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Abstract

The dietary essential PUFA docosahexaenoic acid [DHA; 22:6(n-3)] is a critical contributor to cell structure and function

in the nervous system, and deficits in DHA abundance are associated with cognitive decline during aging and in

neurodegenerative disease. Recent studies underscore the importance of DHA-derived neuroprotectin D1 (NPD1) in the

homeostatic regulation of brain cell survival and repair involving neurotrophic, antiapoptotic and antiinflammatory signaling.

Emerging evidence suggests that NPD1 synthesis is activated by growth factors and neurotrophins. Evolving research

indicates that NPD1 has important determinant and regulatory interactions with the molecular-genetic mechanisms

affecting b-amyloid precursor protein (bAPP) and amyloid beta (Ab) peptide neurobiology. Deficits in DHA or its

peroxidation appear to contribute to inflammatory signaling, apoptosis, and neuronal dysfunction in Alzheimer disease

(AD), a common and progressive age-related neurological disorder unique to structures and processes of the human brain.

This article briefly reviews our current understanding of the interactions of DHA and NPD1 on bAPP processing and Ab

peptide signaling and how this contributes to oxidative and pathogenic processes characteristic of aging and AD

pathology. J. Nutr. 138: 2510–2514, 2008.

Introduction

Docosahexaenoic acid [DHA;4 22:6(n-3); cervonic acid; MW
327] is a dietary essential (n-3) PUFA highly enriched in fish oils
and concentrated up the food chain from photosynthetic and
heterotrophic microalgae. In addition to these essential marine
sources, DHA is also synthesized via an elongation and
desaturation of the 20-carbon eicosapentanoic acid [EPA;
20:5(n-3)], or elongation of the 18-carbon (n-3) fatty acid,
a-linolenic acid [ALA; 18:3(n-3)] enriched in flax (Linaceae),
walnut (Juglandaceae), chia (Salvia hispanica), and other
photosynthesizing terrestrial plants (1–3). In the brain, glia
and endothelial cells of the microvasculature, but not neurons,

have some capacity to synthesize DHA from ALA and other
(n-3) precursor fatty acids, but whether or not this contributes
significantly to total brain DHA is not clear. The high concen-
tration of DHA in the capillary endothelium suggests that DHA
is taken up from the diet via blood plasma DHA transporters
including specific fatty-acid-binding lipoprotein carriers (3–5).
DHA is an absolute requirement for the development of the
human central nervous system (CNS), and the continuous main-
tenance of brain cell function, illustrating the strong mechanistic
link between an adequate supply of essential PUFA in the diet
and the sustenance of cognitive health. During postnatal de-
velopment, rapid accretion of DHA in brain and retina takes
place (2–4). DHA attains its highest concentration in CNS syn-
apses and in retinal photoreceptors; in fact, up to 60% of all
fatty acids esterified in neuronal plasma membrane phospho-
lipid consist of DHA. By use of the postnatal development of
mice as a model, it has been determined that dietary linolenic
acid is first taken up by the liver, where elongation and
desaturation to DHA occurs, followed by its supply through
the bloodstream to brain and retina, coinciding with photore-
ceptor development and synaptogenesis (2–5). Brain and
retinal cells therefore have a convenient and readily accessible
supply of DHA that, through highly regulated, phospholipase-
mediated exoprotease activities, liberates membrane-bound
DHA to serve in neuroprotective and cell fate-signaling roles
(6–12). The beneficial neurophysiological actions of DHA
occur in part through its direct maintenance of neuronal
plasma membrane fluidity and functional integrity, and in part
through the generation of docosanoids. The first identified
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DHA-derived mediator, neuroprotectin D1 (NPD1; MW 359),
is formed through tandem phospholipase A2 (PLA2)-lipoxyge-
nase (LOX) action on free DHA, via a 16,17S-DHA epoxide
intermediate (6,10–14).

