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Docosahexaenoic acid: one molecule diverse functions

Michio Hashimotoa, Shahdat Hossaina,b, Abdullah Al Mamuna, Kentaro Matsuzakia and Hiroyuki Araic

aDepartment of Environmental Physiology, Shimane University Faculty of Medicine, Izumo, Japan; bDepartment of Biochemistry and
Molecular Biology, Jahangirnagar University, Dhaka, Bangladesh; cDepartment of Geriatrics and Gerontology, Division of Brain Sciences,
Institute of Development, Aging and Cancer, Tohoku University, Sendai, Japan

ABSTRACT
Docosahexaenoic acid (DHA, C22:6, x-3) is a highly polyunsaturated omega-3 fatty acid. It is con-
centrated in neuronal brain membranes, for which reason it is also referred to as a ‘‘brain food’’.
DHA is essential for brain development and function. It plays an important role in improving anti-
oxidant and cognitive activities of the brain. DHA deficiency occurs during aging and dementia,
impairs memory and learning, and promotes age-related neurodegenerative diseases, including
Alzheimer’s disease (AD). For about two decades, we have reported that oral administration of
DHA increases spatial memory acquisition, stimulates neurogenesis, and protects against and
reverses memory impairment in amyloid b peptide-infused AD rat models by decreasing amyloi-
dogenesis and protects against age-related cognitive decline in the elderly. These results demon-
strate a robust link between DHA and cognitive health. Rodents that were fed a diet low in x-3
polyunsaturated fatty acids, particularly those that were DHA-deficient, frequently suffered from
anxiety, depression and memory impairment. Although the exact mechanisms of action of DHA in
brain functions are still elusive, a host of mechanisms have been proposed. For example, DHA,
which inherently has a characteristic three-dimensional structure, increases membrane fluidity,
strengthens antioxidant activity and enhances the expression of several proteins that act as sub-
strates for improving memory functions. It reduces the brain amyloid burden and inhibits in vitro
fibrillation and amyloid-induced neurotoxicity in cell-culture model. In this review, we discuss how
DHA acts as a molecule with diverse functions.
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Introduction

Docosahexaenoic acid (DHA, C22:6, x-3) is an ancient
nutrient for the modern human brain [1]. Isotope dating
studies, relating diet to the evolution of the large
human brain, led to a hypothesis that the evolution of
the modern human brain with expanded cortex coin-
cided with the inclusion of seafood in the diet [2,3] of
our ancestor dwellers. This view supports the propos-
ition that the civilization of modern human race began
at the land–sea interface or more precisely at the moun-
tain–sea interface (a dramatic landscape shaped by
interaction with mountains and sea). Seafood brought
DHA into the ancient dietary culture. However, not all
human cultures are known to consume high levels of
seafood. For example, people living in landlocked geo-
graphical regions without access to seafood, as well as
vegetarians or vegans who strictly avoid all animal prod-
ucts, may not receive adequate levels of DHA from their
diets. Such individuals may have developed other
mechanisms to increase their DHA levels. Indeed,

alpha-linolenic acid (a-LNA) from plants can be used as
a precursor for x-3 DHA production, and it might be an
appropriate dietary source to increase DHA levels [4].
The conversion of a-LNA to DHA is catalyzed by D6D
(delta 6 desaturase); however, whether D6D expression/
activity is upregulated in individuals without access to
dietary DHA remains unclear. We previously reported
that plasma DHA levels in individuals from Mongolia, a
landlocked country, were half of those in Japanese indi-
viduals [5]; moreover, in Nepal, another landlocked
country, women only had trace amounts of DHA in their
mature breast milk [6]. Similarly, the breast milk of
women living far from coastal areas in Brazil reportedly
contains low DHA levels [7]. Thus, the conversion of a-
LNA to DHA seems inefficient in such populations. In
other words, if D6D was upregulated in individuals con-
suming a-LNA, we would expect that DHA levels would
have been relatively high and/or comparable to those
found in people living in coastal areas. It is known that
the expression and/or activity of D6D is downregulated
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by numerous factors, including high dietary x6/x3
ratios, fatty acid unsaturation [8–16], low intake of
essential micronutrients (such as Mg, Zn, vitamin C, B2,
and B6) [17], age [18] and gender [19]. Therefore, such
factors may subsequently affect an individuals’ ability to
convert a-LNA to DHA. Importantly, conversion rates of
isotope-labeled a-LNA to DHA in human adults have
been found to be very low (only 0–0.04%) [20]. In add-
ition, supplementation of pregnant women with a-LNA
was shown to have no effect on DHA levels [21].
Furthermore, vegetarians who were given a-LNA supple-
ments showed no change in their DHA levels [22,23].
Thus, incorporating direct sources of DHA may be an
important consideration, particularly for those with
increased needs (e.g. pregnant and lactating women)
and those who are at a greater risk of poor conversion
(e.g. elderly people, people with neurological disorders
and premature infants). Finally, regardless of age and
gender, to ensure physical, mental and neurological
health, vegetarians/vegans and those who do not con-
sume adequate amounts of seafood are advised to
include direct sources of DHA in their diet [12].
Phytoplankton, single-celled creatures living in the
upper levels of the ocean and using solar energy to bio-
synthesize DHA molecules, are the primary producers of
DHA. Zooplankton, feeding on phytoplankton, also accu-
mulates [24–26]. Fish and marine animals have limited
ability to convert shorter fatty acid chains to DHA [27].
Consequently, fish and marine animals rely on DHA
uptake by the plankton (Figure 1). Therefore, DHA is
found concentrated in fish and marine animals feeding
on plankton. DHA is nutritionally active and is a critical
molecule for maintaining health and nutrition and pre-
venting diseases. The objective of this review is to

describe the factors by which DHA influences numerous
biological and physiological activities in the body,
including the brain. Finally, the areas considered on in
this review are as follows:

� Physiochemical properties of DHA: attributes to
membrane fluidity and membrane-related functions;

� Antioxidant activities of DHA, while it is itself a
highly polyunsaturated fatty acid;

� Effects of DHA on systems/tissues other than the
brain: May have beneficial effects on brain
functions;

� DHA improves memory, affects important molecular
substrates, and contributes to memory formation;

� Effects of DHA on neurogenesis, which participates
in learning and memory;

� Alzheimer’s disease (AD) pathology and effects of
DHA on it;

� Effect of DHA on lipid rafts, which act as organizing
centers for the assembly and trafficking of signaling
molecules;

� In vitro amyloid fibrillation and the effect of DHA on
it: Illustrates how DHA may inhibit in vivo amyloid
fibrillation;

� DHA can act as a signaling molecule: How DHA-
derived docosanoids work physiologically;

� Epidemiological studies: DHA and eventual cognitive
decline; and

� Conclusion.

Physiochemical properties of DHA

DHA, a highly polyunsaturated fatty acid of the x-3 ser-
ies with 22 carbon atoms and six cis double bonds
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Figure 1. (A) Flow of docosahexaenoic acid from phytoplankton to humans. Humans obtain DHA from marine/riverine fish that live
on phytoplankton and zooplankton. (B) Brain endothelial cells and astroglial cells have only limited capacity to biosynthesize DHA.
Dietary x-3 alpha-linolenic acid (a-NLA, C18:3, x-3) that comes from green, leafy vegetables and plant seed oil can be used as a
precursor; however, the pathway, is very slow and limited. Neurons lack delta desaturase that is required for the de novo synthesis
of DHA. Thus, preformed DHA is the ultimate source of brain DHA.
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(Figure 2(A)), has some unique physicochemical charac-
teristics, including multiple configurations. The presence
of six cis double bonds results in a folding on the fatty
acyl axis and allows DHA to form a curved (kinked or
bent) structure [28] (Figure 2(B–D)). Kinked DHA mole-
cules cannot fit well with straight-chain saturated fatty
acids or planar and rigid cholesterol molecules when
they are aligned in a membrane bilayer leaflet. The
omega end bends up to the aqueous interface [29] and
confers on DHA a spring-like vibrational motion. These
conformational properties of DHA result in a greater
degree of disorder during lipid packing or fluidity of the
membrane. The molecular volume of DHA is 355.112 Å3

and the molecule has 14 rotatable bonds as determined
by the Molecular Dynamic Software (Molinspiration).
DHA-containing phospholipids have a higher volume
per unit area than other (un)saturated fatty acid-contain-
ing phospholipids (Figure 2(E)). The presence of numer-
ous double bonds results in a lowering of the melting
point of DHA such that it is highly fluid and in liquid
form at low temperature. Inclusion of DHA in the mem-
brane decreases the phase transition temperature of the
bilayer, a property conducive to increased membrane
fluidity and flexibility. We have previously reported the
effects of in vitro treatment of DHA on rat thoracic endo-
thelial cells [30] and age-associated decrease in mem-
brane fluidity of endothelial cells [31]. We observed that
dietary administration of DHA in rats increased fluidity
of platelet membranes [32], neuron-synaptosomal mem-
branes [33] and liver canalicular plasma membranes
(Hashimoto et al., 2001)Q5 . Consistent with our results,
inclusion of DHA in artificial bilayer membranes

augmented the fluidity of the membrane. Many mem-
brane-associated functions, including drug permeability
[29,34], carrier-mediated transport [35,36], activities of
membrane-bound enzymes [37,38] and neurotransmis-
sion [39] are modulated by increased plasma membrane
fluidity. All of these membrane activities require micro-
aggregation and conformational changes of receptors/
enzymes in the membrane surface, which are eased by
the increased fluidity of the lipid bilayer. Because lipid
bilayers serve as the common ‘‘solvent’’ for membrane
proteins, altered fluidity of the membrane plausibly
alters protein functions. The modifications of the bilayer
physical properties were more pronounced with DHA
than with other polyunsaturated fatty acids [30,40].
Absorption of fatty acids in the intestine is enhanced by
increased concentrations of polyunsaturated fatty acid
[41,42]. These results suggest that DHA is an important
structural fatty acid in bilayer membranes, such as syn-
aptic plasma membranes, retinal outer segment mem-
branes, and bile canalicular plasma membranes [43] and
sperm tails of humans [44], monkeys [45] and mice [46].
The importance of these cells or cellular structures for
the survival of animal species, including humans, is well
known. DHA-induced alteration of membrane fluidity
may affect the neuronal function, leading to changes in
the brain function. Yehuda et al. [47] reported that poly-
unsaturated fatty acids may affect brain functions by
modifying: (i) membrane fluidity, (ii) activity of mem-
brane-bound enzymes, (iii) number and affinity of recep-
tors, (iv) function of ion channels, (v) production and
activity of neurotransmitters, and (vi) signal transduc-
tion, which control the activity of neurotransmitters and
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Figure 2. DHA has 22 carbon atoms and six double bonds. (A) (stick structure): straight-chain DHA that contains an unsaturated
bond, originating at the third carbon from the methyl end. (B) 2D bent stick structure of DHA. (C) 3D conformer of DHA. (D) Van
der Waals surface area with a cone-shaped DHA that gives the bilayer membrane a negative curvature. (E) Inter-molecular distance
in the membrane leaflet is increased because of the extended conformation of DHA, which ultimately affects membrane fluidity-
dependent receptor/enzyme activities.
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neuronal growth factors. Studies have shown that DHA
supplementation modifies both the structure and func-
tion of membranes. In particular, DHA-containing phos-
pholipids help maintain proper membrane fluidity in
neuronal cells, which is important for signal transduction
and membrane permeability [48]. Moreover, an
increased incorporation of DHA into synaptic mem-
branes reportedly improves signal transduction involving
phospholipase A2 and/or C [49], enhances glutamatergic
[50] and dopaminergic [51] synaptic activities, and
enhances [3H]-noradrenaline release in SH-SY5Y cultured
cells [52]. These studies suggest that DHA-induced
changes in membrane fluidity affect various membrane
functions, such as binding of hormone and growth factor
receptors, activity of membrane-bound enzymes, trans-
port of ions, and release and uptake of neurotransmitters
of nerve cells; together, these changes ultimately influ-
ence the underlying brain function. Neuronal membrane
fluidity is also crucial for receptors on the synaptic mem-
branes to be able to recognize neurotransmitter-contain-
ing vesicles and transmit the messages that they
contain. If the nerve cell membrane becomes too rigid,
receptors on the membrane become less competent of
recognizing neurotransmitters and transmitting signals
to the nerve cell. Thus, membrane composition and flu-
idity status influence the ability of nerve cells to commu-
nicate with each other, which is essential for proper
brain function. In concordance, we previously reported
that neurobehavioral effects, particularly avoidance-
related memory function, are associated with neuronal
plasma membrane fluidity [32,33].

