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Abstract
Mediator lipidomics is a field of study concerned with the characterization, structural elucidation
and bioactivity of lipid derivatives generated by enzymatic activity. Omega-3 fatty acids have
beneficial effects for vision, brain function, cardiovascular function, and immune-inflammatory
responses. Docosahexaenoic acid [DHA; 22:6(n-3)], the most abundant essential omega-3 fatty acid
in the human body, is selectively enriched and avidly retained in the central nervous system as an
acyl chain of phospholipids. Brain-ischemia reperfusion and seizures trigger rapid release of DHA
and of arachidonic acid (AA) as free, unesterified fatty acids. AA in turn generates eicosanoids, and
DHA forms docosanoids. The stereoselective docosanoid neuroprotectin D1 (NPD1; 10R,17S-
dihydroxy-docosa-4Z,7Z,11E,15E,19Z hexaenoic acid) is formed early in brain-ischemia
reperfusion. Supplementation of NPD1 (intracerebroventricularly; i.c.v.) or of DHA (i.c.v. or
systemically) results in decreased infarct size, polymorphonuclear neutrophil infiltration, ischemia-
induced nuclear factor kappa B (NFκB) activation, and cyclooxygenase-2 (COX-2) induction. DHA
involvement in cell function includes enhancing Akt translocation and activation, and binding to a
peroxisome proliferator-activated receptor-gamma (PPAR-γ) family of ligand-activated nuclear
receptors. Here we present an overview of recent DHA-mediator lipidomic studies in experimental
brain ischemia-reperfusion and other conditions.

1. Mediator Lipidomics
The term `lipidome' refers to the comprehensive detailed description of the composition of
lipid classes and their molecular species of a given cell, part of a cell, or organ. Mediator
lipidomics, on the other hand, involves the characterization, structural elucidation and
discovery of lipid derivatives generated by an enzyme. A key in the development of mediator
lipidomics is the advent of High Performance Lipid Chromatography - Electrospray Ionization
- Mass Spectrometry/Mass Spectrometry (HPLC-ESI-MS/MS) [1]. Mediator lipidomics-based
analysis on the most abundant omega-3 fatty acid family, docosahexaenoic acid (DHA), which
is richly endowed and avidly retained in the central nervous system (CNS), has led to the
uncovering of biologically-active DHA derivatives, termed “docosanoids”. DHA
neurolipidomics goes beyond the descriptive aspects of lipidomic analysis because it has
initiated the identification of DHA derivatives and the uncovering of docosanoid bioactivity
using cell signaling, cell function, cell survival, and disease mechanisms as approaches. These
studies have led to the identification of neuroprotectin D1 (NPD1; 10R,17S-dihydroxy-
docosa-4Z,7Z,11E,15E,19Z hexaenoic acid). Here we present an overview on NPD1
bioactivity in pro-survival and inflammation resolution in the CNS, highlighting DHA-NPD1
in brain ischemia-reperfusion.
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2. DHA in the Central Nervous System
Omega-3 essential fatty acid family members, DHA (22:6, n-3) [2] and linolenic acid (18:3,
n-3) after dietary intake, are actively incorporated in the liver prior to distribution to various
organs. Then linolenic acid is elongated and desaturated by liver hepatocytes to DHA, which
in turn is activated (22:6-CoA) and acylated into phospholipids and eventually released as
lipoproteins into the bloodstream [3]. DHA accretion in the CNS after liver release correlates
with photoreceptor membrane biogenesis and synaptogenesis during the postnatal
development [3]. DHA is involved in aging, memory formation, synaptic membrane function,
photoreceptor biogenesis and function, and neuroprotection [3,4]. Epidemiologic studies
indicate that diets enriched with DHA are associated with reduced risk of cognitive impairment
[5]. Certain diets, such as those of vegans, vegetarians, and the elderly, contain relatively low
DHA [6]. While low dietary DHA leads to progressive loss of DHA in the CNS, both the brain
and retina display a striking ability to retain and actively conserve DHA even after prolonged
omega-3 fatty acid dietary deficiencies [7,8]. Extended deficiencies result in decreased
amounts of DHA in neuronal membranes, altering membrane fluidity and signaling properties
[5]. When rats are fed low-DHA diets for one or more generations, deficits in brain functions
arise [5]. The elderly are at risk for cognitive and cellular impairments associated with
decreased DHA [5] as well as an enhanced susceptibility to cerebrovascular disease, including
poor recovery after brain injury. Moreover in addition to decreased dietary intake and reduced
liver fatty acid desaturase capacity, age-related defects in antioxidant systems contribute to
increased lipid peroxidation that further reduces DHA levels [5]. Therefore, essential omega-3
fatty acid dietary deficits contribute to cognitive decline, as well as increased risk and severity
of brain injury.