NPD1 biological actions
Adequate dietary intake of PUFA and, in particular, life-long
DHA bioavailability have been shown to provide visual,
neurovascular, cardiovascular, and neurological health benefits
(1–6,10–14). The positive regulatory actions of DHA and NPD1
occur via several interdependent mechanisms that include the
following: 1) membrane functional integrity including lipid
bilayer fluidity and membrane rafts; 2) the recruitment and up-
regulation of antiapoptotic members of the Bcl-2 gene family
such as Bcl-xl and Bfl-1 (A1); 3) the repression of the activation
of inflammatory signaling mediators such as the prostaglandin-
synthesizing arachidonic acid cascade enzyme cyclooxygenase-2
(COX-2); 4) the modulation of kinase-mediated Bcl-2 gene
family phosphorylation, such as directed inhibition of the SAPK/
JNK survival signaling cascade; and 5) the repression of the
expression of proapoptotic signaling (Fig. 1) (1–6,10–16).

Enzyme-mediated oxygenation of DHA to NPD1
The bioavailability of free unesterified DHA is a highly regulated
event, and free unesterified DHA, normally undetectable under
basal conditions, increases during brain injury, cerebral ische-
mia, seizures, and other pathological conditions. The arachi-
donic acid cascade is also activated under these conditions
(12,15–19). Up-regulation of PLA2 activity is observed in the
neocortex and hippocampus of AD, during hypoxia, and in Ab
peptide- or IL-1b-stressed human neural cells in primary culture
(18–20). Unesterified DHA may be enzymatically oxygenated to
generate NPD1, which in turn elicits potent bioactivity against
excessive oxidative stress and neuroprotective functions in
immediate proximity to the site of DHA liberation (16–22).
Changes in the redox balance of brain cells, modulated in part by
bioavailable antioxidants, may further affect the kinetics of
these DHA-processing systems (19–23). For example, the overall
bioavailabilty of DHA may be in part dependent on the redox
state of brain cells, and the supplementation of DHA with
antioxidants such as antioxidant carotenoids has been shown
to significantly improve cognitive abilities in elderly popula-
tions (23).

FIGURE 1 DHA, NPD1, and bAPP-derived Ab
peptide signaling circuits in homeostatic aging and
in AD. DHA and NPD1 act as PLA2- and 15-LOX-
mediated neuroprotectants in the bAPP-sAPPa-Ab
peptide signaling pathway. Free DHA is liberated
from membrane-bound stores via the action of a
highly regulated membrane-associated PLA2 that
may be subsequently converted into a potent
neurotrophic NPD1 through an enzyme-mediated
lipoxygenation via 15-LOX-1 or 15-LOX-like activi-
ties. NPD1 has been shown to convey multiple
neuroprotective effects including induction of anti-
apoptotic Bcl-2 proteins, inhibition in the expression
of proapoptotic Bcl-2 proteins, and suppression of
inflammatory gene expression. Various ROS are
more abundant in AD than in control brain, suggest-
ing a possible role for oxidation-related decrease in
protein function in processes such as depletion of
the cellular redox balance, loss of specific protein
function, interference with the cell cycle, and
abnormal clearance of proteins and neurodegenera-
tion leading ultimately to neuronal death. Nonenzy-
matic oxidation of free DHA results in the formation
of neuroprostanes, a class of peroxidized lipids that

