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RETINAL DEGENERATIVE DISEASES
Retinal degenerative diseases are a complex group of
conditions with different etiologies that result in a common outcome: photoreceptor apoptotic cell death (1–5).
Accordingly, there are differences in how these conditions
evolve. For instance, in retinitis pigmentosa (RP), rod
photoreceptor death initially occurs in the periphery,
whereas in age-related macular degeneration (AMD),
death is initiated in the macular zone and spreads in later
phases throughout the retina (2, 5). RP is a collection of
inherited blinding diseases caused by the mutation of a
wide variety of genes resulting in more than 150 abnormalities of photoreceptor-specific proteins, including mutations of rhodopsin, peripherin, the ␤-subunit of cGMP
phosphodiesterase, and retinal outer-segment membrane
protein 1 (6–8).
Conversely, the etiology of AMD, which is the leading
cause of blindness over the age of 65, is not as clear as that
of RP. AMD is also a heterogeneous group of disorders,
but the causes are proposed to be multifactorial, and the
main known risk factors are both genetic and environmental (2, 5). There are two forms of AMD: the dry and the wet
form. In the dry form, photoreceptors degenerate slowly
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Abstract Retinal degenerative diseases result in retinal pigment epithelial (RPE) and photoreceptor cell loss. These
cells are continuously exposed to the environment (light)
and to potentially pro-oxidative conditions, as the retina’s
oxygen consumption is very high. There is also a high flux
of docosahexaenoic acid (DHA), a PUFA that moves through
the blood stream toward photoreceptors and between them
and RPE cells. Photoreceptor outer segment shedding and
phagocytosis intermittently renews photoreceptor membranes. DHA is converted through 15-lipoxygenase-1 into
neuroprotectin D1 (NPD1), a potent mediator that evokes
counteracting cell-protective, anti-inflammatory, pro-survival repair signaling, including the induction of anti-apoptotic proteins and inhibition of pro-apoptotic proteins.
Thus, NPD1 triggers activation of signaling pathway/s that
modulate/s pro-apoptotic signals, promoting cell survival.
This review provides an overview of DHA in photoreceptors
and describes the ability of RPE cells to synthesize NPD1
from DHA. It also describes the role of neurotrophins as
agonists of NPD1 synthesis and how photoreceptor phagocytosis induces refractoriness to oxidative stress in RPE
cells, with concomitant NPD1 synthesis.—Bazan, N. G., J. M.
Calandria, and C. N. Serhan. Rescue and repair during
photoreceptor cell renewal mediated by docosahexaenoic
acid-derived neuroprotectin D1. J. Lipid Res. 2010. 51:
2018–2031.

THE PROTECTIVE ROLE OF THE RETINAL
PIGMENT EPITHELIUM
As in the brain, retinal function relies on glycolysis and
oxidative phosphorylation, which are coupled to the citric
acid cycle. These processes require a sustained delivery of
oxygen and glucose as well as adequate control of the enzymes that allow for equilibrated formation and consumption of ATP. The blood-retinal barrier actively promotes
homeostasis by tightly controlling the stoichiometry and
activity of a network of proteins that maintain ionic gradients and metabolic transport systems and preserve the environment through detoxifying mechanisms that scavenge
and remove toxic molecules (Fig. 1) (21).
The outer blood-retinal barrier is composed of three
distinctive structures: the fenestrated endothelium of the

