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With growing and ageing populations, the incidence of dementia is expected to triple glo-
bally by 2050. In the absence of effective drugs to treat or reverse the syndrome, dietary
approaches which prevent or delay disease onset have considerable population health poten-
tial. Prospective epidemiological studies and mechanistic insight from experimental models
strongly support a positive effect of a high fish and long chain »-3 fatty acid (EPA and
DHA) intake on a range of cognitive outcomes and dementia risk, with effect sizes equiva-
lent to several years of ageing between the highest and lowest consumers. As reviewed here,
an effect of EPA and DHA on neuroinflammation and oxylipin production is likely to in
part mediate the neurophysiological benefits. However, randomised controlled trials
(RCTs) with EPA and DHA supplementation have produced mixed findings. Insight into
the likely modulators of response to intervention and factors which should be considered
for future RCTs are given. Furthermore, the impact of APOFE genotype on disease risk
and response to EPA and DHA supplementation is summarised. The prevalence of demen-
tia is several-fold higher in 4 POFE4 females (about 13 % Caucasian populations) relative to
the general population, who are emerging as a subgroup who may particularly benefit from
DHA intervention, prior to the development of significant pathology.

EPA: DHA: Alzheimer’s disease: Neuroinflammation and oxylipins

1)

Cognition refers to the mental process of acquiring Globally, there are 50 million living with dementia*"”’,

knowledge and processing information. It includes func-
tions such as attention, memory, problem solving, deci-
sion making, planning, inhibition, judgement and
evaluation, reasoning, comprehension and production of
language and orientation/visuospatial skills. Dementia is
a general term for a loss of one or more of these functions
that is severe enough to interfere with daily life. There are
now over 100 recognised forms of dementia, with
Alzheimer’s disease (AD) being the most prevalent, and
responsible for about two-thirds of dementia cases.

occurring in 5-8 % of those aged over 60 years, with
the prevalence increasing exponentially with age® ¥
(Fig. 1).

With growing and ageing populations, and more wide-
spread diagnostic services, diagnosed dementia rates are
predicted to triple by 2050‘". Dementia is the second
leading cause of death globally after IHD® and in
England and Wales dementia is now the single greatest
cause of death in women, responsible for 16-5% of
total mortality (v. 8-7% in men)®. This sex difference

Abbreviations: AD, Alzheimer’s disease; BBB, blood-brain barrier; HR, hazard ratio; LC n-3 PUFA, long chain n-3 fatty acid; LPC, lysophospha-
tidylcholine; RCT, randomised controlled trial; RR, relative risk; SPM, pro-resolving mediator.
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Fig. 1. Dementia prevalence (% of the population) by age group in the UK®.

in dementia-associated death rates is reflective of the fact
that two-thirds of dementia patients are females'”, the
physiological and molecular basis of which is only par-
tially elucidated®”. Accelerated neuropathology and
cognitive decline, evident during the menopausal transi-
tion in females, and the higher penetrance of the at-risk
APOEA4 allele in female carriers are likely to be major
contributing factors® V.

However, encouragingly age-standardised rates are
decreasing in many high-income countries. Between 1990
and 2016, a 6-8, 10-3 and 8-4% reduction in dementia-
associated death, prevalence and disability-adjusted life
years rates, respectively, was observed in the UK®.
These reductions have been attributed to greater education
attainment (creating cognitive reserve), better cardiovascu-
lar health and improved nutrition.

Overview of interventions for dementia treatment and
prevention

There are currently few effective drugs to prevent or treat
dementias. In the UK, there are four licensed drugs avail-
able (donepezil, rivastigmine, galantamine and meman-
tine) which temporarily treat symptoms by targeting
synaptic function and neurotransmission. In 2021, the
Food and Drug Administration granted accelerated
approval to aducanumab, the first drug in 18 years for
AD""?_ Tt is a monoclonal antibody which targets amyl-
oid clearance and is currently undergoing regulatory
review in Europe. Its purported efficacy is controversial
with the benefits thought to be marginal in most
patients!"?.

In the absence of effective pharmaceutical options to
prevent, reverse or treat dementia, there is a widespread
interest in lifestyle behaviour approaches including nutri-
tion to prevent or delay neurophysiological and cognitive
decline. In the 2020 Dementia prevention, intervention,
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and care: 2020 report of the Lancet Commission, it was
estimated ‘that 12 modifiable risk factors account for
around 40% of worldwide dementias, which conse-
quently could theoretically be prevented or delayed!?.
Many of these are nutrition-dependent (hypertension,
obesity, diabetes, depression and recovery from trau-
matic brain injury) and likely mediate the emerging
role of nutrition in brain health.

Research into the role of nutrition in age-related cog-
nitive decline is in its relative infancy compared with
other chronic conditions such as CVD and osteoporosis,
with research evidence largely derived from prospective
cohort studies or experimental models.