Antioxidant activities of DHA

Although it is a highly polyunsaturated fatty acid, aston-
ishingly, DHA can act as an antioxidant in the brain
(Figure 3). An increase in the number of double bonds
renders cells more susceptible to damage by oxidation
[53]. This notion may hold for auto-oxidation or in vitro
oxidation. The brain accounts for less than 2% of the
total body weight, whereas it accounts for approxi-
mately 20% of the total oxygen demand of the body.
The antioxidative defense of the brain is poorer than
that of the other organs of the body, including heart,
liver and kidneys. The brain uses an uninterrupted sup-
ply of oxygen for continuous neurotransmission activity.
The cells of the brain begin to die if it does not receive
oxygen for only 3 min. Approximately 30–50% of total
human cerebral dry weight is lipid,containing about
70% phospholipids, and 30–40% of the phospholipids
are related to DHA. Under these vulnerable conditions,
why is the brain enriched with a relatively large amount
of DHA? Nature never selects detrimental elements

without evolutionary consequences. So, why the dis-
crepancy between the expected high oxidizability of the
DHA molecule, owing to its high degree of unsaturation,
and experimental results showing no change or even
decreased lipid peroxidation when brain tissue is abun-
dant in DHA? These support the view that the in vivo
results might be quite different from the in vitro results.
Interestingly, we have previously reported that the mere
presence of DHA in brain, liver or endothelial cells does
not predispose the membranes to oxidative stress but
rather ameliorates oxidative stress. We inferred that the
presence of x-6 acids, such as arachidonic acid (AA,
C20:4, x-6), is attributable to the increased tendency of
these cells to undergo oxidative insults. AA, which is
also active in signal transduction pathways in a wide
variety of cells, plays a major role in the increased pro-
duction of lipid peroxide (LPO), an indicator of oxidative
stress [54]. The concentration of AA was positively corre-
lated with levels of LPO; however, the concentration of
DHA was negatively correlated with levels of LPO. We
found that the molar ratio of DHA/AA acted as an indi-
cator of antioxidative defense. The cause–effect relation-
ship between DHA and oxidability is thus far from clear.
Oral administration of DHA was accompanied with an
increase in the antioxidant activities, such as catalase,
glutathione peroxidase (GPx) and glutathione reductase
(GR) enzyme activities [55,56]. We also found that diet-
ary DHA increases mRNA expression of catalase and GPx
in skeletal muscles of rats (unpublished data). There are
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Figure 3. The figure depicts the antioxidant activity of DHA in
brain tissues. Cellular oxidation and/or oxidative bursts/environ-
mental factors lead to oxidation of O2 and generation of super-
oxide anion (O��2 ). Superoxide dismutase (SOD) neutralizes O��2
to another reactive oxygen species, H2O2, which after extrac-
tion of another electron produces a highly reactive hydroxyl
radical (�OH) species. Hydroxyl radical oxidizes cellular compo-
nents, including proteins, lipids, and DNA, leading to neurode-
generation. DHA inhibits the neurodegenerative process by
increasing antioxidant activity, including catalase, glutathione
peroxidase and glutathione reductase.
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also a few reports of the effect of DHA on the genetic
expression of antioxidative enzymes. DHA increases
expression of GPx in the brain hippocampus [57].
Dietary polyunsaturated fatty acids also increase the
mRNA levels of catalase and glutathione peroxidase in
hepatic tissues [58]. Finally, DHA being a member of the
highly unsaturated fatty acid family can act as an anti-
oxidant even in the oxidatively vulnerable organs
including the brain.

Effect of DHA on systems/tissues other than
the brain: may have beneficial effects on brain
function

Hypertension is emerging as an important risk factor for
dementia and Alzheimer’s disease (AD) [59]. Both experi-
mental animals and epidemiological studies suggest a
role of vascular disease in the pathology of AD [60].
Moreover, risk factors for CVD and AD are generally
shared [61], and risk factors for CVD are known to accel-
erate AD [62]. For example, ischemic white matter
increases with an increase in blood pressure and
appears to co-occur with AD. Therefore, addressing CVD
risk factors is an important and reasonable approach for
reducing the risk of AD and dementia. One of the most
important risk factors for CVD is low intake of marine
(x-3) fatty acids, which is typical of Western diets
[63–65]. In addition, dietary DHA may be beneficial, as it

increases cerebral levels of the vasodilator acetylcholine,
and thus, may reduce hypertension. Indeed, DHA has
been shown to improve passive avoidance ability in
stroke-prone spontaneously hypertensive rats [66]. We
have previously reported that oral administration of
DHA decreases blood pressure in the rats. The beneficial
effects were attributed to decreased release of nor-
adrenaline from the peripheral blood vessels [67]
(Figure 4). The decreased release of noradrenaline from
blood vessels was accompanied by an increased release
of purine compounds, including ATP, ADP, AMP and
adenosine. We hypothesized that the increased release
of purines was associated with a DHA-induced increase
in the membrane fluidity of endothelial and smooth
muscle cells [67]. To test this hypothesis, we incubated
endothelial cells, derived from rat thoracic aorta, with
DHA in culture medium to enrich the plasma membrane
with DHA [30]. DHA significantly increased plasma mem-
brane fluidity with concurrent increases in the levels of
DHA and total unsaturation index and decreases in the
levels of cholesterol in the plasma membranes of endo-
thelial cells. DHA also increased the plasma membrane
fluidity of smooth muscle cells (yet unpublished), plate-
lets and liver cells, concurrently with inhibition of plate-
let aggregation [32,33], canalicular-plasma membrane
bound-Mg þ 2-ATPase and 5-nucleotidase enzyme activ-
ities. All these results agree well with the proposition
that DHA-induced increases in membrane fluidity,
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Figure 4. Effects of oral administration of DHA on hypertension and associated mechanism of actions of DHA in rats. (A) After
chronic administration of DHA for 12 weeks, blood pressure was monitored. At the end of the dietary regimen, the rats were killed
and the thoracic blood vessels were cleaned and subjected to organ bath/transducer. Then, stimulated and basal levels of total
purines (ATP, ADP, AMP and adenosine) were measured. Plasma and arterial levels of DHA and total cholesterol were measured.
Plasma noradrenaline levels were also determined by HPLC. (B) Proposed mechanism of action of DHA. Increased release of total
purines inhibited the release of adrenaline from the sympathetic adrenergic nerve endings with a concurrent increase in the level
of endothelial derived relaxing factor (EDRF) and all these finally reduced the blood pressure. The membrane DHA increased the
membrane fluidity, which is believed to ameliorate membrane associated functions involved in the regulation of blood pressure.

CRITICAL REVIEWS IN BIOTECHNOLOGY 5

Shahdat
Sticky Note
32

Shahdat
Sticky Note
34

Shahdat
Inserted Text
32

Shahdat
Cross-Out

Shahdat
Sticky Note
Please insert here [34]

Shahdat
Inserted Text
32

Shahdat
Inserted Text
[34].

Shahdat
Cross-Out



at least partially, affect membrane-related functions that
influence hypertension, platelet aggregation and other
related cardiovascular functions. With the results of
these investigations, we also showed that polyunsatur-
ated fatty acid DHA might provide beneficial effects
other than those provided by its anti-hypercholesterole-
mic/anti-hypertriglyceridemic effects. Furthermore, in a
meta-analysis of 48 studies of more than 100,000 sub-
jects, fish oil consumption statistically improved cardio-
vascular health and overall health [68]. These benefits
have been attributed mainly to its positive effects on tri-
glyceride, lipoprotein metabolism, healthy blood flow,
platelet function, vasodilation and vascular tone [69].
Finally, if hypertension is definitely a risk factor for AD
or shares the same pathophysiology, it is reasonable to
expect that measures, such as increasing the intake of
dietary DHA, directed at hypertension control will
enhance cognitive function. This might be an important
public health goal of DHA.

DHA improves memory

Memory, which denotes the recall of past events or
information in the absence of the original, can be meas-
ured by testing the changes in an animal’s behavior dur-
ing/after learning processes. The hippocampus and the
cerebral cortex are referred to as the key structures of
memory formation [70]. To our knowledge, direct bene-
ficial effects of DHA on memory were first reported by
Gamoh et al. [71] at our laboratory. DHA (300 mg/kg/
day, for 10 weeks) fed to male Wistar rats (tested by
radial maze tasks and/or active shuttle avoidance appar-
atus) (Figure 5(A), (A1) and/or (B,B1)) significantly ame-
liorated learning-related memory in DHA-deficient rat
groups. Although the mechanism is unclear, corticohip-
pocampal enrichment of DHA was positively correlated
with improvement of memory [71,72]. Lim and Suzuki H
[73] also reported that dietary administration of DHA to
young mice for 4–7 months improved their spatial cog-
nition learning ability. Although at that time we lacked
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Figure 5. (A) Evaluation of learning-associated memory in DHA-fed rats in the eight-arm radial maze experimental paradigm.
Memory (long-term) was measured by determining the number of reference memory errors (RMEs) (repeated entry into baited/
unbaited arms) of young rats in the radial maze task [71]. (A1) The number of RMEs over blocks of trials. Each value denotes the
number of RMEs made until the rat acquired all the rewards; results are mean ± SE in each block of six trials. (B) Evaluation of
memory of DHA-fed rats by active shuttle avoidance apparatus [72]. The performance of each rat was automatically recorded at
each trial, and learning ability was determined as the number (#) of avoidance responses/session and the response latency in avoid-
ing and escaping/UCS shock. The upper the number of avoidance responses, the higher the learning ability. One session consisted
of 10 trials. Each rat had a total of three sessions, at days 7, 14 and 21 after surgery. (B1) Mean total number of ‘‘avoidance
responses’’ at 7, 14 and 21 days after the commencing of surgery. Values are mean ± SE for each group of 30 trials. DHA was
administered at 300 mg/kg/day.
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data describing the mechanism(s) of action of DHA, our
investigation supported the notion that oral administra-
tion of DHA ameliorates learning-related memory of rats
[71]. The hippocampus plays a vital role in learning and
memory [74], and synaptic plasticity of the hippocam-
pus promotes to the acquisition and retention of memo-
ries [75,76]. To reveal the mechanism of action of DHA,
we assessed the levels of some important proteins
responsible for memory formation along with some of
their mRNA expression levels.

DHA affects important molecular substrates and
contributes to memory formation

The mechanism(s) of action that underlies learning and
memory is changes in synaptic plasticity (synaptic con-
nectivity between neurons) with experience. Synaptic
plasticity is umpired by long-term potentiation (LTP)
[77], which involves an interaction between an extracel-
lular ligand and membrane-bound receptors and a ser-
ies of downstream signaling events in postsynaptic
neurons, very often followed by retrograde signals to
the presynaptic cells. The purpose of all these events is
to make (synthesize) new proteins and sculpt new syn-
apses, and finally to increase the connectivity among
neurons. Accordingly, new synaptic infrastructures are
formed for a given activity (memory) by changing the
numbers and shape of the synapses or functions over
periods of time that might last for a few seconds,
minutes or hours or even for a lifetime. It is then said
that a memory has been formed. Depending on time, it
is referred to as a short-term, long-term or other kind of
memory. Plasticity thus describes how experiences
restructure neural pathways in the brain. Long-lasting
functional changes in brain neurons occur when we
learn new things or memorize new information for a
longer period of time, and vice versa. For the above rea-
sons, LTP is said to be the foundation of memory

formation. LTP can be induced by the activation of the
NMDA receptor (NMDAR). Inhibitors of NMDARs such as
AP5 [78] stop the induction of LTP in the hippocampus.
Transgenic mice with increased NMDAR expression,
showed increased memory [79]. The NMDAR subunits
NR2A and NR2B are associated with activity of the
receptors. Disruption of hippocampal NR2A and NR2B
subunits is associated with impairment of LTP and mem-
ory [80–82], signifying that expression of both NR2A and
NR2B subunits is important for memory formation. How
does an increase in the level of neuronal DHA affect syn-
aptic function? Dietary supplementation with DHA
restores neurotransmitter release and impairment in
expression of LTP. DHA is required for induction of LTP
[83,84]. We accordingly investigated the effect of
chronic oral administration of DHA on the NMDAR-sub-
unit proteins, including NR2A and NR2B and other syn-
aptosome-associated proteins. This included presynaptic
synaptophysin and presynaptic density protein-95 (PSD-
95), and brain derived neurotrophic factor (BDNF) and
BDNF’s receptor tyrosine protein kinase B (TrKB)
(Figure 6). The mRNA levels of both NR2A and NR2B sig-
nificantly increased in the hippocampus of DHA-fed rats,
compared with those in control rats. The oral adminis-
tration of DHA to rats increased the expression of NR2A,
whereas the expression of NR2B and TrKB was
decreased in the cortex. At present, we are not certain
about the (differential) effect of DHA on the expression
patterns of NR2A/NR2B and/or TrKB in the brain.
Literature reviews, however, suggest that these four
subunits of NMDARs are distinct in terms of their distri-
bution, properties and regulation. Thus, the reason why
DHA exhibited a differential effect on the expression of
these proteins remains unresolved. If the roles of
NMDAR appear to be valid, our data suggest that dietary
supplementation with DHA can modulate LTP, hence
can help to form memory. The impairment of memories
of control rats also coincided with a significant decrease