choriocapillaris, Bruch’s membrane, and the RPE (21).
The outer blood-retinal barrier mediates the exchange
of small molecules and solutes and other metabolites
from the blood stream to the photoreceptor layer (22).
RPE cells are the most restrictive layer of the three components of the outer blood-retinal barrier, preventing
the passage of biomolecules based on size and charge
and thus preserving a controlled environment for photoreceptors. The retinal pigment epithelium, like other
epithelia, is a compact structure where cells communicate laterally through tight junctions. In addition, the
retinal pigment epithelium presents an elaborate transcellular transport system and a high polarization, allowing it to have different functions (22). The selective
permeability of the outer blood-retinal barrier depends
on RPE integrity. RPE cells are involved in the preservation of these structures by interacting reciprocally in
their formation and maintenance.
While the retinal pigment epithelium plays a role in
regulating nutrition, intercellular and intra/inter-tissue
communication and remodeling, scavenging of sub-products, retinal functions, and promotion of neurotrophic
signaling, it is also responsible for the recycling of the
photobleached pigments produced by the photoreceptor activity of rods and, to some extent, the cones (23).
Rhodopsin is a light-sensitive molecule that transduces
the photon into a biochemical signal in rods. It is composed of the G-coupled receptor protein opsin and
of the chromophore 11-cis-retinal. When rhodopsin
interacts with a photon, 11-cis-retinal is isomerized to
all-trans-retinal. The regeneration of 11-cis-retinal from
all-trans-retinal takes place between the photoreceptor
outer segment and the RPE (24). All-trans-retinol is esterified with a fatty acid to be isomerized to 11-cis-retinol
and hydrolyzed from the ester bond in RPE cells. Then
11-cis retinol is oxidized to 11-cis-retinal, and the active
chromophore then leaves the RPE apical surface and
moves to the photoreceptor to regenerate rhodopsin;
afterward, the cycle begins again (reviewed in 25 and
26). Failure of the retinal pigment epithelium to accomplish its function in the retinoid cycle leads to retinal
degeneration. For instance, autosomal-recessive inherited retinitis punctata albescens has been associated
with mutations in the RLBP1 gene that encodes the cellular retinaldehyde-binding protein, which carries
11-cis-retinol and 11-cis-retinaldehyde in the RPE and
Müller cells. When cellular retinaldehyde-binding protein is mutated, it loses the ability to bind the second
ligand, and, as a consequence, all-trans-retinyl esters accumulate and evolve to produce RPE atrophy, retinal
pigmentary changes, and decreased blood vessel development (27).
Integral to the fragility of photoreceptor cells is their
close relationship with RPE cells. In Stargardt’s disease, a
juvenile form of AMD, RPE cell functional integrity is initially compromised, and in turn photoreceptors are damaged. Once RPE cells die, photoreceptor cells then
succumb (28). In other words, similar to what was proposed
to occur in the blood-brain barrier in the neurovascular
Neuroprotectin D1 in photoreceptor rescue and repair
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and progressively, producing a thinning in the retinal layers and leaving deposits known as drusen. In the wet form,
the less common of the two AMDs, the predominant feature is invasive choroidal neovascularization, which leads
to severe vision loss (9).
AMD also affects the choriocapillaris and Bruch’s membrane, which separates the retinal pigment epithelium
(RPE) from the blood vessels (10). The results from the
Age-Related Eye Disease Study (NEI) show that the intake
of high amounts of antioxidants and zinc can reduce the
risk of developing advanced AMD by about 25%, implying
an indirect role for oxidative stress in the pathogenesis.
More specifically, the presence of oxidative damage markers in postmortem retinas of patients with geographic atrophy shows, at least in the dry form, oxidative stress is
involved in the pathogenic mechanisms of AMD (11). In
this manner, oxidative stress is enhanced and exaggerated
and mitochondrial function is compromised (8–13), which
leads to apoptotic cell death. Tunel studies performed on
postmortem human retinas of patients presenting geographic atrophy and exudative forms of the disease show
that apoptosis is the main mechanism of degeneration,
not only for photoreceptors, but also for the RPE and inner retinal layers (12).
Initiation and progression of AMD involves the unsuccessful resolution of the inflammatory response. Single
nucleotide polymorphisms occurring in the gene encoding factor H (CFH/HF1) (14–17) were proposed to be a
major risk factor for AMD. Factor H is an inhibitor of the
alternative pathway of complement system activation that,
as a result, has the ability to limit cell injury and inflammation (18, 19). Conversely, studies that focused on other
regulatory proteins of the complement pathway, such as
factor B and complement component 2 (C2) (18, 20), exhibit protective effects and reduce the risk of AMD to some
extent. For example, the E318D variant of C2 (H10) as
well as a variant in intron 10 of C2 and the R32Q variant of
factor B (H7) confer a reduced risk of AMD.
Therefore, the identification of early pro-survival, antiinflammatory signaling critical for the maintenance of photoreceptor cell integrity may be applicable for novel therapeutic
intervention/s for slowing or halting disease progression.

Fig. 1. RPE/photoreceptor interactions and NPD1
bioactivity. A: RPE control of the permeability of the
outer blood-retinal barrier involving remodeling of
the blood vessels and selective flux of nutrients
and catabolites. B: NPD1 pro-survival enhances the
expression of Bcl-2 proteins and decreases COX-2
expression. C: Shedding and phagocytosis of the photoreceptor outer segments.