Although not fully consistent, a growing body of pro-
spective cohort evidence shows that plant-based dietary
patterns and individual dietary bioactives such as selenium,
vitamin D, B-vitamins, polyphenols and long chain »-3
fatty acids (LC n-3 PUFA) improve cognition and reduce
dementia risk, conversion of mild cognitive impairment to
AD and brain atrophy'*2?. A Mediterranean dietary pat-
tern and the Mediterranean-Dietary Approaches to Stop
Hypertension Diet Intervention for Neurodegenerative
Delay diet have emerged as particularly effective with
high v. low adherence associated with up to a 40 % reduced
dementia rate!?'">¥. The potential of the protective role
of a Mediterranean dietary pattern was highlighted in
the 2017 Lancet Commission Dementia prevention, inter-
vention, and care report®?, with a Mediterranean dietary
pattern being the only specific dietary approach for
which the WHO 2019 Risk Reduction of Cognitive
Decline and Dementia guidelines® recommended to
adults with normal cognition to reduce the risk of cognitive
decline and dementia. A defining component of a
Mediterranean dietary pattern is a high fish and n-3 fatty
acid intake. Here, we focus on the role of the LC n-3
PUFA DHA in brain function and on evidence for a pro-
tective role of higher fish and DHA and EPA intake and
status in cognitive health. We critique the apparent
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inconsistencies between the protective associations
observed in prospective cohort and biological effects in
experimental models v. the inconsistent and often null or
marginal effects seen in randomised controlled trials
(RCTs).

Fatty acid uptake into the brain

DHA is a 22-carbon #n-3 fatty acid, with multifaceted struc-
tural and functional roles in the central nervous system.
Although DHA can be synthesised in the liver from the
plant precursor n-3 fatty acid o-linolenic acid, bioconver-
sion is less than 0-2%“®. Within the brain, the synthesis
of DHA from o-linolenic acid is negligible. Therefore,
DHA uptake via the highly selective blood-brain barrier
(BBB) is required to replace the DHA consumed in meta-
bolic reactions. A dietary supply of DHA as either oily fish
or supplements is recommended to meaningfully enrich
brain levels. DHA is the predominant PUFA in the
brain, accounting for 15 % of total fatty acids which is sev-
eral fold higher than most other tissues such as the heart
and the liver where it constitutes about 2 %”. Grey mat-
ter, including synaptic membranes, synaS?tic vesicles and
mitochondria, are particularly enriched®®.

The BBB is formed of tightly connected endothelial
cells, embedded within a network of pericytes and astro-
cytes foot processes that support its function®. Fatty
acids cross the BBB by two known mechanisms, either
facilitated transport by several transmembrane proteins
or by passive diffusion®”. BBB uptake of plasma fatty
acids was historically thought to be only from NEFAs,
which originate from lipoproteins or are bound to
plasma proteins, mainly albumin®"”. More than 99 %
of non-esterified-DHA is protein bound. NEFAs are
transported through the endothelial cell membranes
and cytoplasm via a group of fatty acid transport pro-
teins (FATP) and fatty acid binding proteins. FATPI
and FATP4 are highly expressed in both the vascular
and the parenchymal regions of the brain®?. Recent
studies show that FATP1 participates in 60 % of DHA
uptake®®. Interestingly, in a cell culture model,
amyloid-p (Ap), the hallmark of AD pathology, induced
a 96 % reduction in FATPI protein expression and an
associated 45% reduction in DHA efflux®*®. More
recently, acyl-CoA synthetase 6 (Acsl6) has been iden-
tified as an essential transporter for enriching the brain
with DHA®>3),

Besides the NEFA form, DHA is also taken up into
the brain in the form of lysophosphatidylcholine
(LPC-DHA)®?. The major facilitator superfamily
domain-containing protein 2a (MFSD2A) is considered
the major route of LPC-DHA uptake®®*?. Indeed,
Mfsd2a knockout mice showed 50 % lower brain DHA
levels compared to wild-type animals, with consequent
cognitive deficits, anxiety and microcephaly®®. Along
with its emerging role in LPC fatty acid transport and
the regulation of BBB permeability®”, MFSD2A is
emerging as having more far-reaching functions in
neuroinflammation and other physiological and patho-
physiological brain processes”. Overall, although the
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uptake and partitioning coefficient is higher for
LPC-DHA relative to non-esterified-DHA following
intravenous injections, non-esterified-DHA is thought
to be the main source of DHA for the brain due to its
higher circulating concentrations®'*®,

Although currently largely unknown, it is emerging
that variables such as age, menopause, neuropathology
and APOE genotype status*®, may impact the brain
DHA uptake processes, and has implications for the
recommended DHA dose in population subgroups, and
the optimal intervention ‘window of opportunity’ when
DHA supplementation is most likely to bring about cog-
nitive benefits. Furthermore, defective brain DHA
uptake could underpin the lack of benefit of DHA
observed in several RCTs, particularly in 4POE4 car-
riers (see section ‘Fish and DHA intake and status and
cognition: randomised controlled trial evidence’).