3. DHA is the Precursor of the Docosanoid Neuroprotectin D1
DHA is the precursor for the synthesis of NPD1. NPD1 synthesis is induced as an alarm
response to oxidative stress and/or neurotrophin activation, triggering signaling for
homeostatic maintenance of cellular integrity (Figure 1) [7]. After DHA is cleaved from
membrane phospholipids by phospholipase A2, free (unesterified) DHA is converted into the
stereospecific mediator NPD1 by lipoxygenation catalyzed by 15-lipoxygenase-1 [9] followed
by epoxidation and hydrolysis reactions [10,11]. A high affinity binding site for NPD1 was
described recently [10].

The neurotrophins that stimulate NPD1 synthesis and secretion, promoting neuronal and/or
photoreceptor cell survival, include: persephin, BDNF (brain derived neurotrophic factor),
NGF (nerve growth factor), LIF (leukemia inhibitory factor), FGF2 (fibroblast growth factor
2), PEDF (pigment epithelium-derived factor), CNTF (ciliary neurotrophic factor), GDNF
(glial cell derived neurotrophic factor), and NT3 (neurotrophin-3) [12].

Once formed, NPD1 markedly modulates inflammatory signaling cascades. In retinal pigment
epithelial (RPE) cells, NPD1 counteracts apoptosis and markedly downregulates pro-
inflammatory gene expression [11]. Specifically, NPD1 activates protective anti-apoptotic
Bcl-2 proteins, including Bcl-2, Bcl-xL, and Bfl-1/A1, while inhibiting pro-apoptotic proteins
BAD, BAX, Bid, and Bix [11]. Oxidative stress, as well as ischemia-reperfusion, activates pro-
apoptotic Bcl-2 proteins to initiate the release of cytochrome C from mitochondria.
Cytochrome C binds and activates the potent pro-apoptotic signaling molecule caspase-3.
NPD1 interferes with the activation of this cascade, and prevents pro-apoptotic signaling as
part of its anti-inflammatory, pro-survival repair activity [11,13]. NPD1 has also been shown
to attenuate the effects of oxidative stress induced by H2O2 plus tumor necrosis factor [11].
NPD1 is able to shunt signaling away from caspase-3 activation via activation of Bcl-2 proteins,
resulting in decreased cell death [13,14].
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4. Lipidomics in Experimental Stroke
Stroke is the third cause of death and the leading cause of adult disability affecting over 780,000
people in the United States each year [15]. On average, a stroke occurs every 45 seconds and
someone dies as a result of stroke every 3 minutes [16]. Thrombolytic agents are the only
treatment of stroke; however, these agents are indicated in only a small subset of patients and
are relatively ineffective [17]. Experimental therapies that show efficacy in animal models
have not been translated to humans [18]. One of the reasons that effective treatment for stroke
remains elusive is the incomplete understanding of endogenous mechanisms that control
damage and that set in motion repair responses.

Most strokes are ischemic due to occlusion of the middle cerebral artery and brain damage
ensues mainly due to events taking place during reperfusion. Experimental models recapitulate
ischemic stroke in animals by the introduction of a nylon suture through the common carotid
artery that reaches and blocks the middle cerebral artery (usually during 1–2 hours). Then upon
removal of the intraluminal suture, ischemia-reperfusion results in severely-damaged tissue to
the infarct core, which is surrounded by the penumbra, an area with some collateral circulation.
DHA mediator lipidomics applied to models of experimental brain ischemia-reperfusion has
provided an insight into cell signaling that aims to counteract damage. These studies were based
on the fact that brain ischemia triggers the accumulation of free (unesterified) DHA and
arachidonic acid (AA) mediated by the rapid activation of phospholipase A2, which cleaves
membrane phospholipid polyunsaturated acyl chains [4]. AA is then converted into eicosanoids
and DHA is converted into docosanoids. The eicosanoids are composed of several mediators
that regulate cell function and participate in brain injury. As an example, cyclooxygenase-2
(COX-2) catalyses the synthesis of prostaglandin E2 (PGE2). COX-2 is required for function
and participates in neuroinflammation. Physiologically, COX-2 is constitutively expressed in
hippocampal dendritic spines and neuronal cell bodies and is modulated by synaptic activity
[19]. On the other hand, COX-2 is rapidly induced in neurons by seizures [20], cerebral
ischemia [21,22] or Aβ peptide-induced neuronal damage [13]. COX-2 induction in these
pathological conditions generally contributes to neuronal injury; however, downstream COX-2
signaling pathways indicate that the molecular mechanisms triggering brain injury or exerting
neuroprotection are complex and not well understood. PGE2 also activates the G protein-
coupled receptors (GPCRs) EP1, EP2, EP3 and EP4. EP2-receptor activation by PGE2 is
neuroprotective after ischemia [21,22], whereas EP1-receptor activation induces
neurodegenerative damage [23].