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

Figure 6. Effect of oral administration of DHA on the relative protein levels of brain-derived neurotrophic factor (BDNF) (A), synap-
tophysin (B) and post-synaptic density protein-95 (PSD-95) in the hippocampus. (D) Effect of oral administration of DHA on the
mRNA levels of NMDA-receptor subunits NR2A and NR2B and tyrosine receptor kinase B (TrKB), the receptor of the BDNF in both
the cortex and hippocampus. The DHA significantly increased both the translation (protein levels) and transcription (mRNA levels)
of important cognition-related proteins.
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in the mRNA levels of the TrKB, and protein levels of
the PSD-95, synaptophysin and BDNF in the hippo-
campus and cortex. NMDARs interact with the BDNF/
TrkB pathway to support synaptic plasticity [85].
NMDARs remain anchored to PSD-95, aiding in signal
trafficking of NMDARs and LTP regulation [86]. BDNF/
TrKB plays important roles in consolidation of memo-
ries [87]. The presynaptic membrane-associated pro-
tein synaptophysin increases spatial memory [88] and
is also involved in the regulation of the kinetics of
synaptic vesicle endocytosis [89]. Taken together, the
results of our DHA-study indicate that decreased lev-
els of these memory-related protein-substrates in
control rats may have accounted for the decreased
or poor expression of memory. Consistent with the
results of other studies, DHA increased the levels of
BDNF [90], NR2B [91], and TrKB [90] in the hippo-
campus. Therefore, the DHA-instigated increased
expressions of TrKB, NR2A/NR2B subunits of NMDAR
and BDNF, synaptophysin, and PSD-95 levels may
have been responsible for the increased memory of
DHA-fed rats. We have previously reported that diet-
ary DHA increases the expression of hippocampal Fos
protein [92], encoded by the immediate early gene
c-fos, a transcription factor and a functional marker
of neuronal activity. In awake rats, a rapid increase
in the level of Fos-related protein is associated with
LTP generation in the dentate gyrus [93]. All these
findings suggest that DHA directly or indirectly

regulates the expression of various genes and may
exert increasing effects on learning and memory.

Effects of DHA on neurogenesis and
improvement of memory

The dentate gyrus is a part of the hippocampus and is
critical for forming/storing spatial memories. It is one of
the regions in the brain where neural progenitor cells
constantly produce new neurons (i.e. undergo neuro-
genesis), which then integrate into the new neural net-
work and form new synapses with other numerous
neurons. Although the exact mechanisms remain
unknown, neurogenesis is believed to participate in
learning and memory [94]. Therefore, we studied
whether DHA affects the differentiation of neural stem
cells (NSCs) both in vitro and in vivo conditions [95].
NSCs isolated from 15.5-day-old rat embryos were
propagated as neurospheres and cultured with or with-
out DHA for the periods of 4 and 7 days. DHA signifi-
cantly elevated the number of Tuj1-positive neurons
when compared with that of the control on both 4 and
7 culture days, and the newborn neurons in the DHA
group were morphologically more mature than those in
the control (Figure 7, left panel). Thus, DHA stimulates
the differentiation of neural stem cells into neurons
by helping the exit from cell cycle and suppressing
the cell death. Furthermore, dietary chronic administra-
tion of DHA significantly increased the number of
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Figure 7. Left panel: (A) confocal images of Tuj1 immunostaining in control (A) and DHA groups (B) on day 7, Tuj1 (green), PI
(red). Scale barQ6 , 100 lm. (C) Quantification of Tuj1 immunoreactive cells in control and DHA groups on days 4 and 7. Data are
shown as means ± SEM obtained from five to six independent cultures. Seven random fields were counted in each culture.
p< 0.0005. Right panel: (A) neuronal identification of newly-divided cells in the adult rat DG. (A, B): confocal images of DG in
vehicle (A) and DHA-treatedQ7 (B) rats. BrdU (red), NeuN (blue). Scale bar þ50 lm. (C) BrdU(þ)/NeuN(þ) newborn neuron in the
white box in B. (D) Quantitative analysis of the number of newborn neuron (a) and reference volume (b) in the entire granule cell
layer of the dentate gyrus (DG) in the control and the DHA rats. Data are shown as means ± SEM obtained from six hemispheres in
three animals. p< 0.005 (with permission of Elsevier).

8 M. HASHIMOTO ET AL.

Author Query
AQ7: Please provide better quality artwork for figure 7.

Author Query
AQ6: Artwork will only appear in colour in the online journal, please ensure the description of Figure [7] will make sense when it is printed in black and white, amending captions and text as necessary.

Shahdat
Line

Shahdat
Callout
Please insert here a line to indicate right and left panel

Shahdat
Text Box
Left panel

Shahdat
Text Box
Right panel

Shahdat
Sticky Note
Please insert:
left panel

Shahdat
Sticky Note
Please insert here:
right panel

Shahdat
Inserted Text
, axonal projections

Shahdat
Inserted Text
, nuclear spots

Shahdat
Sticky Note
Immunostains can never be well seen in black and white pictures.



5-BrdU(þ)/NeuN(þ) newborn neurons in the granule-
cell layer of the dentate gyrus in the adult rats (Figure 7,
right panel). These results indicate that DHA efficiently
stimulates neurogenesis process both in vitro and in vivo
conditions, suggesting that it modulates hippocampal
function regulated by neurogenesis [95]. Therefore,
DHA-induced enhancements of (spatial) memory might
be mediated by DHA-induced escalations in neurogen-
esis in the hippocampus. The molecular mechanism of
DHA-induced neurogenesis is complicated and remains
to be clarified. For differentiation, neural cells must be
arrested at the G1 phase, and has to arrive at the G0
phase without passing the cell-cycle restriction-point.
The repressor-type bHLH transcription factors, including
Hes1 and Hes5 support NSCs in the undifferentiated
state and/or delay neuronal differentiation [96,97]. On
the other hand, the activator-type bHLH transcription
factors, including neurogenin, Mash1 and NeuroD
enhance neuronal differentiation. Katakura et al. [98]
reported that DHA increases the differentiation of neural
stem cells by stimulating activator-type transcription
factors (e.g. neurogenin, Mash1, NeuroD) by arresting
the cell cycle at the G0 phase, with concomitant inhib-
ition of the repressor-type transcription factors, includ-
ing Mes1, which otherwise inhibits the transcription/
translation of the activator-type transcription factors
(Neurogenin, Mash1, NeuroD) (Figure 8). These results
thus show that DHA influences progenitor cells,

directing their differentiation and transformation into
new neurons leading to maturity, which in turn, in vivo,
form synapses to increase synaptic connectivity (cir-
cuitry), and thereby contribute to new learning and
memory.

Alzheimer’s disease pathology and effects of
DHA on it

Since AD is a progressive neurodegenerative disorder,
regeneration of neurons from neural stem cells would
thus have possible therapeutic values. If DHA could act
as a stimulus of neurogenesis in the brain, it would be
an ultimate brain food. Usually, AD is characterized by a
deterioration of memory and cognition [99].
Neuropathologically, AD is identified by three major
signs: amyloid-b plaques (Ab), neurofibrillary tangles
(NFT), and synaptic loss [100]. The amyloid beta pepti-
des that are the main components of amyloid aggre-
gates are Ab1–42, Ab1–40 and Ab25–35. The purified
amyloids are commercially available, enabling us to pre-
pare model rats by directly infusing amyloid beta pepti-
des into the rat brain ventricle, from which Abs diffuse
into the surrounding hippocampus and cortical tissues,
mimicking the deposition of Ab seen in AD patients
(Figure 9, left panel). We used third-generation
DHA-deficient rats to generate AD model rats, with each
generation fed on fish oil-deficient diets [71]. These
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Figure 8. Schema of the effect of DHA on the cell cycle of neural stem cell progenitors. DHA inhibits the repressor-type transcrip-
tion factor Hes1 and stimulates activator-type transcription factors including NeuroD. DHA also increases the brain-derived neuro-
trophic factor (BDNF) and its receptor TrKB. DHA-instigated downstream signal from BDNF-TrKB activation may have activated the
cAMP-bound response-element binding protein (CREB), initiating the transcription and translation of other effector/relay proteins.
These proteins may be the pre-/post-synaptic proteins (e.g. synaptophysin/PSD-95) required for new synaptogenesis or receptors
such as NMDA-receptor subunits NR2A and NR2B. Addition of DHA to the stem cell culture and/or oral administration of dietary
DHA to rats significantly ameliorated these neurogenesis/synaptogenesis-associated proteins, with a concurrent amelioration of
learning and memory of elderly/Alzheimer’s disease model rats.
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produced DHA deficiency in both brain and serum of
the rats. Under these conditions, the effect of oral
administration of DHA was prominent in normal aged
rats. However, such a direct manipulation of human
brain DHA concentration is not possible, for ethical rea-
sons. These results stimulated us to investigate the
effect of oral administration of DHA on cognitive impair-
ment of Ab-infused AD model rats [72,101]. After 12-
week oral administration of DHA, increases in brain DHA
levels were significantly associated with amelioration of
learning-related memory of the rats. These results pro-
vided us with an ample opportunity to study the effect
of DHA in AD model rats maintained in DHA-deficient
conditions for three generations. The oral administration
of DHA for 12 weeks to Abeta-infused AD model rats
significantly improved memory loss. The mechanism of
the ameliorative effect was associated with: (i) increases
in the levels of DHA and decreases in levels of arachi-
donic acid in both brain cortex and hippocampus, with
resulting increases in the molar ratios of DHA/AA;
(ii) decreases in the levels of LPOs in the

cortex–hippocampus of DHA-fed AD model rats; (iii)
decreases in reactive oxygen species (ROS) levels in syn-
aptosomal plasma membranes; (iv) decreases in the lev-
els of histone-associated DNA fragments, an apoptosis
marker; (v) decreases in cortical lipid-raft cholesterol; (vi)
increases in lipid-raft DHA levels and (vii) decreases in
the amyloid burden in the cortex of AD model rats.
Several studies have reported the beneficial effects of
DHA in AD model animals (Figure 9, right panel). Dietary
supplementation of DHA in an APP/PS1 transgenic rat
model reduced behavioral deficits and Ab pathology,
with concurrent reductions in prefibrillar toxic oligomers
[102]. Moreover, DHA supplementation decreased Ab
accumulation in the APP/PS1 transgenic mouse models
[103,104], particularly at the earlier stages of disease
progression [105–107]. The anti-Ab effects of DHA sup-
plementation have been primarily ascribed to its cap-
ability to reduce Ab production via various mechanisms,
including modulating APP localization and reducing a-
and b-secretase enzyme activity [103], reducing PS1 lev-
els [106], or reducing b- and c-secretase enzyme activity
and increasing a-secretase enzyme activity [108]. All
these data were compatible with the expected positive
effects of DHA on the AD model rats. In agreement with
other studies, there is a link between DHA and brain
cognition in AD.

Effect of DHA on lipid rafts

Lipid rafts or caveolae are specialized membrane struc-
tures consisting of saturated fatty acid- and cholesterol-
rich membrane-invaginated floating microdomains.
They harbor many key proteins and serve as signaling
platforms to facilitate the transfer of substrates and pro-
tein–protein and protein–lipid interactions to facilitate
specific signal transduction in living cells (Figure 10(C)).
Functionally, lipid rafts are also involved in intracellular
trafficking of proteins, lipids, secretory-endocytotic path-
ways, signal transduction, inflammatory and proteolytic
signals [109]. The enrichment of DHA in these lipid-raft
domains, concurrently with expulsions of cholesterol
and saturated fatty acid, has been attributed to the
beneficial effects of DHA on signal transduction in ret-
inal endothelial cells and immunoresponse by T cells
[110,111]. The augmented presence of Ab in blood
plasma is a potential noninvasive diagnostic marker for
AD [112,113]. Ab has previously been shown to be cap-
able of binding to RBCs in in vitro as well as in vivo ani-
mal studies [114]. Similarly, in humans, Ab in blood
plasma may readily contact RBCs in the circulating
blood and impair their oxygen binding capacity
[115,116]. Indeed, we (Hashimoto et al., 2015) Q5and
others [114,117] have found that Ab can bind to RBCs to
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Figure 9. Left panel: preparation of amyloid beta peptide-
infused AD model rats. A mini-osmotic pump (alzet 2002;
Durect Co., Cupertino, CA), containing either Ab(1–40/42) solu-
tion or the vehicle-alone was quickly inserted in the upper-
backs of the rats. The opening of the pump was inserted
3.5 mm into the left ventricle (right and left, relative to
Bregma; 0.8 mm posterior, 1.4 mm lateral) and attached to the
skull with small screws and dental glue. Oral administration of
either DHA emulsion and/or gum Arabic solution (vehicle of
DHA) was restarted 2 days after surgery and continued until
the end of the experiment. Right panel: at the end of the
behavioral experiments (8-arm radial maze/shuttle avoidance
apparatus), the rats were killed and several parameters (as
shown in the figure) were measured. The oral administration of
DHA significantly ameliorated these parameters. A downward
arrow indicates a decrease and an upward arrow an increase.
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induce oxidative injury. Moreover, Ab induces the bind-
ing of erythrocytes to endothelial cell layers and
decreases endothelial viability [118]. Together, these
studies suggest that Ab plays a key role in the blood
and oxidatively impairs the function of RBCs, which is
important for adequate O2 supply to the brain. Kiko
et al. [119] reported that human RBC-Ab1–40 and -Ab1–42