APOE genotype: impact on dementia/Alzheimer’s
disease risk and age of onset

ApoE, produced mainly in the brain by glial cells, is the
principal lipid transporter within the brain and cerebro-
spinal fluid, but also has numerous other roles in neuroi-
nflammation and neuronal function. Two missense
mutations in APOE gene (rs429358 and rs7412) produce
three allele variants: €2, €3 and 4. These alleles have dif-
ferent amino acids (cysteine or arginine) in positions 112
and 158, resulting in ApoE2 (Cysl12 and Cysl58),
ApoE3 EC s112 and Argl58) and ApoE4 (Argll2 and
Argl58)*>. These amino acid differences lead to con-
formational changes in ApoE structure which affects
binding to lipoprotein receptors and also the stability
and tissue concentrations of the protein®®. The global
frequencies of the €2, €3 and €4 alleles are approximately
8-4, 77-9 and 13-7 %, respectively®”. APOE genotype is
the most important common genetic determinant of cog-
nitive decline and AD risk, with a 3-fold increased preva-
lence of the €4 allele in AD v. the general population and
the APOE3/E4 and APOE4/E4 genotypes having a 2-3-
and 12-15-fold increased risk of AD compared to the
wild-type APOE3/E3 genotype™®*”. In addition,
APOEA4 is associated with an average lower age of AD
onset®. Tt falls from 84 years in 4APOE4 non-carriers
to 76 years in APOE3/E4 to 68 years in APOE4/
E4%%39 The aetiology of the increased risk in APOF4
carriers is multi-faceted and can be attributed to defective
AP clearance, a loss of neuronal synaptic plasticity and
dendrite outgrowth, neuroinflammation, cerebrovascular
and BBB dysfunction and lower brain DHA status®".
In a transgenic rodent model, the uptake of
['*C]-DHA using in situ cerebral perfusion was signifi-
cantly lower in APOE4 v. APOE?2 animals, which was
exacerbated by age®”. This observation of a greater
effect of age on brain DHA is consistent with our more
recent rodent studies, where the effect of age was more
evident in females®® and following induction of meno-
pause"'”?. In human subjects, DHA sug?lementation
resulted in lower circulating DHA levels®*>*), higher sys-
temic B-oxidation® and lower cerebrospinal fluid DHA
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following 18 months of supplementation®®. Defective
BBB transfer, brain lipid transport and increased oxida-
tion of DHA following upregulated release by
PhospholipaseA2, are all likely contributors to a lower
DHA brain status in APOE4*Y. As will be discussed
later, APOFE genotype has also emerged as an important
mediator of the effect of DHA status and intervention on
incident dementia and cognitive outcomes, but the effect
is inconsistent and likely to dependent on age, sex and
brain health stage.

The role of DHA in the brain

Since first being identified in the brain by Klenk and
Bongard in 19527, many neurophysiological roles
have been identified for DHA in experimental models,
including membrane structural roles (fluidity and modula-
tion of membrane protein function) and the modulation of
neurogenesis and neuronal cell growth and cell survival,
AP clearance, vascular function and brain perfusion,
BBB permeability, oxidative status, neuroinflammation,
synaptic function and neurotransmission®>!->%-6%),
Synaptosomal membranes are particularly enriched in
DHA, where it constitutes up to 40 % of PUFA in select
lipid species and modulates neurotransmitter levels and
membrane dynamics®”. Loss of synaptic plasticity is a
major contributor to the pathogenesis of cognitive decline,
mediated in part through reduced levels of brain-derived
neurotrophic factor and its related signalling pathways®®.
DHA is known to increase the level of brain-derived neuro-
trophic factor and consequently activates protein kinase
B (AKT) and extracellular signal-regulated kinase signal-
ling pathways leading to improved synaptic plasticity®”.
Reduced recognition memory was evident in menopausal
APOE4 mice models fed with a high-fat diet!”. This mem-
ory deficit was associated with a 13 % reduction in cortical
DHA, reduced brain-derived neurotrophic factor expres-
sion and compromised Akt, mammalian target of rapamy-
cin and extracellular signal-regulated kinase signalling
pathways, highlighting the mechanistic role of DHA, inter-
acting with menopause and 4 POFE4, in cognitive decline
via modulation of synaptic plasticity-related pathways"'?.

A systematic review on the effects of relatively long-
term n-3 intervention in animal AD models included
data from 15 studies and reported significant reductions
in amyloid levels, plaque burden and neuronal loss and
improved cognition following DHA only or EPA +
DHA supplementation”?.

Once released from membrane phospholipids via
phospholipase A2, DHA regulates inflammation through
the modulation of cytokine production and as a precur-
sor for a host of bioactive oxylipins®®’""7 (see the
next section).

Neuroinflammation, oxylipins and brain health

Amyloid plaque deposition is one of the hall mark of AD
pathology. Risk factors such as 4POE4 carrier status,
vascular pathologies and neuroinflammation play
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interactive roles in the cascade of synthesis of A and
the progression of cognitive decline’®. Indeed, proi-
nflammatory cytokines such as IL6 and TNFa are
increased in the blood and brain of patients with
AD77_ Brain microglia, the brain-resident immune
cells, are the major regulator of brain inflammatory sta-
tus via the release of inflammatory cytokines such as
IL1B, TNFa and inducible nitric oxide synthase’”.
Activated microglia surround amyloid plaques in the
cerebral cortex of AD patients, which suggests that A
deposition can trigger microglial activation and subse-
quent release of inflammatory cytokines®**Y.