further support oxidative stress, neuronal dysfunction, and apoptosis. Nonenzymatic reactions may be quenched by specific antioxidants and free
radical scavengers, indicating that the redox state of brain cells has bearing on neurotrophic or oxidative-neurotoxic pathways for DHA. Enriched
within neuronal plasma and endoplasmic membranes, the integral bAPP gives rise to sAPPa via an a-secretase/ADAM (a disintegrin and
metalloprotease) 10-mediated pathway that is nonamyloidogenic and neurotrophic and whose synthesis is supported by free DHA and NPD1
(upper pathways). The bAPP membrane-integral sorting receptor sortilin-1 (SORL1), when proximal to bAPP, has direct effects on bAPP
trafficking, and decreased abundance of SORL1, or bAPP-SORL1 dissociation, is coupled to activation of the amyloidogenic pathway from bAPP
and the increased generation and secretion of Ab peptides (lower pathways) (46–49). SORL-1 further interacts with the type E apolipoprotein
(ApoE), a major biolipid and cholesterol transporter in the brain, and the interaction of bAPP and ApoE within cholesterol-enriched lipid raft
membrane domains, especially in the absence of SORL-1, gives rise to an increased generation of Ab peptides via stimulation of b-amyloid
cleavage enzyme (BACE) and presenilin 1 (PS1). The tandem actions of BACE and PS1 are sometimes referred to as the b-g-secretase signaling
pathway, an integral component of the amyloid cascade hypothesis, and known to contribute to Ab peptide accumulation, neuropathology, and
neurodegeneration. Ab peptides bind directly to ApoE and cholesterol, and both Ab peptides and bAPP oxidize ApoE-cholesterol to form the
proapoptotic neurotoxic oxysterol 7b-hydroxycholesterol (7b-HC) or 24S hydroxycholesterol (24S-HC) via the action of CYP46A1 (48–50). 24S-HC,
highly enriched in the human CNS, is membrane permeable and is associated with amyloidogenesis and AD pathology (49). The actions of DHA
or NPD1 on CYP46A1 and oxidation of cholesterol to 7b-HC or 24S-HC are not well understood. Current and emerging pharmaceutical strategies
aim at the modulation of secretase activities through the actions of SALA to favor the more neurotrophic bAPP-cleavage signaling pathways
(upper pathways) over the neurotoxic, amyloidogenic BACE-PS1 b-g-secretase pathways (lower pathways; 50). The therapeutic use of statins,
3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors, that lower serum cholesterol has also been shown to reduce Ab peptide abundance
in in vitro models of AD using human brain cell primary cultures and in some clinical trials, and large phase III studies are currently in progress
(48–50). The interactions of DHA and NPD1 with SALA drugs or statins are not well understood; however, early clinical trials using DHA and
antioxidants together as enhancers of cognition in aged patients showed synergistic beneficial effects (23,49,50).
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Nonenzymatic oxidation of DHA
DHA is also a primary lipid peroxidation target in oxidative
retinal and brain cell injury, and reduced free DHA levels are
associated with retinal and neurological dysfunction and visual
and cognitive decline. During periods of excessive oxidative
stress, DHA may be oxidized nonenzymatically into F4-, D4-,
E4-, A4-, and J4-neuroprostanes. These prostaglandin-like
compounds formed independently of cyclooxygenase trigger
reactive oxygen species (ROS) evolution and oxidative stress at
the cytoplasmic or extracellular interface of the plasma mem-
brane (24–27). Synthesis of F4-neuroprostane-containing ami-
nophospholipids may further adversely affect neuronal function
as a result of alterations they induce in the biophysical properties
of neuronal plasma membranes (27,28). The abundance and
speciation of F4-neuroprostanes and hydroxynonenal, which
reflect the general state of lipid peroxidation and abundance of
ROS in stressed brain cells, may be useful biomarkers for the
extent of brain cell oxidation, degeneration, and neuronal
dysfunction as well as for the therapeutic efficacy of antiox-
idative drugs and their neuroprotective actions (27–30). The
nature of the switch from neuroprotective to membrane disrup-
tive and oxidative roles for DHA, such as the generation of
NPD1 vs. neuroprostanes, is under intense research study, as the
signaling axis along PLA2-15-LOX, and related enzyme path-
ways, may be profitably exploited to modulate NPD1 generation
and their brain cell survival bioactivity.

Alzheimer disease, b-amyloid precursor protein,
and DHA
Abundant clinical, epidemiological, molecular, and neuropath-
ological evidence supports the idea that Alzheimer disease (AD)
evolves from a complex interplay of environmental and molecular-
genetic factors that develops over decades, over and above the
more subtle neurochemical changes that accompany healthy
brain aging. Pathogenic processes that typify AD neuropathol-
ogy exhibit 3 key features: 1) they are highly specific to the
unique structures and functions of human brain cells; 2) they
act in a chronic, cooperative, and accumulative fashion over
a lengthy time course involving decades of aging; and 3) once
initiated, their deleterious effects exhibit positive feedback,
often perpetuating until brain cell defenses are exhausted, lead-
ing to progressive and irreversible neuronal cell damage and
death. Mitochondrial dysfunction and focused oxidative
damage, including primary peroxidation of membrane lipids
and PUFA by ROS, appear to be among the earliest events in
pathological aging, as exemplified in the initiation and pro-
gression of AD (17–25). Emerging epidemiological and molec-
ular-genetic evidence further suggests that dietary lipids such as
DHA and high-fat cholesterol (HF-C) diets are active modulators
of the oxidative processes that either prevent or support brain cell
neurodegeneration, respectively (28–31). Free radical oxidative
damage to brain plasma membrane integral proteins and lipids,
the latter of which contain a high proportion of DHA, therefore
appears to be one of the early critical and determining events
involved in initiating brain cell membrane instability and neural
cell dysfunction.