levels increased with aging and imply a pathogenic role
for RBC-Ab. RBC membranes in AD patients are injured
by unavoidable exposure to Ab [119]. The reasoning is
that once amyloid b peptides (Abs) of Alzheimer’s dis-
ease build in the blood circulation, they are capable of
binding RBCs and inducing hemolysis. The mechanisms
of the interaction between RBC and Ab are largely
unknown. Very recently, we investigated whether Ab1–42

interacts with caveolin-1-containing detergent-resistant
membranes (DRMs) of RBCs and whether the interaction
could be modulated by dietary pre-administration of
DHA. DHA pre-administration to rats inhibited hemolysis
by Ab1–42 (Hashimoto et al., 2015)Q5 . This activity was
accompanied by increased DHA levels and membrane

fluidity and by decreased cholesterol levels, lipid peroxi-
dation, and reactive oxygen species in the RBCs of the
DHA-pretreated rats, suggesting that the antioxidant
activity of DHA rescues RBCs from oxidative damage by
Ab1–42. Furthermore, to supply adequate oxygen to the
brain, RBCs must deform as they pass through the nar-
row pores of capillaries in the brain, and this deformabil-
ity decreases when Ab is bound to them [116].
Therefore, the interaction of Ab with RBCs may decrease
blood flow, impair oxygen delivery to the brain, and
contribute to brain hypoxia, thereby potentially facilitat-
ing AD. RBC deformability is also impaired by reduced
membrane fluidity, which is reduced by decreased
membrane fatty acid unsaturation [120] and increased
by lipid peroxidation [121] and/or membrane choles-
terol. Moreover, increased RBC-membrane cholesterol is
accompanied with reduced oxygen unloading to the tis-
sues [122]. Thus, DHA-induced improvements of these
parameters in RBCs may improve the detrimental effects
of Ab on RBCs and subsequently enhance the brain
function in patients with AD. The level of caveolin-1 was
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Figure 10. Effect of oral administration of DHA on the raft-driven clearance of Ab1–42. DHA pre-administration significantly
increased the accumulation of fluorescently labeled Ab1–42 (TAMRA-Ab1–42) in the lipid-rafts of RBCs ghost membranes both in
vitro (A) and in vivo conditions (B). (C) Schema of ghost bilayer, lipid-rafts (c1) and lipid-raft-bound Ab1–42 (c2).
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increased in the DRMs of DHA-preadministered rats.
Binding between Ab1–42 and DRMs of RBC signifi-
cantly increased in DHA-pretreated rats (Figure 10(A)).
When fluorescently labeled Ab1–42 (TAMRA-Ab1–42)
was directly infused into the bloodstream, it again
occupied the caveolin-1-containing detergent resist-
ance membrane (DRMs) of the RBCs from the DHA-
preadministered rats to a larger extent, indicating
that circulating Abs interact with the Caveolin1-rich
rafts of DRMs and that the interaction is stronger in
DHA-enriched RBCs (Hashimoto et al., 2015)Q5 (Figure
10(B)). We described the mechanisms as follows:
DRM vesicles displayed Abs bound onto their surface.
Ab might also bind with caveolin1-containing lipid-
rafts of RBCs. Then, the bound-Ab is subjected to
protease-degrading enzymes present on their surfaces
via their raftal pockets, which deliver the Abs to the
liver for detoxification by liver proteolytic enzymes
such as cathepsin D (Hashimoto et al., 2015)Q5 .
Whatever the mechanism, DHA may help in the
clearance of circulating Abs by increased raft-depend-
ent degradation pathways and implicate to therapies
in Alzheimer’s disease. The results of this study are
in agreement with the hypothesis that the enhance-
ment of DHA in RBCs decreases the plasma burden
of amyloids. Finally, alterations in morphology initi-
ated from modifications caused by toxic interactions
of oligomeric Ab with RBCs, and these interactions
involved caveolin-1-rich lipid-rafts. However, these
RBC-disrupting actions were improved by the pread-
ministration of DHA, leading to antioxidation, amyloid
clearance and changes in the membrane properties
of RBC.

Amyloid fibrillation in vitro and the effects
of DHA

The chronic oral administration of DHA, besides playing
a beneficial role in cardiovascular system, improves the
memory-related learning ability in rats, and the level of
DHA is depleted in the brains of AD [123,124], which fre-
quently exhibits a decline in learning-related memory.
Dietary administration of DHA protects against memory
loss [72] and improves the impairment of memory-
related learning ability of Ab-infused AD model rats
[101]. AD is characterized by aggregation of misfiled
Abs, including Ab1–42, Ab1–40 and Ab25–35 in affected
brains. The mechanism of Ab-fibrillation and the rela-
tionship of Ab fibers and AD pathology are not clearly
known, but involve a series of stages, including a-helix
to b-sheet transformation, nucleation, oligomerization,
beading of oligomers to matured fibers, and finally,
coalescence of fibers into larger aggregates [125]. As we

have previously reported, dietary DHA decreases the
brain amyloid burden [72] or even helps in plasma clear-
ance of amyloid levels by the RBC lipid-raft-driven
mechanism (Hashimoto et al., 2015) Q5. Thus, we also
wished to determine whether DHA directly inhibits the
degree of fibrillation conducted in in vitro conditions.
DHA (5.0–20 lM) significantly inhibited the in vitro fibril-
lation of Ab1–42, Ab1–40, and Ab25–35, as determined by
ThT-fluorescence fluorospectrometry, laser-confocal
microfluorescence and transmission electron micros-
copy (TEM) (Figure 11) [126–128]. By Western blotting, it
was found that DHA inhibits the Ab1–40/42 at the di-to-
tetramer species [126,128], while Ab25–35 was inhibited
at the decamer level during their route to matured
fibers [127]. Recent findings suggest that soluble Ab
oligomers, rather than matured-fibrils, correlate
intensely with neuronal dysfunction, damage and AD
symptoms [129]. If Ab1–42-oligomers could be inhibited
in vivo, as they are in vitro, again, DHA would be a wor-
thy therapeutic agent against Ab-induced AD. DHA is an
essential brain nutrient and can easily cross the blood–-
brain–barrier, with risk of its cytotoxic side effects being
minimal. Finally, using antioligomer antibody, it was
shown that DHA can inhibit the oligomers of the Ab1–42

amyloid species, the most toxic species that affects
the brains of AD patients. If so, it is reasonable to
conclude that Ab-induced toxicity imparted to neur-
onal SH-S5Y5 cells would also be inhibited in the
presence of DHA. As expected, DHA led to significant
anti-amyloidogenic toxicity, as indicated by higher
MTT reduction efficiency, than that in untreated cells
[128]. Cells treated with Ab1–42 for 48 h displayed
altered neuritic budding with dystrophic axonic/den-
dritic systems, whereas Ab1–42þDHA-treated cells
showed well-defined axonic/dendritic sprouting proc-
esses and high viability, including full and spherical
somas [128]. Therefore, the in vitro inhibitory effect
of DHA on fibrillation (or intermediate species – dur-
ing fibrillation) and the associated anti-neurotoxicity
was also manifested in the in vitro cell culture model.
Although there have been few in vivo reports on the
effects of DHA on Ab-aggregation, some results have
indicated that oral dietary DHA supplementation may
decrease the brain concentration of toxic Ab oligom-
ers, as measured using a conformation-specific anti-
oligomer antibody (A11) in transgenic rat (APP/PS1)
[102] and mouse (3xTg-AD) [106] models of AD.

DHA can act as a signaling molecule

DHA is now recognized as an important signaling mol-
ecule, particularly in brain function. Eicosanoids such as
prostaglandins, thromboxanes and leukotrienes, are
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signaling molecules synthesized from the essential fatty
acid arachidonic acid (AA), regulate blood clotting and
important immune functions [130]. EPA, the precursor of
DHA, can also act as a substrate for AA-cascade
enzymes, but it induces the production of alternative
eicosanoids such as 3-series prostanoids and 5-series
leukotrienes, which are considered to be anti-inflamma-
tory and/or less proinflammatory than AA-derived
metabolites [131]. However, endogenous signaling by
DHA-derived mediators (docosanoids) and their roles in
brain circuitry have recently being reported, following
the surprising discovery that a rapid increase in free
DHA pool size occurs at the onset of seizures or brain
injury. This phenomenon was later related to a bioactive
docosanoid, namely neuroprotectin D1 (NPD1), formed
from free DHA through 15-lipoxygenase-1 (15-LOX-1)
[132]. Recently, we reported that a concentrated n-3

fatty acid formulation containing EPA and DHA could
improve the learning ability of aged rats and whether
this specific outcome had any relationship with the
brain levels of EPA-derived eicosanoids and DHA-
derived docosanoids. The rats were tested for reference
memory errors (RMEs) and the working memory errors
(WMEs) in an eight-arm radial maze. The fatty acid pro-
file was analyzed by GC, whereas brain eicosanoids/
docosanoids were measured by LC–ESI-MS–MS analysis.
DHA-derived mediators showed a significant negative
correlation with the number of RMEs, whereas EPA-
derived mediators showed no relationship (Hashimoto
et al., 2015) Q5. The question may arise as to how DHA-
mediators affect memory-related brain activity
and whether DHA-induced ameliorative effects on mem-
ory (in aged or AD model rats) underlie the
phenomena. This question awaits further investigation.
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Figure 11. (A) Primary sequence of Ab1–42, Ab1–40 and Ab25–35. (B) Transmission electron micrographs (TEM) of Ab1–42, Ab1–40 and
Ab25–35 fibers. (C) Effect of DHA (20 lM) on the in vitro fibrillation of Ab1–42, Ab1–40 and Ab25–35. DHA significantly decreased the
amount of fibers, including oligomers (data not shown).
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The ligand-activated transcription factor peroxisome
proliferator-activated receptor-c (PPARc), which regu-
lates lipoprotein metabolism, adipogenesis and insulin
sensitivity, has been implicated in AD [133,134]. Fatty
acids bind to and activate peroxisome proliferator acti-
vated receptors, which control the expression of mul-
tiple genes affecting whole body fatty acid oxidation,
storage, and inflammation. PPARc activation triggers
some of DHA’s anti-inflammatory actions [134].
Moreover, PPARc is a potential NPD1 target, given that
it has a fatty acid binding pocket for polyunsaturated
fatty acids [134] and their derivatives, including DHA
[135]. DHA-derived docosanoids such as 10,17S-docosa-
triene also targets and affects the expression of nuclear
factor jB (NFjB), which controls the production of pro-
teins involved in inflammation and immunity, is seen
during brain strokes, and plays inflammatory roles [136].
The DHA-derived mediator neuroprotectin D1 (NPD1;
10R, 17S-dihydroxy-docosa-4Z,7Z,11E,15E,19Z-hexaenoic
acid) has been ascribed to decreased Ab42 release
[137], NPD1 downregulates inflammatory signaling,
amyloidogenic APP cleavage and apoptosis in neurode-
generation [138]. We conclude that DHA can also regu-
late gene expression, governing the types of protein
cells made and can thus regulate changes in gene
expression that affect metabolism, inflammation, cell
growth and development, and memory formation.