However, recent studies suggest that neuroinflamma-
tion also plays an Ap-independent role in the pathogenesis
of cognitive decline®®?. Imaging studies have observed
microglial activation in patients with mild cognitive
im(gairment even before the appearance of amyloid de)pos-
its®*%5 which increases with disease progression®®*”.

PUFAs have been extensively studied as a modulator
of systemic inflammation in chronic diseases such as ath-
erosclerosis, diabetes and rheumatoid arthritis. These
conditions are consistently associated with higher C-
reactive proteins (CRPs), TNFs, IL6, thromboxane A2
(TXA2) and leucotrienes B4 (LTB4)®%%  which are
affected by tissue PUFA status®” (Fig. 2). Similar to
its systemic anti-inflammatory role, n-3 PUFAs are con-
sidered effective modulators of the brain inflammatory
status®!??. Higher DHA intake was associated with
lower IL6 in the mouse hippocampus®® and inhibition
of the NF-xf inflammatory pathway®®. DHA reduced
AB deposition in an AD mouse model®® through the
reduction of the IL12/IL23 signalling pathway®>.

The biological actions of PUFASs in controlling neuroi-
nflammation are in part mediated through their enzyma-
tically and non-enzymatically oxidised metabolites,
called oxylipins®® (Fig. 2). These lipid-derived oxyge-
nated metabolites of PUFA are synthesised by three
groups of enzymes: cycloox¥genases, lipoxygenases and
cytochrome P450 enzymes®”), which produce hydroxy-,
dihydroxy- or epoxy-fatty acids. Due to their highly
unsaturated nature, PUFAs are also non-enzymatically
oxidised (i.e. autooxidation) by reactive oxygen and nitro-
gen species®. Oxylipins are precursors for specialised
pro-resolving mediators (SPMs; resolvins, protectins,
maresins and lipoxins) which have anti-inflammatory
and pro-resolving roles®”. n-6 PUFA-derived oxylipins
are generally pro-inflammatory relative to EPA/
DHA-derived species. The enzymatic action of cyclooxy-
genases on AA produces the pro-inflammatory PGH2,
TXA2 and 5-, 12- and 15-hydroxy-eicosatetraenoic acid
(HETEs)'°?. It is worth mentioning that AA is also a
precursor of the anti-inflammatory and pro-resolving
lipoxins A4 and B4®%.

n-3 PUFA-derived oxylipins generally have anti-
inflammatory and pro-resolving properties. EPA pro-
duces less inflammatory PGs, TXAs (3-series) and LTs

(5-series) " relative to  AA-derived  oxylipins.
Epoxy-Elzl%2 oxylipins produce anti-inflammatory

responses'®? partly through the inhibition of NF-kp
pathway and through antagonising inflammation
induced by PGEY 'Y RVE1 reduces proinflammatory
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Fig. 2. Main oxidative products (oxylipins) of arachidonic acid (AA), EPA and DHA metabolism. Adapted from Schulze et al.®”). 2-PGs,
2 series prostaglandins; 3-PGs, 3 series prostaglandins; 4-LTs, 4 series leucotrienes; 5-LTs, 5 series leucotrienes; ALOXs, arachidonate
Lipoxygenases; ALOX5AP, 5-lipoxygenase activating protein; COX-2, cyclooxygenase-2; CYP-450, cytochrome-P450; DHEQs,

dihydroxyeicosatetraenoic  acids; DHET,

dihydroxyeicosatrienoic

acid; DiHDPA, dihydroxydocosapentaenoic acid; EDP,

epoxydocosapentaenoic acid; EEQ, epoxyeicosatetraenoic acid; EETs, epoxyeicosatrienoic acid; HDHA, hydroxydocosahexaenoic acid;
HEPE, hydroxyeicosapentaenoic acid; HETE, hydroxy-eicosatetraenoic acid; HpDHA, hydroperoxide intermediate of DHA; sEH, serum

epoxide hydrolase enzyme; TX, thromboxanes.

cytokine production'®, neutrophil infiltration and

reduces proinflammatory gene expression in peripheral
blood mononuclear cells and microglia through binding
to ChemR23 receptor!*107,

