, n-3 PUFA could be advised; however, wheth-
er or not their effect is causal remains to be resolved.

Limitations and Considerations of the Current Data

While reviewing the evidence and comparing the

studies, several considerations had to be taken into ac-
count. There is a large heterogeneity between the studies
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with respect to the populations studied, sample size, dose
of the treatment, possible combination and interaction
with other treatments, administration routes, study du-
ration, methodology used for assessment of cognitive
functioning and mental well-being, methodology used
for assessment of nutrient intake or nutrient status, a lack
of standardized cutoff values indicating low B vitamin
nutritional status and the occurrence of confounders.
The inconsistent findings from the available studies may
be due to these differences or possibly a combination of
them and make comparison difficult. Furthermore, the
studies are of different quality, which has not been taken
into account in this review. This is principally a review of
reviews, and we found many inconsistencies in the num-
ber and kind of studies included per review. This was of-
ten due to slightly different criteria for inclusion or exclu-
sion of studies, but often the criteria used were not clear-
ly described. The focus of this review was primarily on
healthy people; however, in many reviews healthy indi-
viduals as well as individuals with cognitive impairment
or other brain-related disorders or other disorders were
all considered together. Thus, we could not always ex-
clude individuals with mental disorders in our overview.

Optimizing Nutrition for Mental Performance or
Delaying/Preventing Disease

The focus of this review was on healthy people, brain
development and maintenance of brain functioning with
aging. However, it is questionable how large the role of
nutrition and certain nutrients may be, especially on top
of the complete and diverse diet that we consume. A larg-
er impact is to be expected in individuals with a subopti-
mal nutrient status and/or in individuals who are in a
stage of life in which an optimal supply of nutrients is
more critical. In addition, it might be that effects of inter-
ventions with B vitamins or n-3 PUFA alone may not
become apparent when intakes of other nutrients are in-
adequate. The implications of a nutrient deficiency on
cognitive outcomes will also depend on the stage of de-
velopment (i.e. deficiencies early in life may have irrevers-
ible consequences for cognition later in life) and the se-
verity and duration of the deficiency. There are indeed
critical periods during which the brain is more vulnera-
ble to an inadequate diet, such as during the rapid rate of
growth of the brain during the last trimester of pregnan-
cy and the first 2 years of life [176, 177]. Another critical
period is at the other end of the life span, with the onset
and development of age-related cognitive decline. Besides
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the fact that every individual has a different level of cog-
nitive functioning, there is also a difference in the onset
and rate of cognitive decline, which indicates that factors
other than aging, such as nutrition, are of influence as
well. Prospective studies as well as RCTs aim to examine
the prevention and/or delay of cognitive decline. A con-
troversy here may be that typically an RCT is relatively
short, but at the same time a relatively high dose of the
nutrient, often above what is consumed within a usual
diet, is supplemented. This is in contrast with prospective
studies, where more habitual feeding patterns are studied
over a particular period of usually several years. Feeding
patterns that have already existed for years may already
have exerted their influence on brain health and cogni-
tive reserve, so the effect of supplementation has to be
strong to show an effect on top of that.

Recommendations for Future Research

We agree with the conclusions of several previous re-
views that clearly more research is needed and have some
suggestions and directions for future research. With re-
gard to the kind of studies, there is need for more long-
term observational studies and RCTs. Observational
studies should be of sufficiently long duration and in-
clude subjects whose dietary information is available at a
sufficiently early stage or at least before disease or cogni-
tive decline exist. These studies must control for the
known confounding factors and incorporate multiple
tests of cognition and multiple assessment periods. RCTs
should be well designed, of sufficient duration, with ad-
equate numbers of subjects and preferably include spe-
cific types of individuals who may be more responsive to
treatment effects, such as elderly with cognitive impair-
ment (e.g. Mild Cognitive Impairment patients), subjects
with a suboptimal status of one or more nutrients or sub-
jects with certain genotypes such as the APOE4 geno-
type. One limitation of RCTs may be that the exposure
time for the specific nutrient may need to be very long
before effects appear. Nevertheless, it is of utmost impor-
tance that well-designed RCTs are executed.

Studies are preferably designed in a more similar way
with respect to, for instance, treatment, kind of subjects
included and measurement of cognitive functioning, in
order to enable comparisons between studies and, when
sufficient studies are performed and published, to com-
bine the studies in proper meta-analyses to obtain a more
powerful estimation of the effect size.
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The focus should not only be on whether a factor plays
a role or not, but also on establishing how the nutrient
could be biologically linked. Consideration and knowl-
edge of individual differences and genetic factors under-
lying sensitivity to nutrient effects are necessary for more
effective and valuable strategies. New techniques for in-
vestigating nutritional influences on the brain, such as
brain imaging techniques, should also be explored.

Furthermore, a more integrated approach using whole
diet as opposed to a reductionist approach by addressing
exposure to specific dietary constituents is recommend-
ed. This could also be a suitable basis for population
guidelines on healthy food intake and would be a more
efficient approach in combating multiple age-related dis-
eases, because overlapping biological mechanisms may
be affected. Moreover, there is a growing need for nutri-
ent-dense diets once energy intake and needs decline
with progressing age, and special attention should be giv-
en to specific nutrients that are of concern, because the
supply may be hindered by poor endogenous synthesis
and/or hindered absorption.

Conclusion

Despite several plausible biochemical mechanisms,
the evidence from observational studies as well as RCTs
is generally limited and too inconsistent to draw firm
conclusions. No recommendation can be given regarding
a role of B vitamins on the brain. For n-3 PUFA, obser-

vational evidence may be suggestive of a beneficial effect;
however, this was not replicated in most RCTs to date.
The research field is far from having reached satiation,
particularly with regard to studies investigating the nu-
trient status of pregnant and/or lactating mothers and the
subsequent effects on their offspring, as well as studies
focusing on infants, children and adolescents. Although
many more studies have been performed in adults and
especially the elderly, still more studies are needed be-
cause of the inconsistent results. In particular, more long-
term prospective studies and well-designed RCTs (to
prove a causal effect) are needed.

In conclusion, more research is needed before defini-
tive guidelines for the use of B vitamins and/or n-3 PUFA
for brain development, functioning and maintenance can
be provided because current evidence is insufficient and
lacks consistency.
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