Brain docosanoids were first recognized by mediator lipidomics during experimental ischemia-
reperfusion [14]. These studies uncovered at least two stereospecific DHA oxygenation
pathways that lead to the synthesis of novel mediators: a) NPD1, initially identified as 10,17S-
docosatriene, and its precursor 17S-HDHA; and b) aspirin-triggered docosanoids or 17-R
resolvins, the biosynthesis of which likely involves an acetylated COX-2. Aspirin was tested
in mice undergoing brain ischemia-reperfusion since it is used prophylactically for
cerebrovascular diseases and is known to be generated in anti-inflammatory lipid mediators in
non-neural tissues [24–26]. Aspirin-triggered docosanoids or 17-R resolvins found in brain
ischemia-reperfusion include 7,17R diHDHA, 7,8,17R triHDHA and 17R-HDHA [14].
Although the bioactivity of these DHA derivatives remains to be defined, it is of interest that
when aspirin was administered 15 minutes before the onset of one hour of ischemia followed
by reperfusion, a metabolic shift away from NPD1 and towards 17-R docosanoids was observed
[14].

Brain ischemia-reperfusion-induced NPD1 synthesis peaks at 8 hours and then decreases,
displaying increased content even after 25 hours of reperfusion. Since cerebroventricular-
infused NPD1 (400 ng over 48 hours) elicits remarkable protection, it was suggested that the
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endogenously generated NPD1 was not sufficient to counteract the damaging actions of those
conditions of ischemia-reperfusion. Thus, if the injury is mild endogenous NPD1 may
counteract the damage; however, if the injury is severe the NPD1 protective bioactivity may
be overwhelmed, resulting in brain damage [14].

In so far as the mechanism of action of NPD1 is concerned, it was found that NPD1 attenuates
ischemia-reperfusion-triggered leukocyte infiltration, nuclear factor kappa B (NFκB)
induction, COX-2 expression, and stroke volume [14]. Furthermore intravenous administration
of DHA complexed with serum albumin results in increased NPD1 production in the ipsilateral
hemisphere and promotes neurological recovery after ischemia reperfusion [27]. Thus NPD1
and other DHA-derived mediators are endowed with potent anti-inflammatory and pro-
resolving actions in experimental models of inflammatory diseases outside of the nervous
system, such as peritonitis [24,25] and acute kidney injury [26].

5. DHA induces Akt Signaling
Akt pathways are implicated in multiple cellular processes, including protein synthesis,
survival, proliferation, glucose metabolism and neuronal maintenance. Akt regulates cell
survival and injury-induced apoptosis. Akt achieves full activation when it is phosphorylated
at both of its regulatory domains located at Ser473 and Thr308 and has reduced activity when
only one of these regulatory domains is phosphorylated [28]. Akt phosphorylation results when
phosphatidylinositol-4,5-bisphosphate (PIP2) is converted to phosphatidylinositol-3,4,5-
triphosphate (PIP3) via phosphoinositide-3-kinase (PI3K) activity. PIP3 activates
phosphoinositide-dependent protein kinase (PDK1), which phosphorylates Akt's Thr308
domain [29]. PIP3 activity and Akt phosphorylation are often disrupted after stroke, resulting
in a loss of Akt activity and increased cellular injury and apoptosis [30]. The second Akt
phosphorylation domain, located at Ser473, is phosphorylated as a response to cellular stress
via the rictor-mTOR complex [29]. This activates Akt to full or partial function, depending on
the phosphorylation state of Thr308. Once activated, Akt phosphorylates multiple substrates,
including the mammalian target of rapamycin (mTOR, aka FRAP, RAFT), BAD, forkhead
transcription factor (FKHR), glycogen synthase kinase 3β (GSK3β), and proline-rich Akt
substrate (PRAS), and also initiates a series of cascades that drive the cell towards survival
[31].

DHA induces Akt activation and translocation [32]. In the nervous system, DHA accumulates
as an acyl chain in the aminophospholipids, phosphatidylethanolamine, and phosphatidylserine
(PS). Neuronal membranes have been shown to possess the unique property of being able to
modify PS levels with dietary DHA supplementation [33]. Supplemented DHA results in an
increase of PS and has been shown to increase the rate of Akt translocation from the membrane
to the cytosol after ischemia, a required step for phosphorylation and activation of Akt [32].
Translocation is induced by interaction between PS and the binding pocket of the PH domain
of Akt. Serum starvation without DHA results in increased caspase 3 activity and cellular death.
Supplemented DHA attenuates this effect and results in increased PS, decreased caspase-3,
and decreased apoptosis [32]. Although the levels of total Akt remain constant, more pGSK-3,
a downstream mediator of Akt and an indicator of Akt activity, is produced with DHA. This
indicates that supplementation with DHA promotes survival, at least in part, via an increase in
PS that results in greater Akt translocation and activity [32].