The role of oxylipins and SPMs in the protection
against neuroinflammation and the development of AD
is gaining research attention’>’%!°®) The resolution of
the inflammatory process is disrupted with ageing and
cognitive decline!’”. In murine models, increased n-6
PUFA-derived oxylipins and decreased n-3-derived
oxylipins and SPMs are generally observed in neuroi-
nflammatory brain disorders”®. A reduction in cortical
14- and 17-hydroxydocosahexaenoic acid and hisgpocam—
pal neuroprotectin D1 with age was observed®®. Brain
LXA4 was also found to decline with age, with the reduc-
tion more pronounced in an AD-mouse model''?.
Interestingly, administration of LXA4 in this
AD-mouse model'!” and RvD1 in a post-operative cog-
nitive impairment model"'" reduced cognitive decline
under both conditions. Protectin D1 was first detected
in murine blood and neuroprotectin DI is present in
the brain''®. Neuroprotectin D1 levels greatly increased
in the hippocampus after lipopolysaccharide stimula-
tion?. It binds to the GPR37 receptor''® to inhibit
NF-kp and pro-inflammatory gene expression!'¥,
Neuroprotectin D1 showed protective function in neuro-
degeneration through modulating synaptic plasticity and
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microglial activity"'”. In human studies, LXA4 was

lower in patients with AD compared to mild cognitive
impairment or subjective cognitive impairment patients.
Similarly, LXA4 and MaR1 were reduced in postmortem
hippocampi of AD patients compared to controls,
whereas the n-6 PUFA oxylipins 5-HETE, 15-HETE,
TXB2 and PGs increased'®.

Being precursors to oxylipins and SPMs, several stud-
ies have explored the potential benefits of n-3 PUFA in
preventing cognitive decline via modulating the levels
of brain oxylipins and SPMs. In aged rats, EPA and
DHA supplementation increased cortical 5-HEPE, 7-,
10-, and l7—hydroxydocosahexaenoic acid, PD1, RvDl1
and RvD2"'". AA-derived PGE,, PGD, and PGF,,
significantly decreased with an associated improvement
in reference memory. In response to lipopolysaccharide
stimulation, #-3 PUFA supplemented mice showed an
increase in hippocampal n-3 oxylipins compared to non-
supplemented mice who showed an increase in the n-6
pro-inflammatory oxylipins''®. In AD patients, EPA
and DHA supplementation increased peripheral blood
mononuclear cell RvD1 levels compared to controls'®.

Significant inter-individual variability in the response
of oxylipins to n-3 PUFA supplementation has been
reported"'”. In mice, select EPA- and DHA-derived
brain oxylipins and SPMs were lower in APOFE4 com-
pared to APOE3®?. In addition, the plasma oxylipins
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response to EPA+DHA supplementation was
influenced by APOE genotype in healthy individuals
with a greater production of a number of EPA- and
DHA-derived species in APOE4 carriers"*”. Genetic
variation in enzymes involved in PUFA metabolism
has been implicated as a possible modulator of oxylipin
production from PUFAs. Genetic variation in LTA4H,
an enzyme in the pathway of leucotriene synthesis, sign-
ificantly interacted with dietary n-3 and n-6 fatty acid
intake to determine intima-media thickness!'*".
Variants in ALOX5 gene were associated with a differen-
tial oxylipin response to fish oil supplementation in
healthy African American adults!'*?.

Given the central role of neuroinflammation in cogni-
tive decline, the modulation of cytokine, oxylipin and
SPM production is a tractable target to prevent and
delay neuropathology by increasing EPA and DHA sta-
tus and intake.

Fish and DHA intake and status and cognition:
prospective cohort evidence

There is a substantial and a relatively consistent body of
research from prospective cohorts, of an inverse associ-
ation between fish and EPA and DHA intake and status
(measured in a number of blood lipid fractions), and
dementia and AD risk, brain atrophy and cognitive
decline. In the earliest report from the Rotterdam
Cohort study (n 5386), with an incident case rate of
1-1% (n 58) over 2-1 years, total fat, saturated fat and
fish intake were inversely related to incident demen-
tia>?. However, in the 9-6 years follow-up of this
cohort, with 465 dementia cases, total fish, EPA or
DHA intake was not associated with either total demen-
tia or AD risk"?*. This lack of association is in contrast
to the findings of the largest prospective analysis con-
ducted to date on fish, n-3 fatty acids and dementia,
namely the NTH-AARP study in 421 309 adults followed
up for 16 years, with 85 112 deaths"*. Quintile 5 (Q5) v.
Q1 of total fish intake was associated with a hazard ratio
(HR) of AD death of 0-76 (95 % CI: 0-61, 0-95) with an
even stronger association evident when fried fish was
removed. Considering LC n-3 PUFA intake, an HR of
AD death of 0-70 (95 % CI: 0-54, 0-89) was observed in
Q5 v. QI in males, with an even greater benefit in females
(HR: 0-59 (95% CI: 0-43, 0-80))'*. Q5 represented a
mean intake of >180 mg and 160 mg daily in males and
females of LC n-3 PUFAs, mainly EPA + DHA. This
intake is modest compared to the typical UK and global
recommended intakes of 450-500 mg daily EPA + DHA
minimum recommended intake!'?*'*” which is mainly
targeted towards cardiovascular health.

In an analysis of post-mortem brains, seafood con-
sumption (>1 meal(s)/week), measured on average 4-5
years before death was correlated with less AD pathology
including lower neuritic plaques, less severe and wide-
spread neurofibrillary tangles, and lower neuropathologi-
cally defined AD but only among APOE e4 carriers!'*®.