Epidemiological studies

On the basis of the results of the basic science, neural
cell and animal studies, numerous epidemiological stud-
ies have been conducted. Soderberg et al. [123] and
Prasad et al. [124] independently reported that DHA in
the hippocampus is significantly lower in AD than in
healthy controls. Numerous studies have reported a
relationship between DHA and cognitive decline
[139,140]. Gillette Guyonnet et al. [ 141] suggested that
fish oil might protect the elderly from developing neu-
rodegenerative diseases including AD. Literature reviews
suggest that the beneficial role of x-3 fatty acids in the
prevention and progression of AD is still contradictory,
as both ‘‘positive’’ and ‘‘no-effect’’ results on cognitive
performance have been noted. The effects of x-3 PUFAs
have been reported both in mild cognitive impairment
(MCI), a precursor condition or state of AD, and in AD.
After a randomized double-blinded placebo-controlled
trial, Chiu et al. [142] reported a significant improvement
in cognition score in patients with MCI after DHA
(0.72 g)þEPA (1.08 g) supplementation. Kotani et al.
[143] demonstrated that DHA (240 mg/day) supplemen-
tation significantly ameliorated scores of immediate
memory and attention in adults with MCI, but not in the

AD patients who were provided with the same dose of
supplementation for the same period. One study
reported no significant prevention of cognitive decline
in older people with MCI given DHA over six months
[144]. Lopez et al. [145], in their dietary intervention
study, reported that fish intake was associated with
lower odds of developing AD, but this did not reach
statistical significance. Indeed, numerous x-3 supple-
mentation studies [146–149] in AD patients have
reported no significant improvement in AD measures.
These investigators reported that supplementation with
DHA (1.72 g)þEPA (600 mg) per day for six months did
not show any improvement in cognitive deterioration in
AD patients. However, in a very small subgroup of
patients identified with the slightest form of AD, a sig-
nificant reduction in the cognitive decline rate was
observed in comparison with the placebo group. In
summary, results from controlled studies suggest that
intervention with x-3 fatty acids is beneficial only in the
early stages of cognitive impairment and that patients
with well-established AD show no cognitive improve-
ment with either low or high doses of x-3 fatty acids.
Both encouraging and unpromising data are available
with respect to the link between DHA and cognitive
deficit in AD patients. Thus, it is conceivable that the
link between DHA intake and brain DHA is more
complex than anticipated. Given that DHA synthesis
from a-LNA and b-oxidation are both extremely low
in humans [11], preformed DHA intake plays a signifi-
cant role in human whole body DHA homeostasis. In
principle, the effects of DHA should be experimen-
tally evaluated under DHA deficient conditions. The
brain’s extraordinary and tenacious ability to keep
the concentration of DHA constant has posed a ser-
ious problem. Following a 2-year randomized, double-
blind, placebo-controlled trial, we have also reported
that long-term daily dietary DHA (also EPA) supple-
mentation exerts beneficial effects against age-related
cognitive deterioration in otherwise healthy elderly
Japanese with very mild dementia [150].

Conclusion

It seems astonishing how DHA, a single molecule, plays
so many roles: inflammatory balance, cardiovascular
homeostasis through modulation of blood lipids and lip-
oproteins, cognitive and emotional health in elderly
people and AD patients, using diverse routes to control
multiple facets of cell metabolism, division and
differentiation.

Disclosure statement

The authors declare no conflict of interest.

1379

1380

1381

1382

1383

1384

1385

1386

1387

1388

1389

1390

1391

1392

1393

1394

1395

1396

1397

1398

1399

1400

1401

1402

1403

1404

1405

1406

1407

1408

1409

1410

1411

1412

1413

1414

1415

1416

1417

1418

1419

1420

1421

1422

1423

1424

1425

1426

1427

1428

1429

1430

1431

1432

1433

1434

1435

1436

1437

1438

1439

1440

1441

1442

1443

1444

1445

1446

1447

1448

1449

1450

1451

1452

1453

1454

1455

1456

1457

1458

1459

1460

1461

1462

1463

1464

1465

1466

1467

1468

1469

1470

1471

1472

1473

1474

1475

1476

1477

1478

1479

1480

1481

1482

1483

1484

14 M. HASHIMOTO ET AL.

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Sticky Note
124

Shahdat
Sticky Note
125

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Sticky Note
135,136

Shahdat
Sticky Note
136

Shahdat
Sticky Note
136

Shahdat
Sticky Note
137

Shahdat
Sticky Note
138

Shahdat
Sticky Note
139

Shahdat
Sticky Note
140

Shahdat
Sticky Note
141,142

Shahdat
Sticky Note
144

Shahdat
Sticky Note
145

Shahdat
Sticky Note
143

Shahdat
Sticky Note
146

Shahdat
Sticky Note
147

Shahdat
Sticky Note
148-151

Shahdat
Sticky Note
152

Shahdat
Text Box
Please add the following lines and the reference # 153 here:
In addition, we have more recently reported that DHA-enriched meal protects against age-related cognitive decline, and also improves apathy and caregiver burden for the oldest-elderly Japanese with cognitive impairment, such as dementia [153].


Shahdat
Polygonal Line



Funding information

This work was supported in part by a Grant-in-Aid for
Scientific Research (C) from the Ministry of Education Culture,
Sports, Science and Technology, Japan (26500009 to M.H.).

References

[1] Bradbury J. Docosahexaenoic acid (DHA): an ancient
nutrient for the modern human brain. Nutrients.
2011;3:529–554.

[2] Newman M. A new picture of life’s history on Earth.
Proc Natl Acad Sci USA. 2001;22:5955–5956.

[3] Richards MP, Pettitt PB, Stiner MC, et al. Stable iso-
tope evidence for increasing dietary breadth in the
European mid-Upper Paleolithic. Proc Natl Acad Sci
USA. 2001;98:6528–6532.

[4] Nakamura MT, Nara TY. Structure, function, and diet-
ary regulation of delta6, delta5, and delta9 desatur-
ases. Annu Rev Nutr. 2004;24:345–376.

[5] Shiwaku K, Hashimoto M, Kitajima K, et al.
Triglyceride levels are ethnic-specifically associated
with an index of stearoyl-CoA desaturase activity and
n-3 PUFA levels in Asians. J Lipid Res. 2004;45:
914–922.

[6] Schmeits BL, Cook JA, VanderJagt DJ, et al. Fatty acid
composition of the milk lipids of women in Nepal.
Nutr Res. 1999;19:1339–1348.

[7] Nishimura RY, Castro GS, Jord~ao AA Jr, et al. Breast
milk fatty acid composition of women living far from
the coastal area in Brazil. J Pediatr (Rio J). 2013;89:
263–268.

[8] Cho HP, Nakamura MT, Clarke SD. Cloning, expres-
sion, and nutritional regulation of the mammalian
delta-6 desaturase. J Biol Chem. 1999;274:471–477.

[9] de Lorgeril M, Salen P, Defaye P. Importance of nutri-
tion in chronic heart failure patients. Eur Heart J.
2005;26:2215–2217.

[10] Xiang M, Rahman MA, Ai H, et al. Diet and gene
expression: delta-5 and delta-6 desaturases in healthy
Chinese and European subjects. Ann Nutr Metab.
2006;50:492–498.

[11] Plourde M, Cunnane SC. Extremely limited synthesis
of long chain polyunsaturates in adults: implications
for their dietary essentiality and use as supplements.
Appl Physiol Nutr Metab. 2007;32:619–634.

[12] Kornsteiner M, Singer I, Elmadfa I. Very low n-3 long-
chain polyunsaturated fatty acid status in Austrian
vegetarians and vegans. Ann Nutr Metab. 2008;52:
37–47.

[13] Skrzypski J, Bellenger S, Bellenger J, et al. Revisiting
delta-6 desaturase regulation by C18 unsaturated
fatty acids, depending on the nutritional status.
Biochimie. 2009;91:1443–1449.

[14] Angela Liou Y, Innis SM. Dietary linoleic acid has no
effect on arachidonic acid, but increases n-6 eicosa-
dienoic acid, and lowers dihomo-gamma-linolenic
and eicosapentaenoic acid in plasma of adult men.
Prostaglandins Leukot Essent Fatty Acids. 2009;80:
201–206.

[15] Harris WS, Mozaffarian D, Lefevre M, et al. Towards
establishing dietary reference intakes for

eicosapentaenoic and docosahexaenoic acids. J Nutr.
2009;139:804S–819S.

[16] Zhu H, Fan C, Xu F, et al. Dietary fish oil n-3 polyun-
saturated fatty acids and alpha-linolenic acid differ-
ently affect brain accretion of docosahexaenoic acid
and expression of desaturases and sterol regulatory
element-binding protein 1 in mice. J Nutr Biochem.
2010;21:954–960.

[17] Cunnane SC. Role of zinc in lipid and fatty acid
metabolism and in membranes. Prog Food Nutr Sci.
1998;12:151–188.

[18] Horrobin DF. Loss of delta-6-desaturase activity as a
key factor in aging. Med Hypotheses. 1981;7:
1211–1220.

[19] Decsi T, Kennedy K. Sex-specific differences in essen-
tial fatty acid metabolism. Am J Clin Nutr. 2011;94:
1914S–1919S.

[20] Burdge GC, Wootton SA. Conversion of alpha-linolenic
acid to eicosapentaenoic, docosapentaenoic and
docosahexaenoic acids in young women. Br J Nutr.
2002;88:411–420.

[21] de Groot RH, Hornstra G, van Houwelingen AC, et al.
Effect of alpha-linolenic acid supplementation during
pregnancy on maternal and neonatal polyunsaturated
fatty acid status and pregnancy outcome. Am J Clin
Nutr. 2004;79:251–260.

[22] Sanders TAB. DHA status of vegetarians.
Prostaglandins Leukot Essent Fatty Acids. 2009;81:
137–141.

[23] Geppert J, Kraft V, Demmelmair H, et al. Microalgal
docosahexaenoic acid decreases plasma triacylgly-
cerol in normolipidaemic vegetarians: a randomised
trial. Br J Nutr. 2006;95:779–786.

[24] Lokman HS. Biochemical composition and fatty acid
content of zooplankton from tropical lagoon for larval
rearing. Arch Int Physiol Biochim Biophys. 1993;101:
253–256.

[25] Shamsudin L. Seasonal variation of fatty acid content
in natural microplankton from the Tumpat coastal
waters of the South China Sea. Arch Physiol Biochem.
1998;106:253–260.

[26] Ravet JL, Brett MT, Arhonditsis GB. The effects of ses-
ton lipids on zooplankton fatty acid composition in
Lake Washington, Washington, USA. Ecology. 2010;91:
180–190.

[27] Sargent J, McEvoy L, Estevez A, et al. Lipid nutrition
of marine fish during early development: current sta-
tus and future directions. Aquaculture. 1999;179:
217–229.

[28] Holub BJ. Clinical nutrition: 4. Omega-3 fatty acids in
cardiovascular care. CMAJ. 2002;166:608–615.

[29] Stillwell W, Wassall SR. Docosahexaenoic acid: mem-
brane properties of a unique fatty acid. Chem Phys
Lipids. 2003;126:1–27.

[30] Hashimoto M, Hossain S, Yamasaki H, et al. Effects of
eicosapentaenoic acid and docosahexaenoic acid on
plasma membrane fluidity of aortic endothelial cells.
Lipids. 1999;34:1297–1304.

[31] Hashimoto M, Hossain S, Masumura S. Effect of aging
on plasma membrane fluidity of rat aortic endothelial
cells. Exp Gerontol. 1999;34:687–698.

1485

1486

1487

1488

1489

1490

1491

1492

1493

1494

1495

1496

1497

1498

1499

1500

1501

1502

1503

1504

1505

1506

1507

1508

1509

1510

1511

1512

1513

1514

1515

1516

1517

1518

1519

1520

1521

1522

1523

1524

1525

1526

1527

1528

1529

1530

1531

1532

1533

1534

1535

1536

1537

1538

1539

1540

1541

1542

1543

1544

1545

1546

1547

1548

1549

1550

1551

1552

1553

1554

1555

1556

1557

1558

1559

1560

1561

1562

1563

1564

1565

1566

1567

1568

1569

1570

1571

1572

1573

1574

1575

1576

1577

1578

1579

1580

1581

1582

1583

1584

1585

1586

1587

1588

1589

1590

CRITICAL REVIEWS IN BIOTECHNOLOGY 15



[32] Hashimoto M, Hossain S, Shido O. Docosahexaenoic
acid but not eicosapentaenoic acid withstands dietary
cholesterol-induced decreases in platelet membrane
fluidity. Mol Cell Biochem. 2006;293:1–8.

[33] Hashimoto M, Hossain S, Shimada T, et al.
Docosahexaenoic acid-induced protective effect
against impaired learning in amyloid beta-infused
rats is associated with increased synaptosomal mem-
brane fluidity. Clin Exp Pharmacol Physiol. 2006;33:
934–939.

[34] Roach C, Feller SE, Ward JA, et al. Comparison of cis
and trans fatty acid containing phosphatidylcholines
on membrane properties. Biochemistry. 2004;43:
6344–6351.

[35] Wu SJ, Robinson JR. Transcellular and lipophilic com-
plex-enhanced intestinal absorption of human growth
hormone. Pharm Res. 1999;16:1266–1272.

[36] Rege BD, Kao JP, Polli JE. Effects of nonionic surfac-
tants on membrane transporters in Caco-2 cell mono-
layers. Eur J Pharm Sci. 2002;16:237–246.

[37] Brown ER, Subbaiah PV. Differential effects of eicosa-
pentaenoic acid and docosahexaenoic acid on human
skin fibroblasts. Lipids. 1994;29:825–829.

[38] Keeffe EB, Blankenship NM, Scharschmidt BF.
Alteration of rat liver plasma membrane fluidity and
ATPase activity by chlorpromazine hydrochloride and
its metabolites. Gastroenterology. 1980;79:222–231.

[39] Clarke MS, Prendergast MA, Terry AV Jr. Plasma mem-
brane ordering agent pluronic F-68 (PF-68) reduces
neurotransmitter uptake and release and produces
learning and memory deficits in rats. Learn Mem.
1999;6:634–649.