6. DHA is a Ligand of Nuclear Receptor Transcription Factors
Nuclear receptors are a large family of ligand-activated transcription factors that bind their
agonists in the cytosol and translocate into the nucleus to induce transcription of genes that
influence multiple cellular functions such as growth, metabolism, and repair. DHA has been
shown to bind RXRs [34] and, along with 9-HODE and 13-HODE, also has a binding affinity
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with PPAR-γ nuclear receptors [35,36]. Once bound to their ligands, RXRs and PPAR-γ form
activated heterodimers that induce genes for various processes, including the development/
proliferation of adipose cells, improved lipid metabolism/partitioning (which results in
improved insulin sensitivity), and the regulation of inflammatory mediators and immunity
[37]. Specifically, RXR-PPAR-γ complexes inhibit a wide range of inflammatory mediators,
including inducible nitric oxide synthase (iNOS), interleukin-12 (IL-12), interferon-γ (IFN-
γ), tumor necrosis factor α (TNFα), interleukin -1β (IL-1β), matrix metalloproteinase-9
(MMP-9), and scavenger receptor A [37]. RXR-PPAR-γ activation has been shown to
significantly reduce infarct volumes, improve behavioral outcomes, and reduce inflammatory
COX-2 and iNOS expression in rats following middle cerebral artery occlussion [38]. PPAR-
γ activation after middle cerebral artery occlussion also results in the binding/activation of
14-3-3ε PPAR response elements (PPREs) located at promoter regions of target 14-3-3ε genes.
The activated PPREs increased 14-3-3ε transcription and 14-3-3ε sequestering of
phosphorylated BAD, which protected the mitochondria membrane potential and decreased
apoptosis after middle cerebral artery occlussion [39]. Although a direct link between DHA
and the beneficial effects of RXR-PPAR-γ in the brain after middle cerebral artery occlussion
has yet to be shown, direct interaction of DHA and RXR-PPAR-γ has been found in adipocytes
[36] and dendritic cells [40].

7. Prospects of Docosahexaenoic Acid Neurolipidomics
Lipidomics will provide an increased understanding of the significance of DHA in aging,
stroke, and during the initiation and progression of neurodegenerative diseases. This
information in turn will contribute to neuroprotective, restorative, and regenerative
translational approaches that take advantage of the beneficial properties of this fatty acid
[13]. DHA is concentrated as acyl chains in phospholipids of the CNS and may exert beneficial
actions by sustaining membrane structural properties as components of specific phospholipid
molecular species. As such, DHA-rich phospholipids may modulate ion channels, receptors,
or other membrane proteins. A second mechanism for DHA's beneficial actions is the formation
of enzyme-catalyzed stereospecific mediators, docosanoids. NPD1 and aspirin- triggered 17R
docosanoids in brain ischemia-reperfusion are critical modulators for inflammation resolution
that counteract injury and aim to restore homeostasis [7,10,14].

How DHA in supplied physiologically to the CNS via the blood stream remains unclear [3].
Phosphatidylserine, which is rich in DHA, increases the translocation/activation of Akt, but
DHA's action/s downstream messengers of the Akt cascade are not well defined. In addition,
DHA's interaction with the nuclear receptors RXR-PPAR-γ is beginning to be defined. Also,
it stills needs to be clarified exactly how neurotropins, such as BDNF, signal for NPD1
production. Does NPD1 act in an autocrine fashion? Or is NPD1 released, in turn eliciting a
paracrine bioactivity? Or does NPD1 fulfill both an autocrine and a paracrine role?
Furthermore, what are the capacity/limitations of aged brains to respond to DHA under
ischemia-reperfusion? The understanding of DHA neurolipidomics coupled to signaling and
the use of disease models of the nervous system will contribute to the development of new
therapeutic modalities for stroke and other neurodegenerative diseases.
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Figure 1.
Dietary-derived omega-3 fatty acids are channeled through the liver and blood stream to organs
[2]. The central nervous system incorporates DHA into phospholipids for the biogenesis of
dendritic spines, photoreceptor membranes, and other cellular membranes of the central
nervous system. A membrane phospholipid containing a docosahexanoyl chain of sn-2 is
hydrolyzed by a phospholipase A2 generating a free (unesterified) DHA (the omega-3 (n-3)
tail is highlighted). Lipoxygenation is then followed by epoxidation and hydrolysis to generate
neuroprotectin D1 (NPD1). NPD1 bioactivity results in downregulation of pro-inflammatory
gene expression, leukocyte infiltration in brain ischemia reperfusion damage, and of pro-
apoptotic Bcl-2 proteins. NPD1 induces nerve regeneration and anti-apoptotic Bcl-2 proteins.
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