A number of analyses have reported positive associa-
tions between DHA or EPA + DHA status in blood

https://doi.drg/10.1017/50029665121003700 Published online by Cambridge University Press

lipids fractions and cognitive outcomes'**"*Y. In the
Framingham Cohort, high v. low (Q4 v. Ql)
phosphatidylcholine-DHA was associated with a 47 %
reduction in all cause dementia’?”. In the Women’s
Health Initiative Memory Study, the HR of probable
dementia in the 9-8 years follow-up was 0-92 (95 %:
0-84, 1-00) per sp of erythrocyte EPA +DHA (n-3
index) with a similar HR when EPA and DHA were con-
sidered separately'*”. The 15-year cumulative incidence
of probable dementia was estimated to be 12-1% with
high EPA + DHA exposure compared to 14-2% with
low EPA + DHA exposure (absolute risk difference =
2-05%).

Ageing and dementia progression are underpinned by
total brain atrophy (loss of volume) and in AD the
hippocampus is particularly affected. In the Women’s
Health Initiative Memory study, a 1 sp greater erythro-
cyte EPA + DHA level was correlated with 2-1 cm3 lar-
ger brain volume and greater hippocampal volume (50
mm?), with the effect size purported to be equivalent to
1-2 years of ageing"®. An association between erythro-
cyte EPA + DHA and medial temporal lobe volume tra-
jectories assessed over a maximum of 10-8 years (median
follow-up 4-0 years) was observed in the Three-City
study, along with improved global cognition and mem-
ory and a 60 % increased risk of dementia in Q1 v. Q5
of EPA + DHA status'"*?.

The findings from prospective cohort studies have
been synthesised into four meta-analyses which focus
on fish intake**!* or both fish and LC n-3 PUFA
intake!"*>13% on a variety of cognitive outcomes, which
are further summarised in an umbrella review of
meta-analyses''”. Samieri et al. pooled the French
Three-City study and four US cohorts and included
data from n 23 688 (88 % female) with median follow-ups
of 3-9-9:1 years"*». Higher fish intake was associated
with slower decline in both global cognition and episodic
memory. The effect of consuming >4 servings/week v. <1
serving/week of fish on episodic memory decline was esti-
mated to be equivalent to 4 years of ageing. Although the
Bakre et al’s (n 9 studies) analysis does not provide
information on actual fish portion consumption per cat-
egory, a dose-dependent effect was observed with a rela-
tive risk (RR) (95 % CI) of dementia of 0-84 (0-72, 0-98),
0-78 (0-68, 0-90) and 0-77 (0-61, 0-98) in those with low,
middle and high consumption of fish v. those with no or
lowest consumption of fish, with the corresponding RRs
of 0-88 (0-74, 1-04), 0-79 (0-65, 0-96) and 0-67 (0-58,
0-78), respectively for AD"*®. In the most comprehen-
sive and granular meta-analysis, Zhang et al. combine
data from twenty-one individual studies (181 580 partici-
pants) with 4438 cases, during follow-up periods ranging
from 2-1 to 21 years to examine associations between
fish, total PUFA and individual PUFA intakes and
total dementia and dementia sub-types"*®. The main
findings is that an increase in fish of one serving per
week is associated with a lower RR (95 % CI) of demen-
tia and AD of 0-95 (0-90, 0-99) and 0-93 (0-90, 0-95), with
an equivalent RR for a 0-1 g/d increment of dietary DHA
intake (but not EPA) of 0-86 (0-76, 0-96) and 0-63 (0-51,
0-76), respectively. This effect size for one portion of fish
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and AD is relatively consistent with Wu et al.’s analysis
who reported that an increment of 100 g/week of fish
intake (UK portion is 140 g) was associated with an 11
% lower risk of AD (RR =0-89, 95 % CI 0-79, 0-99)13%.

There is conflicting evidence that associations may be
influenced by 4POE genotype status, with some prospect-
ive cohorts reporting no influence!**'¥%!3 some no ben-
efits of fish or EPA/DHA intake in APOF4 carriers7 139
and some reporting a beneficial association only in
APOE4"®_ These apparent inconsistencies are likely
attributable to a lack of a granular understanding of
influencers of brain DHA metabolism in A POFE4. It is pos-
sible that due to a defective brain DHA uptake and metab-
olism there is a greater DHA need throughout life in
APOE4. However, with variables such as age, menopause
and significant pathology potentially having a greater
impact on brain DHA uptake in 4APOFE4, beyond a certain
physiological stage an increased DHA intake or blood sta-
tus may have a lower or negligible cognitive benefit in
APOE4 as it will not translate into higher brain DHA
levels. More research is needed to identify the optimal
DHA intake and supplementation ‘window’ in 4APOEA4.

Therefore overall, in prospective cohort studies high .
low/no fish and LC #n-3 PUFA consumption is associated
with up to a 40 % reduced risk of total dementia, and in
particular AD, with effect sizes equivalent to several
years of ageing. It is likely the benefits of fish consumption
extend beyond the provision of LC n-3 PUFAs, with fish
also being a rich sources of selenium, vitamin B, and
vitamin D, all of which may enhance cognition'®. For
a dietary component such as DHA/fish which is consid-
ered a signature of affluence and an overall healthy diet
and lifestyle!*? the possibility of residual confounding
should be considered, with some of the cognitive benefits
seen in prospective cohorts, potentially due to as yet
unknown factors which are not fully corrected for in the
statistical models.