[40] Onuki Y, Morishita M, Chiba Y, et al. Docosahexaenoic
acid and eicosapentaenoic acid induce changes in
the physical properties of a lipid bilayer model mem-
brane. Chem Pharm Bull (Tokyo). 2006;54:68–71.

[41] McKimmie RL, Easter L, Weinberg RB. Acyl chain
length, saturation, and hydrophobicity modulate the
efficiency of dietary fatty acid absorption in adult
humans. Am J Physiol Gastrointest Liver Physiol.
2013;305:G620–G627.

[42] Salem N Jr, Karanian JW. Polyunsaturated fatty acids
and ethanol. Adv Alcohol Subst Abuse. 1988;7:
183–197.

[43] Colles S, Wood WG, Myers-Payne SC, et al. Structure
and polarity of mouse brain synaptic plasma mem-
brane: effects of ethanol in vitro and in vivo.
Biochemistry. 1995;2:5945–5959.

[44] Lenzi A, Gandini L, Maresca V, et al. Fatty acid com-
position of spermatozoa and immature germ cells.
Mol Hum Reprod. 2000;6:226–231.

[45] Connor WE, Lin DS, Wolf DP, et al. Uneven distribu-
tion of desmosterol and docosahexaenoic acid in the
heads and tails of monkey sperm. J Lipid Res.
1998;39:1404–1411.

[46] Rejraji H, Sion B, Prensier G, et al. Lipid remodeling of
murine epididymosomes and spermatozoa during
epididymal maturation. Biol Reprod. 2006;74:
1104–1113.

[47] Yehuda S, Rabinovitz S, Mostofsky DI. Effects of
essential fatty acids preparation, (SR-3) on brain bio-
chemistry and on behavioral and cognitive functions.

In: Yehuda S, Rabinovitz S, Mostofsky DI, editors.
Handbook of essential fatty acids biology: biochemis-
try, physiology and behavioral neurobiology. New
York: Humana Press; 1997. p. 4274–4252.

[48] Farkas T, Kitajka K, Fodor E, et al. Docosahexaenoic
acid-containing phospholipid molecular species in
brains of vertebrates. Proc Natl Acad Sci USA.
2000;97:6362–6366.

[49] Jones CR, Arai T, Rapoport SI. Evidence for the
involvement of docosahexaenoic acid in cholinergic
stimulated signal transduction at the synapse.
Neurochem Res. 1997;22:663–670.

[50] Kim HY, Spector AA, Xiong ZM. A synaptogenic amide
N-docosahexaenoylethanolamide promotes hippo-
campal development. Prostaglandins Other Lipid
Mediat. 2011;96:114–120.

[51] Zimmer L, Hembert S, Durand G, et al. Chronic n-3
polyunsaturated fatty acid diet-deficiency acts on
dopamine metabolism in the rat frontal cortex: a
microdialysis study. Neurosci Lett. 1998;240:177–181.

[52] Mathieu G, Denis S, Langelier B, et al. DHA enhances
the noradrenaline release by SH-SY5Y cells.
Neurochem Int. 2010;56:94–100.

[53] Saito M, Nakatsugawa K. Increased susceptibility of
liver to lipid peroxidation after ingestion of a high
fish oil diet. Int J Vitam Nutr Res. 1994;64:144–151.

[54] Bondy SC, Orozco J. Effects of ethanol treatment
upon sources of reactive oxygen species in brain and
liver. Alcohol Alcohol. 1994;29:375–383.

[55] Hossain MS, Hashimoto M, Gamoh S, et al.
Antioxidative effects of docosahexaenoic acid in the
cerebrum versus cerebellum and brainstem of aged
hypercholesterolemic rats. J Neurochem. 1999a;72:
1133–1138.

[56] Hossain MS, Hashimoto M, Gamoh S, et al.
Association of age-related decrease in platelet mem-
brane fluidity with platelet lipid peroxide. Life Sci.
1999b;64:135–143.

[57] Casanas-S€anchez V, Perez JA, Fabelo N, et al.
Docosahexaenoic (DHA) modulates phospholipid-
hydroperoxide glutathione peroxidase (Gpx4) gene
expression to ensure self-protection from oxidative
damage in hippocampal cells. Front Physiol. 2015;6:
203.

[58] Nanji AA, Griniuviene B, Sadrzadeh SM, et al. Effect of
type of dietary fat and ethanol on antioxidant
enzyme mRNA induction in rat liver. J Lipid Res.
1995;36:736–744.

[59] Tzourio C. Hypertension, cognitive decline, and
dementia: an epidemiological perspective. Dialog Clin
Neurosci. 2007;9:61–70.

[60] Launer LJ. Demonstrating the case that AD is a vascu-
lar disease: epidemiologic evidence. Ageing Res Rev.
2002;1:61–77.

[61] Rosendorff C, Beeri MS, Silverman JM. Cardiovascular
risk factors for Alzheimer’s disease. Am J Geriatr
Cardiol. 2007;16:143–149.

[62] Helzner EP, Luchsinger JA, Scarmeas N, et al.
Contribution of vascular risk factors to the progres-
sion in Alzheimer disease. Arch Neurol. 2009;66:
343–348.

1591

1592

1593

1594

1595

1596

1597

1598

1599

1600

1601

1602

1603

1604

1605

1606

1607

1608

1609

1610

1611

1612

1613

1614

1615

1616

1617

1618

1619

1620

1621

1622

1623

1624

1625

1626

1627

1628

1629

1630

1631

1632

1633

1634

1635

1636

1637

1638

1639

1640

1641

1642

1643

1644

1645

1646

1647

1648

1649

1650

1651

1652

1653

1654

1655

1656

1657

1658

1659

1660

1661

1662

1663

1664

1665

1666

1667

1668

1669

1670

1671

1672

1673

1674

1675

1676

1677

1678

1679

1680

1681

1682

1683

1684

1685

1686

1687

1688

1689

1690

1691

1692

1693

1694

1695

1696

16 M. HASHIMOTO ET AL.

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Inserted Text

Shahdat
Inserted Text
Please delete this ref # 56 both from the list and in the text (at place)

Shahdat
Sticky Note
Delete this reference

Shahdat
Inserted Text

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Typewritten Text
35

Shahdat
Typewritten Text
36

Shahdat
Typewritten Text
37

Shahdat
Typewritten Text
38

Shahdat
Callout
Hashimoto M, Hossain MS, Shimada T, et al. Effects of docosahexaenoic acid on annular lipid fluidity of the rat bile canalicular plasma membrane. J Lipid Res. 2001; 42, 1160-1168.


Shahdat
Typewritten Text
34

Shahdat
Typewritten Text
39

Shahdat
Typewritten Text
40

Shahdat
Typewritten Text
41

Shahdat
Typewritten Text
42

Shahdat
Typewritten Text
43

Shahdat
Typewritten Text
44

Shahdat
Typewritten Text
45

Shahdat
Typewritten Text
46

Shahdat
Typewritten Text
47

Shahdat
Typewritten Text
48

Shahdat
Typewritten Text
49

Shahdat
Typewritten Text
50

Shahdat
Typewritten Text
51

Shahdat
Typewritten Text
52

Shahdat
Typewritten Text
53

Shahdat
Typewritten Text
54

Shahdat
Typewritten Text
55

Shahdat
Typewritten Text
56



[63] Cleland LG, Caughey GE, James MJ, et al. Reduction
of cardiovascular risk factors with long term fish oil
treatment in early rheumatoid arthritis. J Rheumatol.
2006;33:1973–1979.

[64] Lee JH, O’Keefe JH, Lavie CJ, et al. Omega-3 fatty
acids for cardioprotection. Mayo Clin Proc. 2008;83:
324–332.

[65] Griffin BA. How relevant is the ratio of dietary n-6 to
n-3 polyunsaturated fatty acids to cardiovascular dis-
ease risk? Evidence from the OPTILIP study. Curr Opin
Lipidol. 2008;19:57–62.

[66] Minami M, Kimura S, Endo T, et al. Dietary docosahex-
aenoic acid increases cerebral acetylcholine levels
and improves passive avoidance performance in
stroke-prone spontaneously hypertensive rats.
Pharmacol Biochem Behav. 1997;58:1123–1129.

[67] Hashimoto M, Shinozuka K, Gamoh S, et al. The hypo-
tensive effect of docosahexaenoic acid is associated
with the enhanced release of ATP from the caudal
artery of aged rats. J Nutr. 1999c;129:70–76.

[68] Wang C, Harris WS, Chung M, et al. n-3 Fatty acids
from fish or fish-oil supplements, but not alpha-lino-
lenic acid, benefit cardiovascular disease outcomes in
primary- and secondary-prevention studies: a system-
atic review. Am J Clin Nutr. 2006;84:5–17.

[69] Tagawa T, Hirooka Y, Shimokawa H, et al. Long-term
treatment with eicosapentaenoic acid improves exer-
cise-induced vasodilation in patients with coronary
artery disease. Hypertens Res. 2002;25:823–829.

[70] Levisohn LF, Isacson O. Excitotoxic lesions of the rat
entorhinal cortex. Effects of selective neuronal dam-
age on acquisition and retention of a non-spatial ref-
erence memory task. Mol Hum Reprod. 1991;15:
230–244.

[71] Gamoh S, Hashimoto M, Sugioka K, et al. Chronic
administration of docosahexaenoic acid improves ref-
erence memory-related learning ability in young rats.
Neuroscience. 1999;93:237–241.

[72] Hashimoto M, Hossain S, Shimada T, et al.
Docosahexaenoic acid provides protection from
impairment of learning ability in Alzheimer’s disease
model rats. J Neurochem. 2002;81:1084–1091.

[73] Lim SY, Suzuki H. Intakes of dietary docosahexaenoic
acid ethyl ester and egg phosphatidylcholine improve
maze-learning ability in young and old mice. J Nutr.
2000;130:1629–1632.

[74] Moscovitch M, Rosenbaum RS, Gilboa A, et al.
Functional neuroanatomy of remote episodic, seman-
tic and spatial memory: a unified account based on
multiple trace theory. J Anat. 2005;207:35–66.

[75] Martin SJ, Grimwood PD, Morris RG. Synaptic plasti-
city and memory: an evaluation of the hypothesis.
Annu Rev Neurosci. 2000;23:649–711.

[76] Lamprecht R, LeDoux J. Structural plasticity and mem-
ory. Nat Rev Neurosci. 2004;5:45–54.

[77] Morris RG, Anderson E, Lynch GS, et al. Selective
impairment of learning and blockade of long-term
potentiation by an N-methyl-d-aspartate receptor
antagonist, AP5. Nature. 1986;5:774–776.

[78] Morris RG. Synaptic plasticity and learning: selective
impairment of learning rats and blockade of long-
term potentiation in vivo by the N-methyl-d-aspartate

receptor antagonist AP5. J Neurosci. 1989;9:
3040–3057.

[79] Tang YP, Wang H, Feng R, et al. Differential effects of
enrichment on learning and memory function in
NR2B transgenic mice. Neuropharmacology. 2001;41:
779–790.

[80] Kutsuwada T, Sakimura K, Manabe T, et al.
Impairment of suckling response, trigeminal neuronal
pattern formation, and hippocampal LTD in NMDA
receptor epsilon 2 subunit mutant mice. Neuron.
1996;16:333–344.

[81] Li Y, Erzurumlu RS, Chen C, et al. Whisker-related
neuronal patterns fail to develop in the trigeminal
brainstem nuclei of NMDAR1 knockout mice. Cell.
1994;11:427–437.

[82] Sakimura K, Kutsuwada T, Ito I, et al. Reduced hippo-
campal LTP and spatial learning in mice lacking
NMDA receptor epsilon 1 subunit. Nature. 1995;373:
151–155.

[83] Fujita S, Ikegaya Y, Nishikawa M, et al.
Docosahexaenoic acid improves long-term potenti-
ation attenuated by phospholipase A(2) inhibitor in
rat hippocampal slices. Br J Pharmacol. 2001;132:
1417–1422.

[84] Nishikawa M, Kimura S, Akaike N. Facilitatory effect of
docosahexaenoic acid on N-methyl-d-aspartate
response in pyramidal neurones of rat cerebral cortex.
J Physiol (Lond). 1994; 475:83–93.

[85] Yoshii A, Constantine-Paton M. BDNF induces trans-
port of PSD-95 to dendrites through PI3K-AKT signal-
ing after NMDA receptor activation. Nat Neurosci.
2007;10:702–711.

[86] Stein V, House DR, Bredt DS, et al. Postsynaptic dens-
ity-95 mimics and occludes hippocampal long-term
potentiation and enhances long-term depression. J
Neurosci. 2003;2:5503–5506.

[87] Rattiner LM, Davis M, French CT, et al. Brain-derived
neurotrophic factor and tyrosine kinase receptor B
involvement in amygdala-dependent fear condition-
ing. J Neurosci. 2004;19:4796–4806.