The membrane-embedded, ;110-kDa integral type-1 trans-
membrane glycoprotein bAPP holoprotein central to the ‘‘am-
yloid cascade hypothesis’’ of AD, comprising the substrate of the
g-secretase complex that consists of bAPP, presenilin 1 and/or 2
(PS1/PS2; essential components of g-secretase) and nicastrin,
gives rise to neurotoxic Ab peptides 37 to 43 amino acids in
length (Ab37–Ab43). Of these, Ab40 is associated with neuro-
vascular deposition and vascular pathology, whereas a self-

aggregating, highly amyloidogenic Ab42 dimer is thought to be
particularly detrimental to neuronal activity, in part through
its promotion of oxidative stress and synaptotoxic effects
(6–11,31). Alternatively, bAPP can be processed via a membrane-
associated disintegrin metalloprotein a-secretase into a soluble
form of APP (sAPPa), which is neuritogenic, neurotrophic,
promotes neuronal survival, and further precludes the genera-
tion of toxic Ab peptides. Both DHA and NPD1 promote the
generation of sAPPa via stimulation of a-secretase activities, but
whether this is a membrane biophysical-lipid microenvironment
effect or a result of direct a-secretase-DHA or NPD1 effect
remains unclear (21,31).

The bAPP-containing g-secretase complex thereby contains
a family of both peripheral and transmembrane polytopic
proteins intimately associated with lipid raft domains of
neuronal, lysosomal, Golgi, endoplasmic reticular, and plasma
membranes (9,19,29,30). One fundamental feature of the
amyloid cascade hypothesis of AD is the progressive evolution
of Ab peptides derived from the tandem b-g secretase pathway
that processes bAPP into the more pathogenic forms of bAPP-
derived Ab42 peptide fragments. The unusual g-secretase
cleavage site within the hydrophobic transmembrane domain
of bAPP suggests that pathological events that alter or
disorganize lipid bilayer structure or fluidity contribute to
Ab40 and Ab42 peptide generation. The progressive accumu-
lation, condensation, and aggregation of fibrillar Ab peptides
into neuritic plaques further support ROS generation, oxida-
tive stress, proinflammatory, and proapoptotic gene expression
and signaling, resulting in neuronal dysfunction and irrevers-
ible loss of brain cell homeostasis (31–35). Ab peptide
speciation, solubility, aggregation, and downstream conse-
quences of Ab peptide accumulation, such as microglia
activation, are clearly prooxidative, proinflammatory, proa-
poptotic, and toxic to adjacent neurons. Mechanisms respon-
sible for generating Ab peptides and their neurotoxic
consequences such as driving brain stress increase with age
and may potentially predispose aging human brain cells to
progressive neurological dysfunction (36,37). The chronic
nature of AD suggests that brain survival factors are progres-
sively diminished or exhausted over decades of life as self-
perpetuating neuropathology slowly takes over and spreads
throughout the neocortex (38,39). Part of this pathology
promotes an up-regulation in the expression of apoptotic
factors coupled to decreases in the expression of antiapoptotic
members of the Bcl-2 gene family (6,39–43). Unlike cholesterol
and HF-C dietary intake, DHA and DHA-derived NPD1
decrease the rate of Ab peptide generation and shedding from
brain cells and diminish Ab peptide-mediated proinflamma-
tory, proapoptotic, and pathogenic consequences (6,16,19,43).
NPD1 also influences apoptosis-induced brain cell damage in
part by shifting the balance from the expression of pro-
apoptotic factors toward the expression of antiapoptotic,
survival-promoting members of the Bcl-2 gene family (6,39–
45). Neurotrophins, including pigment epithelium-derived
factor and brain-derived neurotrophic factor, stimulate NPD1
synthesis, which in turn modifies the expression of Bcl-2 family
members by activating antiapoptotic proteins, by decreasing
proapoptotic proteins, and by attenuating caspase-3 down-
stream during oxidative stress (11–16). BACE (b-secretase)
and/or PS1/PS2 (g-secretase) activities, which down-regulate
neurotoxic Ab peptide production, and subsequent ROS
generation appear to be affected by the lipid raft composi-
tion and microenvironment of these membrane integral and
peripheral enzyme systems (29–37).
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Oxidative stress and additional lipid
membrane-associated factors
Neurological diseases that exhibit excessive markers for oxi-
dative stress also display reduced NPD1 abundance and are
associated with the progressive neuronal decline and neuro-
degeneration that characterize AD-affected brains (6,43).
Transcription and translation of bAPP, secretase, and membrane-
associated factors linked to Ab peptide speciation and traffick-
ing in AD and in experimental models of AD are influenced by
the availability of DHA and by the composition of the lipid raft
domains (21,26–31). Additional membrane-associated factors
such as the presence of the transmembrane sorting receptor
sortilin 1 (SORL1; LR11) and the serum lipid carrier apolipo-
protein E (apoE) that modulate bAPP processing and signaling,
and secretase-mediated Ab peptide synthesis, are also impacted
by the presence of DHA or NPD1 (Fig. 1; 46,47). DHA sup-
presses age-related Ab42 peptide shedding from human neural
cells (6,11), represses Ab peptide-related pathology in Tg2576
transgenic mouse models of AD (19,21), and stimulates non-
amyloidogenic bAPP processing, which reduces both intracellu-
lar and extracellular levels of Ab peptide in aged SH-SY5Y
cells (47). DHA interactions with and recruitment of neural
membrane-associated factors modulating bAPP catabolism there-
fore appear to be highly complex and interactive in the mainte-
nance of normal membrane signaling and synaptic, intercellular,
and extracellular secretory functions (6,39,43–47).