Fish and DHA intake and status and cognition:
randomised controlled trial evidence

To the best of our knowledge, there is currently no RCT
which has investigated the impact of fish intake in isola-
tion (i.e. not as part of a multi-food or whole diet inter-
vention) on cognitive outcomes. Prospective cohort
evidence where EPA and DHA are predominantly
derived from fish, have examined the impact on dementia
risk and cognition over follow-up periods up to 20 years.
In contrast, RCTs have intervened with a mixed LC »-3
PUFA or DHA-rich supplement for up to 3 years, but
typically 6 months, which have produced mixed and
often null findings (Table 1).

Cognitive benefits of EPA + DHA supplementation
have not been observed in AD patients!"*”. In the
Alzheimer’s Disease Cooperative study, supplementation
with 2.0 g DHA for 18 months in those with mild to
moderate AD, did not affect the co-primary outcome
measures, the cognitive subscale of the Alzheimer’s
Discase Assessment Scale (ADAS-cog) and the clinical
dementia rating sum of boxes'*”. An effect of

https://d®i.org/10.1017/50029665121003700 Published online by Cambridge University Press

intervention on the cognitive subscale of the
Alzheimer’s Disease Assessment Scale and the mini-
mental state examination was, however, observed in
APOE4 non-carriers. In a 2008 RCT in three-hundred
and two cognitively healthy individuals, no effect of
doses of 400 or 1900 mg EPA + DHA daily on a range
of cognitive outcomes was evident!*". This is in contrast
to the findings of Stonehouse and colleagues who
observed a significant impact of 1160 mg DHA + 170
mg EPA daily over 6 months, on the speed of episodic
and working memory, and episodic memory perform-
ance in women only, with low habitual EPA and DHA
intake  at  baseline (<200 mg/week)'*?  with
Yurko-Mauro et al., also observing improvements in a
number of cognitive outcomes supplementing with 900
mg daily in those with subjective memory complaints
for 6 months"*’. This is in contrast to the
Multidomain Alzheimer Preventive Trial (MAPT) (3
years, n 1680)"* and a more recent RCT (18m, n
403)*9 who observed no impact of 800 mg DHA plus
225mg EPA daily or 1720 mg DHA plus 600 mg EPA,
respectively, on cognitive performance. The MAPT
intervention highlights the importance of participant
selection, with a much higher mean education attainment
in the study group relative to a general French popula-
tion, which may provide cognitive reserve and have con-
tributed to the lower than expected decline in cognitive
function in the MAPT control group!** and also a num-
ber of other RCTs"*%147 which impacts study power. A
secondary analysis in MAPT, in the control group
showed the greatest cognitive decline in participants
with the lowest quartile (Q1) v. Q2-Q4 of baseline
erythrocyte EPA + DHA #-3 index (EPA + DHA), with
the optimal #-3 index cut-off for (?redicting notable cog-
nitive decline calculated as 5-3 %"*®. Using this cut-off,
there was a consistent but non-significant difference in
3-year cognitive decline between EPA + DHA treated
and placebo subjects with ‘low’ baseline #-3 index. The
authors concluded that those with an n-3 index below
approximately 5% are at an increased risk of cognitive
decline and could be a good target for recruiting a
responsive population subgroup.

Intervention studies which target cognition have pre-
dominately fed DHA-rich or DHA-only supplements
as the bioactive LC n-3 PUFA, based on the observation
that brain DHA levels are >250 higher than EPAU4?.
EPA does enter the brain with uptake efficiencies equiva-
lent to DHA, but is thought to be rapidly metabolised
following entry, although concentrations of EPA are
higher than DHA in microglial cells'*”. The impact of
EPA on co%nition and depression is being increasingly
recognised'*~'*Y In a recent intervention, Patan and
colleagues observed a significant effect of an EPA-rich
oil on cognitive global accuracy and speed relative to a
DHA-rich or placebo oil fed for 6 months (Table 1).
Future interventions should not only consider what
dose, but also what DHA:EPA ratio of the supplement
and its chemical form (ethyl ester, TAG and phospho-
lipid LPC)"*?),

The prodrome of AD is thought to be 20-30 years or
potentially longer!>®. Therefore, cognitive assessment or
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Table 1. Select RCTs of nutrition interventions to improve cognition