[88] Frick KM, Fernandez SM. Enrichment enhances spatial
memory and increases synaptophysin levels in aged
female mice. Neurobiol Aging. 2003;24:615–626.

[89] Kwon SE, Chapman ER. Synaptophysin regulates the
kinetics of synaptic vesicle endocytosis in central neu-
rons. Neuron. 2011;70:847–854.

[90] Bhatia HS, Agrawal R, Sharma S, et al. Omega-3 fatty
acid deficiency during brain maturation reduces neur-
onal and behavioral plasticity in adulthood. PLoS
One. 2011;6:e28451.

[91] Dyall SC, Michael GJ, Whelpton R, et al. Neurobiol
Aging. 2007;28:424–439. Q2

[92] Tanabe Y, Hashimoto M, Sugioka K, et al.
Improvement of spatial cognition with dietary doco-
sahexaenoic acid is associated with an increase in Fos
expression in rat CA1 hippocampus. Clin Exp
Pharmacol Physiol. 2004;31:700–703.

[93] Abraham WC, Dragunow M, Tate WP. The role of
immediate early genes in the stabilization of long-
term potentiation. Mol Neurobiol. 1991;5:297–314.

[94] Gross CG. Neurogenesis in the adult brain: death of a
dogma. Nat Rev Neurosci. 2000;1:67–73.

1697

1698

1699

1700

1701

1702

1703

1704

1705

1706

1707

1708

1709

1710

1711

1712

1713

1714

1715

1716

1717

1718

1719

1720

1721

1722

1723

1724

1725

1726

1727

1728

1729

1730

1731

1732

1733

1734

1735

1736

1737

1738

1739

1740

1741

1742

1743

1744

1745

1746

1747

1748

1749

1750

1751

1752

1753

1754

1755

1756

1757

1758

1759

1760

1761

1762

1763

1764

1765

1766

1767

1768

1769

1770

1771

1772

1773

1774

1775

1776

1777

1778

1779

1780

1781

1782

1783

1784

1785

1786

1787

1788

1789

1790

1791

1792

1793

1794

1795

1796

1797

1798

1799

1800

1801

1802

CRITICAL REVIEWS IN BIOTECHNOLOGY 17

Author Query
AQ2: Please provide the article title for [91,95].

Shahdat
Callout
Dietary enrichment with omega-3 polyunsaturated fatty acids reverses age-related decreases in the GluR2 and NR2B glutamate receptor subunits in rat forebrain.




[95] Kawakita E, Hashimoto M, Shido O. Neuroscience.
2006;139:991–997.Q2

[96] Ishibashi M, Moriyoshi K, Sasai Y, et al. Persistent
expression of helix-loop-helix factor HES-1 prevents
mammalian neural differentiation in the central ner-
vous system. EMBO J. 1994;15:799–1805.

[97] Ohtsuka T, Ishibashi M, Gradwohl G, et al. Hes1 and
Hes5 as notch effectors in mammalian neuronal dif-
ferentiation. EMBO J. 1999;15:2196–2207.

[98] Katakura M, Hashimoto M, Shahdat HM, et al.
Docosahexaenoic acid promotes neuronal differenti-
ation by regulating basic helix-loop-helix transcription
factors and cell cycle in neural stem cells.
Neuroscience. 2009;19:651–660.

[99] Serrano-Pozo A, Frosch MP, Masliah E, et al.
Neuropathological alterations in Alzheimer disease.
Cold Spring Harb Perspect Med. 2011;1:a006189.

[100] Selkoe DJ. The molecular pathology of Alzheimer’s
disease. Neuron. 1991;6:487–498.

[101] Hashimoto M, Hossain S, Agdul H, et al.
Docosahexaenoic acid-induced amelioration on
impairment of memory learning in amyloid beta-
infused rats relates to the decreases of amyloid beta
and cholesterol levels in detergent-insoluble mem-
brane fractions. Biochim Biophys Acta. 2005;30:91–98.

[102] Teng E, Taylor K, Bilousova T, et al. Dietary DHA sup-
plementation in an APP/PS1 transgenic rat model of
AD reduces behavioral and Ab pathology and modu-
lates Ab oligomerization. Neurobiol Dis. 2015;82:
552–560.

[103] Lim GP, Calon F, Morihara T, et al. A diet enriched
with the omega-3 fatty acid docosahexaenoic acid
reduces amyloid burden in an aged Alzheimer mouse
model. J Neurosci. 2005;25:3032–3040.

[104] Oksman M, Iivonen H, Hogyes E, et al. Impact of dif-
ferent saturated fatty acid, polyunsaturated fatty acid
and cholesterol containing diets on beta-amyloid
accumulation in APP/PS1 transgenic mice. Neurobiol
Dis. 2006;23:563–572.

[105] Broersen LM, Kuipers AA, Balvers M, et al. A specific
multi-nutrient diet reduces Alzheimer-like pathology
in young adult AbPPswe/PS1dE9 mice. J Alzheimers
Dis. 2013;33:177–190.

[106] Green KN, Martinez-Coria H, Khashwji H, et al. Dietary
docosahexaenoic acid and docosapentaenoic acid
ameliorate amyloid-beta and tau pathology via a
mechanism involving presenilin 1 levels. J Neurosci.
2007;27:4385–4395.

[107] Perez SE, Berg BM, Moore KA, et al. DHA diet reduces
AD pathology in young APPswe/PS1 Delta E9 trans-
genic mice: possible gender effects. J Neurosci Res.
2010;88:1026–1040.

[108] Grimm MO, Kuchenbecker J, Gr€osgen S, et al.
Docosahexaenoic acid reduces amyloid beta produc-
tion via multiple pleiotropic mechanisms. J Biol
Chem. 2011;286:14028–14039.

[109] Eckert PE. Manipulation of lipid rafts in neuronal cells.
Open Biol J. 2010;3:32–38.

[110] Chen W, Jump DB, Esselman WJ, et al. Inhibition of
cytokine signaling in human retinal endothelial cells
through modification of caveolae/lipid rafts by

docosahexaenoic acid. Invest Ophthalmol Vis Sci.
2007;48:18–26.

[111] Liang X, Nazarian A, Erdjument-Bromage H, et al.
Heterogeneous fatty acylation of Src family kinases
with polyunsaturated fatty acids regulates raft local-
ization and signal transduction. J Biol Chem. 2001;17:
30987–30994.

[112] Mehta PD, Pirttil€a T, Mehta SP, et al. Plasma and cere-
brospinal fluid levels of amyloid beta proteins 1–40
and 1–42 in Alzheimer disease. Arch Neurol. 2000;57:
100–105.

[113] van Oijen M, Hofman A, Soares HD, et al. Plasma
Abeta(1–40) and Abeta(1–42) and the risk of demen-
tia: a prospective case-cohort study. Lancet Neurol.
2006;5:655–660.

[114] Nakagawa K, Kiko T, Miyazawa T, et al. Amyloid b-
induced erythrocytic damage and its attenuation by
carotenoids. FEBS Lett. 2011;585:1249–1254.

[115] Mattson MP, Begley JG, Mark RJ, et al. Abeta25-35
induces rapid lysis of red blood cells: contrast with
Abeta1-42 and examination of underlying mecha-
nisms. Brain Res. 1997;771:147–153.

[116] Mohanty JG, Eckley DM, Williamson JD, et al. Do red
blood cell-beta-amyloid interactions alter oxygen
delivery in Alzheimer’s disease? Adv Exp Med Biol.
2008;614:29–35.

[117] Jayakumar R, Kusiak JW, Chrest FJ, et al. Red cell per-
turbations by amyloid beta-protein. Biochim Biophys
Acta. 2003;1622:20–28.

[118] Nakagawa K, Kiko T, Kuriwada S, et al. Amyloid b
induces adhesion of erythrocytes to endothelial cells
and affects endothelial viability and functionality.
Biosci Biotechnol Biochem. 2011;75:2030–2033.

[119] Kiko T, Nakagawa K, Satoh A, et al. Amyloid b levels
in human red blood cells. PLoS One. 2012;7:e49620.

[120] Shiraishi K, Matsuzaki S, Ishida H, et al. Impaired
erythrocyte deformability and membrane fluidity in
alcoholic liver disease: participation in disturbed hep-
atic microcirculation. Alcohol Alcohol Suppl. 1993;1A:
59–64.

[121] Spengler MI, Svetaz MJ, Leroux MB, et al. Lipid peroxi-
dation affects red blood cells membrane properties in
patients with systemic lupus erythematosus. Clin
Hemorheol Microcirc. 2014;58:489–495.

[122] Buchwald H, O’Dea TJ, Menchaca HJ, et al. Effect of
plasma cholesterol on red blood cell oxygen trans-
port. Clin Exp Pharmacol Physiol. 2000;27:951–955.

[123] Soderberg M, Edlund C, Kristensson K, et al. Fatty
acid composition of brain phospholipids in aging and
in Alzheimer’s disease. Lipids. 1991;26:421–425.

[124] Prasad MR, Lovell MA, Yatin M, et al. Regional mem-
brane phospholipid alterations in Alzheimer’s disease.
Neurochem Res. 1998;23:81–88.

[125] Serpell LC. Alzheimer’s amyloid fibrils: structure and
assembly. Biochim Biophys Acta. 2000;1502:16–30.

[126] Hashimoto M, Shahdat HM, Yamashita S, et al.
Docosahexaenoic acid disrupts in vitro amyloid
beta(1–40) fibrillation and concomitantly inhibits
amyloid levels in cerebral cortex of Alzheimer’s dis-
ease model rats. J Neurochem. 2008;107:1634–1646.

[127] Hashimoto M, Shahdat HM, Katakura M, et al. Effects
of docosahexaenoic acid on in vitro amyloid beta

1803

1804

1805

1806

1807

1808

1809

1810

1811

1812

1813

1814

1815

1816

1817

1818

1819

1820

1821

1822

1823

1824

1825

1826

1827

1828

1829

1830

1831

1832

1833

1834

1835

1836

1837

1838

1839

1840

1841

1842

1843

1844

1845

1846

1847

1848

1849

1850

1851

1852

1853

1854

1855

1856

1857

1858

1859

1860

1861

1862

1863

1864

1865

1866

1867

1868

1869

1870

1871

1872

1873

1874

1875

1876

1877

1878

1879

1880

1881

1882

1883

1884

1885

1886

1887

1888

1889

1890

1891

1892

1893

1894

1895

1896

1897

1898

1899

1900

1901

1902

1903

1904

1905

1906

1907

1908

18 M. HASHIMOTO ET AL.

Author Query
AQ2: Please provide the article title for [91,95].

Shahdat
Callout
Hashimoto M, Hossain S, Katakura M, et al. The binding of Aβ1-42 to lipid rafts of RBC is enhanced by dietary docosahexaenoic acid in rats: Implicates to Alzheimer's disease. Biochim Biophys Acta, 2015;1848: 1402-1409.


Shahdat
Typewritten Text
[117]

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Typewritten Text
118

Shahdat
Typewritten Text
119

Shahdat
Typewritten Text
120

Shahdat
Typewritten Text
121

Shahdat
Typewritten Text
122

Shahdat
Typewritten Text
123

Shahdat
Typewritten Text
124

Shahdat
Typewritten Text
125

Shahdat
Typewritten Text
126

Shahdat
Typewritten Text
128

Shahdat
Callout
Docosahexaenoic acid promotes neurogenesis in vitro and in vivo.


Shahdat
Typewritten Text
127

Shahdat
Sticky Note
Please insert here this [117] reference.



peptide 25–35 fibrillation. Biochim Biophys Acta.
2009;1791:289–296.

[128] Hossain S, Hashimoto M, Katakura M, et al.
Mechanism of docosahexaenoic acid-induced inhib-
ition of in vitro Abeta1-42 fibrillation and Abeta1-42-
induced toxicity in SH-S5Y5 cells. J Neurochem.
2009;111:568–579.

[129] Haass C, Selkoe DJ. Soluble protein oligomers in neu-
rodegeneration: lessons from the Alzheimer’s amyloid
beta-peptide. Nat Rev Mol Cell Biol. 2007;8:101–112.

[130] Neitzel JJ. Fatty acid molecules: a role in cell signal-
ing. Nat Educ. 2010;3:57.

[131] Moreno JJ. Differential effects of arachidonic and
eicosapentaenoic acid-derived eicosanoids on poly-
morphonuclear transmigration across endothelial cell
cultures. J Pharmacol Exp Ther. 2009;331:1111–1117.

[132] Bazan NG, Musto AE, Knott EJ. Endogenous signaling
by omega-3 docosahexaenoic acid-derived mediators
sustains homeostatic synaptic and circuitry integrity.
Mol Neurobiol. 2011;44:216–222.

[133] Marion-Letellier R, Butler M, Dechelotte P, et al.
Comparison of cytokine modulation by natural per-
oxisome proliferator-activated receptor gamma
ligands with synthetic ligands in intestinal-like Caco-2
cells and human dendritic cells – potential for dietary
modulation of peroxisome proliferator-activated
receptor gamma in intestinal inflammation. Am J Clin
Nutr. 2008;87:939–948.