Prospects
In conclusion, important insights into the neurobiology of DHA
and NPD1 in the aging brain and in AD have to date been
obtained; however, several important areas of research involving
the functional importance of these PUFA and their derivatives in
themaintenance of cognitive mechanisms and brain health remain
to be investigated. The roles of NPD1 as a potential modulator of
apoE-mediated transport, biosynthesis, and trafficking and their
influencing bAPP processing, sAPPa or Ab peptide speciation,
generation, and secretion during aging, and in cytokine-, hypoxia-,
and oxidation-stressed human brain cell models of AD are
incompletely understood. It has been reported that DHA itself
exerts actions on some of these events (6,10–16,18,19,21). It
remains to be established if, under those conditions, DHA is
converted into NPD1 or if there are alternative processing
mechanisms. In this connection, the addition of 50 nmol/L
DHA was found to markedly inhibit cytokine-mediated produc-
tion and secretion of Ab40 and Ab42 peptides from aging human
neural cells in culture (6,11). Remarkably, in that and related
studies, NPD1 was rapidly biosynthesized (6,11,16). The effects
of NPD1, if any, on the biophysics and kinetics of the membrane-
embedded secretase-mediated cleavage mechanisms of bAPP
remain to be explored (6,19,21,48–50). Knowledge of how
NPD1 impacts specific secretase activities is essential to the future
design of more effective and selective Ab peptide-lowering agents
(SALA drugs; 49,50). The bioactivity of NPD1 in development
and in aging human brain, its role in the onset and progression of
AD neuropathology, and further mechanistic studies in vitro and
in vivo on howNPD1 promotes neuroprotection via multiple and
interactive mechanisms should further define how this endoge-
nously derived lipid mediator protects against oxidative stress,
apoptosis, and inflammation-triggered neuronal decline while
promoting brain cell survival and maximizing cognitive function
throughout the human lifespan.

Other articles in this symposium include references (51) and
(52).
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