Study Population Intervention Duration Outcome Comment
van de Rest et a/.'4" Cognitively High dose: 847 mg 6 months No effect on a range of Plasma concentrations of EPA + DHA
healthy (n 302, DHA + 1093 mg EPA cognitive domains increased by 238% in the high-dose and
70 years) daily 51% in the low-dose groups compared
Low dose: 176 mg DHA with placebo
+ 226 mg EPA daily
Dangour et al.('4® Cognitively 500 mg DHA + 200 mg 24 months No effect on the No effect on global cognitive function,
healthy (n 867, EPA daily California Verbal memory, processing, executive and
74 years) Learning Test global delay z scores
High fish intake at baseline in some
(Table 1)
Lack of expected cognitive decline in the
control arm
Quinn et al.(1% Mild to moderate 2 g DHA daily 18 months No effect on the Supplementation did not slow cognitive
AD (n 402, 76 Alzheimer’s Disease decline in patients with AD
years) Assessment-cognition MMSE and ADAS-cog improved in
Scale (ADAS-cog) APOE4 non-carriers
No effect on CDR
Yurko-Mauro et al.('4® SMC (n 485, 70 900 mg DHA daily 6 months Improved CANTAB DHA also improved immediate and
years) Paired Associate delayed verbal recognition memory
Learning, a scores but not working memory
visuospatial learning
and episodic memory
test
Stonehouse et al.(*? Healthy adults (n 1160 mg DHA + 170 mg 6 months Effect on memory Screening process only recruited those
228, 33 years) EPA daily accuracy and reaction with a low habitual intake of EPA + DHA
time of <200 mg/week
Andrieu et al.(4¥ SMC (n 1680, 70 Multi-domain 36 months No effect of the Cognitive tests included a composite
years) intervention with 800 multi-domain score on the free and cued selective
mg DHA and 225 mg intervention and EPA reminding test, ten mini-mental state
EPA daily or EPA + +DHA alone examination orientation items, digit
DHA alone symbol substitution test and category
naming test
Soininen et al.(147:1%% Prodromal AD (n 1200 mg DHA, 300 mg 24 months No effect on the Unexpectedly lower rate of cognitive
311, 71 years) EPA + phospholipids, 36 months Neurocognitive Test decline in the control group

uridine
monophosphate,
choline, vitamins B,
Be, folic acid, C, E and
selenium

Battery (NTB) primary
outcome

Effect on clinical
dementia rating (CDR)

Effect on hippocampal
volume

Effect on NTB
Effect on CDR and
memory

Effect on hippocampal
and whole brain
volume

No effect on whole brain volume
or memory
No effect on executive function
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brain volume and atrophy (assessed by MRI) rather than
incident disease have to date been exclusively used as pri-
mary RCT outcomes. Cognitive questionnaires and other
assessment tools historically may not have been fully fit
for purpose, lacking the specificity and sensitivity to
detect subtle effect of intervention on specific cognitive
domains. The variability and lack of a standard battery
of cognitive tests employed in cognitive RCTs is likely
to be a large contributor to the heterogeneity in
finding, between trials.

Furthermore, due attention is not given to the length
of the intervention period. As brain DHA half-life is esti-
mated to be 2-5 years'>?, supplementation periods of at
least 1 year are likely to be needed to detect the cognitive
benefits associated with DHA enrichment of neuronal
cells, such as effects on dendrite outgrowth and spine
density, synaptic function and A processing. The impact
of intervention period on the study conclusions is evi-
denced by comparing the 24 month and 36 month
findings from the LipiDiDiet study which fed the
Souvenaid (Fortasyn Connect) medicinal food, which
combines 1200 mg DHA and 300 mg EPA with phospho-
lipids, uridine monophosphate, choline, vitamins By,, B,
folic acid, C, E and selenium. At 24 months, although an
effect of Souvenaid on secondary outcomes was observed
(hippocampal volume and clinical dementia rating score)
no effect of the intervention on the primary outcome, the
neurocognitive test battery performance, was evident. By
36 months the intervention had significantly increased
the neurocognitive test battery test score by 60 % relative
to the control group, with the greatest cognitive benefits
(based on the clinical dementia rating score) evident in
those with the highest cognitive status at baseline (mini-
mental state examination >29).

There is a strong justification and need to conduct a
future RCT in ‘at-risk’ cognitively healthy participants
with incident dementia or AD as the primary outcome.
Such a trial is likely to require at least a 5-year interven-
tion period and several thousand per intervention arm,
given the long prodrome and AD incident rates.
Careful enrichment of the trial with an at-risk responsive
population based on such factors at A POE genotype sta-
tus, cardiovascular risk profile, baseline EPA + DHA
status, education attainment, brain imaging and blood
biomarker profiles is key to success. Consideration
should also be given not only to the LC n-3 PUFA
dose, but also the DHA:EPA ratio and chemical form.

Final thoughts

The prospective and experimental evidence for the role of
DHA in brain function and the cognitive benefits of
increased fish, and LC n-3 PUFA intakes are convincing
with large effect sizes. It is likely that EPA and DHA
have complementary neurophysiological benefits, which
includes an effect on oxylipin production, and should
be co-supplemented or ideally consumed as oily rich
fish. Confirmation of the cognitive benefits is needed
from the well-designed RCTs which include large popu-
lation subgroups who are likely to be most responsive
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and gain most benefit. Accumulating evidence suggests
that APOEA4 carriers have a lower brain uptake and sta-
tus and would particularly benefits from DHA interven-
tion prior to any significant neuropathology, which
affects brain DHA uptake.
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