[134] Tontonoz P, Spiegelman BM. Fat and beyond: the
diverse biology of PPARgamma. Annu Rev Biochem.
2008;77:289–312.

[135] Itoh T, Fairall L, Amin K, et al. Structural basis for the
activation of PPARgamma by oxidized fatty acids. Nat
Struct Mol Biol. 2008;15:924–931.

[136] Marcheselli VL, Hong S, Lukiw WJ, et al. Novel doco-
sanoids inhibit brain ischemia-reperfusion-mediated
leukocyte infiltration and pro-inflammatory gene
expression. J Biol Chem. 2003;31:43807–43817.

[137] Lukiw WJ, Cui JG, Marcheselli VL, et al. A role for
docosahexaenoic acid-derived neuroprotectin D1 in
neural cell survival and Alzheimer disease. J Clin
Invest. 2005;115:2774–2783.

[138] Zhao Y, Calon F, Julien C, et al. Docosahexaenoic
acid-derived neuroprotectin D1 induces neuronal sur-
vival via secretase- and PPARc-mediated mechanisms
in Alzheimer’s disease models. PLoS One. 2011;6:
e15816.

[139] Maclean CH, Issa AM, Newberry SJ, et al. Effects of
omega-3 fatty acids on cognitive function with aging,
dementia, and neurological diseases. Evid Rep
Technol Assess (Summ). 2005;1–3.Q3

[140] Plourde M, Vohl MC, Vandal M, et al. Plasma n-3 fatty
acid response to an n-3 fatty acid supplement is
modulated by apoE epsilon4 but not by the common
PPAR-alpha L162V polymorphism in men. Br J Nutr.
2009;102:1121–1124.

[141] Gillette Guyonnet S, Abellan Van Kan G, Andrieu S,
et al. IANA task force on nutrition and cognitive
decline with aging. J Nutr Health Aging. 2007;11:
132–152.

[142] Chiu CC, Su KP, Cheng TC, et al. The effects of
omega-3 fatty acids monotherapy in Alzheimer’s

disease and mild cognitive impairment: a preliminary
randomized double-blind placebo-controlled study.
Prog Neuropsychopharmacol Biol Psychiatry. 2008;32:
1538–1544.

[143] Kotani S, Sakaguchi E, Warashina S, et al. Dietary sup-
plementation of arachidonic and docosahexaenoic
acids improves cognitive dysfunction. Neurosci Res.
2006;56:159–164.

[144] Mahmoudi MJ, Hedayat M, Sharifi F, et al. Effect of
low dose x-3 poly unsaturated fatty acids on cogni-
tive status among older people: a double-blind
randomized placebo-controlled study. J Diabetes
Metab Disord. 2014;13, article 34. Q4

[145] Lopez LB, Kritz-Silverstein D, Barrett Connor E. High
dietary and plasma levels of the omega-3 fatty acid
docosahexaenoic acid are associated with decreased
dementia risk: the Rancho Bernardo study. J Nutr
Health Aging. 2011;15:25–31.

[146] Boston PF, Bennett A, Horrobin DF, et al. Ethyl-EPA in
Alzheimer’s disease – a pilot study. Prostaglandins
Leukot Essent Fatty Acids. 2004;71:341–346.

[147] Freund-Levi Y, Eriksdotter-J€onhagen M, Cederholm T,
et al. Omega-3 fatty acid treatment in 174 patients
with mild to moderate Alzheimer disease: OmegAD
study: a randomized double-blind trial. Arch Neurol.
2006;63:1402–1408.

[148] Freund-Levi Y, Basun H, Cederholm T, et al. Omega-3
supplementation in mild to moderate Alzheimer’s dis-
ease: effects on neuropsychiatric symptoms. Int J
Geriatr Psychiatry. 2008;23:161–169.

[149] Quinn JF, Raman R, Thomas RG, et al.
Docosahexaenoic acid supplementation and cognitive
decline in Alzheimer disease: a randomized trial.
JAMA. 2010;304:1903–1911.

[150] Hashimoto M, Yamashita K, Kato S, et al. Beneficial
effects of daily dietary omega-3 polyunsaturated fatty
acid supplementation on age-related cognitive
decline in elderly Japanese with very mild dementia:
a 2-year randomized, double-blind, placebo-con-
trolled trial. J Aging Res Clin Prac. 2012;1:193–120.

[151] Baeres FM, Moller M. Origin of PACAP-immunoreac-
tive nerve fibers Q1innervating the subarachnoidal
blood vessels of the rat brain. J Cereb Blood Flow
Metab. 2004;24:628–635.

[152] Baylin A, Ruiz-Narvaez E, Kraft P, et al. alpha-Linolenic
acid, Delta6-desaturase gene polymorphism, and the
risk of nonfatal myocardial infarction. Am J Clin Nutr.
2007;85:554–560.

[153] Benedetti A, Ferretti G, Curatola G, et al. Age and sex
related changes of plasma membrane fluidity in iso-
lated rat hepatocytes. Biochem Biophys Res Commun.
1988;31:840–845.

[154] Breteler MM1, van den Ouweland FA, Grobbee DE,
et al. A community-based study of dementia: the
Rotterdam Elderly Study. Neuroepidemiology.
1992;11:23–28.

[155] Cazzola R, Rondanelli M, Faliva M, et al. Effects of
DHA-phospholipids, melatonin and tryptophan sup-
plementation on erythrocyte membrane physico-
chemical properties in elderly patients suffering from
mild cognitive impairment. Exp Gerontol. 2012;47:
974–978.

1909

1910

1911

1912

1913

1914

1915

1916

1917

1918

1919

1920

1921

1922

1923

1924

1925

1926

1927

1928

1929

1930

1931

1932

1933

1934

1935

1936

1937

1938

1939

1940

1941

1942

1943

1944

1945

1946

1947

1948

1949

1950

1951

1952

1953

1954

1955

1956

1957

1958

1959

1960

1961

1962

1963

1964

1965

1966

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

2014

CRITICAL REVIEWS IN BIOTECHNOLOGY 19

Author Query
AQ1: There is no mention of Reference [151-164] in the text. Please insert a citation in the text or delete the reference as appropriate, maintaining the numerical order of the references.

Author Query
AQ4: Please provide the page range for [144].

Author Query
AQ3: Please provide the volume number and page range for [139].

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Cross-Out

Shahdat
Typewritten Text
129

Shahdat
Typewritten Text
130

Shahdat
Typewritten Text
131

Shahdat
Typewritten Text
132

Shahdat
Typewritten Text
133

Shahdat
Typewritten Text
[134]

Shahdat
Typewritten Text
135

Shahdat
Callout
Hashimoto M, Katakura M, Tanabe Y, et al,  n-3 fatty acids effectively improve the reference memory-related learning ability associated with increased brain docosahexaenoic acid-derived docosanoids in aged rats. Biochimica et biophysica acta, 2015; 1851, 203-209. 


Shahdat
Typewritten Text
136

Shahdat
Typewritten Text
137

Shahdat
Typewritten Text
138

Shahdat
Typewritten Text
139

Shahdat
Typewritten Text
140

Shahdat
Typewritten Text
141

Shahdat
Typewritten Text
143

Shahdat
Typewritten Text
144

Shahdat
Typewritten Text
145

Shahdat
Typewritten Text
146

Shahdat
Typewritten Text
147

Shahdat
Typewritten Text
148

Shahdat
Typewritten Text
149

Shahdat
Typewritten Text
150

Shahdat
Typewritten Text
151

Shahdat
Typewritten Text
152

Shahdat
Typewritten Text
153

Shahdat
Sticky Note
Please delete all these

Shahdat
Callout
Please insert this new reference:
Hashimoto M, Kato S, Tanabe Y, et al. Beneficial effects of dietary docosahexaenoic acid intervention on cognitive function and mental health of the oldest elderly in Japanese care facilities and nursing homes. Geriatr Gerontol Int, 2016 (in press).


Shahdat
Typewritten Text
142

Shahdat
Sticky Note
Volume #
114:

Shahdat
Sticky Note
The page range is:
1-11

Shahdat
Sticky Note
Please insert here this [134] reference

Shahdat
Cross-Out

Shahdat
Sticky Note
Please delete from Baeres FM to downwards all references



[156] Duyster J, Schwende H, Fitzke E, et al. Different roles
of protein kinase C-beta and -delta in arachidonic
acid cascade, superoxide formation and phosphoino-
sitide hydrolysis. Biochem J. 1993;15:203–207.

[157] Edvinsson L, Krause DN. Cerebral blood flow and
metabolism. Philadelphia, PA: Lippincott, Williams &
Wilkins; 2002.

[158] Hachinski V, Munoz DG. Cerebrovascular pathology in
Alzheimer’s disease: cause, effect or epiphenomenon?
Ann N Y Acad Sci. 1997;826:1–6.

[159] Kovacic P, Somanathan R. Clinical physiology and
mechanism of dizocilpine (MK-801): electron transfer,
radicals, redox metabolites and bioactivity. Oxid Med
Cell Longev. 2010;3:13–22.

[160] Lee LK, Shahar S, Chin A-V, et al. Docosahexaenoic
acid-concentrated fish oil supplementation in subjects
with mild cognitive impairment (MCI): a 12-month
randomised, double-blind, placebo-controlled trial.
Psychopharmacology. 2013;225: 605–612.

[161] Shimizu E, Tang YP, Rampon C, et al. NMDA receptor-
dependent synaptic reinforcement as a crucial pro-
cess for memory consolidation. Science (New York,
NY). 2000;1170–1174.

[162] Tarawneh R, Holtzman DM. The clinical problem of
symptomatic Alzheimer disease and mild cognitive
impairment. Cold Spring Harb Perspect Med. 2012;2:
a006148.

[163] Van Nostrand WE, Davis-Salinas J, Saporito-Irwin SM.
Amyloid beta-protein induces the cerebrovascular cel-
lular pathology of Alzheimer’s disease and related dis-
orders. Ann N Y Acad Sci. 1996;777:297–302.

[164] White L, Petrovitch H, Hardman J, et al.
Cerebrovascular pathology and dementia in autop-
sied Honolulu-Asia Aging Study participants. Ann N Y
Acad Sci. 2002;977:9–23.

[165] Hashimoto M, Hossain MS, Shimada T, et al. Effects of
docosahexaenoic acid on annular lipid fluidity of the
rat bile canalicular plasma membrane. J Lipid Res.
2001;42:1160–1168.

[166] Hashimoto M, Hossain S, Katakura M, et al. The bind-
ing of Ab1–42 to lipid rafts of RBC is enhanced by
dietary docosahexaenoic acid in rats: implicates to
Alzheimer’s disease. Biochim Biophys Acta. 2015;1848:
1402–1409.

[167] Hashimoto M, Katakura M, Tanabe Y, et al. n-3 fatty
acids effectively improve the reference memory-
related learning ability associated with
increased brain docosahexaenoic acid-derived doco-
sanoids in aged rats. Biochim Biophys Acta.
2015;1851:203–209.

[168] Hashimoto M, Shahdat MH, Shimada T, et al.
Relationship between age-related increases in rat liver
lipid peroxidation and bile canalicular plasma mem-
brane fluidity. Exp Gerontol. 2001;37:89–97.

2015

2016

2017

2018

2019

2020

2021

2022

2023

2024

2025

2026

2027

2028

2029

2030

2031

2032

2033

2034

2035

2036

2037

2038

2039

2040

2041

2042

2043

2044

2045

2046

2047

2048

2049

2050

2051

2052

2053

2054

2055

2056

2057

2058

2059

2060

2061

2062

2063

2064

2065

2066

2067

2068

2069

2070

2071

2072

2073

2074

2075

2076

2077

2078

2079

2080

2081

2082

2083

2084

2085

2086

2087

2088

2089

2090

2091

2092

2093

2094

2095

2096

2097

2098

2099

2100

2101

2102

2103

2104

2105

2106

2107

2108

2109

2110

2111

2112

2113

2114

2115

2116

2117

2118

2119

2120

20 M. HASHIMOTO ET AL.

Shahdat
Cross-Out


	postpre用表紙
	97 Cri Rev Biotechnol 2017
	Docosahexaenoic acid: one molecule diverse functions
	Introduction
	Physiochemical properties of DHA
	Antioxidant activities of DHA
	Effect of DHA on systems/tissues other than the brain: may have beneficial effects on brain function
	DHA improves memory
	DHA affects important molecular substrates and contributes to memory formation

	Effects of DHA on neurogenesis and improvement of memory
	Alzheimer’s disease pathology and effects of DHA on it
	Effect of DHA on lipid rafts
	Amyloid fibrillation in vitro and the effects ofDHA
	DHA can act as a signaling molecule
	Epidemiological studies
	Conclusion
	mkchap1207153__ack
	Disclosure statement
	Funding information
	References