RPE CELLS AND VASCULAR REMODELING
The significance of RPE cells in vascular remodeling is
highlighted in several studies. For example, absence of
RPE cells in mice expressing fibroblast growth factor
(FGF) 9 directed by the tyrosinase-related protein 2 promoter (FGF9 transgenic mice) is due to forcing embryonic RPE cells to become neural retinal cells through the
ectopic expression of FGF9 (30). These mice fail to form
blood vessels in the choroidal layers adjacent to regions
where RPE cells are absent; however, vessels are found
near the patch where RPE cells are present at postnatal
day 7, indicating the importance of these cells in vessel
formation. Moreover, dependency between RPE and endothelial vascular cells continues during adulthood
through regulation of neovascularization. Compelling
evidence links RPE cells with the secretion of angiogenicrelated factors. In particular, RPE from transgenic apolipoprotein E2 mice, which express human apolipoprotein
E2 protein and whose eyes present features common to
AMD patients, shows reciprocal unbalanced expression
of pigment epithelium-derived factor (PEDF) and vascular endothelial growth factor (VEGF), indicating that
neovascularization may be increased (31). Furthermore,
autocrine VEGF signaling in RPE cells stimulates VEGFrelated gene expression as well as PEDF modulation (32),
which is a potent angiogenic inhibitor (33). Taken together, the balanced production and secretion of these
factors contribute to the formation, maintenance, and
remodeling of cells that surround the RPE layer and/or
are in their vicinity.
2020
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THE MAINTENANCE OF PHOTORECEPTOR
CELL INTEGRITY
Photoreceptor cells shed outer segment tips, which are
then phagocytized by RPE cells in a daily, intermittent,
and circadian fashion in mammals (34–36). RPE cells are
the most active phagocytes of the body. In mammals, the
circadian shedding and phagocytosis has been calculated
to be complete after 10 days for one photoreceptor outer
segment (36, 37). In rhesus monkeys, every RPE cell interacts with 20–45 photoreceptor tips (38), and the human
macula support the RPE/photoreceptor interaction in a
ratio of 1 to 23 (39).
The constant light reception activity by photoreceptors exhausts pigments and other molecules involved in
the photo-transduction process. As a consequence, there
is a need to replace these molecules. In this context, the
reconstruction of the outer segments requires molecular
building blocks and energy. In fact, the length of the
outer segments remains constant as a consequence of a
well-regulated biogenesis of photoreceptor membranes
in the inner segments coupled to phagocytosis of the
shed tips. During photoreceptor outer segment renewal,
proteins turn over and are continually replaced (37). In
contrast, docosahexaenoic acid (DHA) and vitamin A
from the opsin chromophore are recycled back from the
RPE to inner segments through the interphotoreceptor
matrix. The retinoid in the rods includes the reisomerization of all-trans retinal back to 11-cis retinal in the RPE.
Furthermore, the interdependence between RPE cells
and photoreceptors is notable in Usher type 1B syndrome. The lack of myosin VIIa in this progressive disease affects the ability of RPE cells to phagocytize
photoreceptor outer segments, leading to retinal degeneration in a mouse model (40).
The RPE-photoreceptor outer segments are potentially
highly susceptible to oxidative stress because of the high
oxygen consumption of the retina, active flux of PUFAs
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hypothesis of Alzheimer’s disease (AD) (29), defective
clearance of certain molecules across the blood-retinal
barrier may initiate a series of faulty maintenance functions that could lead to a retino-vascular inflammatory response, contributing to the development of AMD.

Fig. 2. Photoreceptor outer segment phagocytosis elicits protection in RPE cells subjected to oxidative stress. A: Quantitative analysis of Hoechst stained ARPE-19 cells indicates that photoreceptor
outer segment phagocytosis significantly decreases the amount of
apoptosis observed during oxidative stress. Phagocytosis of polystyrene microspheres during oxidative stress did not alter the amount
of apoptosis observed during oxidative stress alone. Results represent averages ± SEM of repeats of two independent experiments. B:
NPD1 changes as a function of time after photoreceptor outer segment phagocytosis or microspheres: effect of oxidative stress. NPD1
has been quantified in cells as well as in incubation media. Data
represents average ± SEM of two independent studies. Statistical
analysis is Student’s t-test. NS, not statistically significant.

DHA RELEASE AND NPD1 FORMATION
RPE cells respond to oxidative stress by activating synthesis of NPD1 from DHA (46). The name NPD1 was suggested based upon its neuroprotective bioactivity in
oxidative stressed RPE cells and the brain (46, 47) and its
potent ability to inactivate pro-apoptotic and pro-inflammatory signaling. D1 refers to its being the first identified
stereoselective mediator derived from DHA. NPD1 can be
formed from free (unesterified) DHA released from membrane phospholipids by a phospholipase A2 (PLA2) upon
stimulation (Fig. 3A). DHA belongs to the essential
omega-3 essential fatty acid family (derived from linolenic
acid, 18:3, n-3). Photoreceptor cells are highly enriched in
DHA, and they tenaciously retain DHA even during very
prolonged periods of omega-3 fatty acid deprivation (41,
48, 49).
The amount of unesterified DHA simultaneously measured in RPE cells and in incubation media by MS/MS was
found to be increased as a function of time during exposure to oxidative stress in RPE cells. Specifically, the free
intracellular DHA pool size showed a moderate increase
after 6 h when cells were subjected only to photoreceptor
outer segment phagocytosis (44). Oxidative stress, however, strongly enhanced free DHA accumulation in a timedependent fashion, peaking at 16 h (44). Interestingly,
although the overall increase reached 10-fold, photoreceptor outer segment phagocytosis kept the DHA pool size
at a constant 2.4-fold increased level. This implies that
NPD1 synthesis does not result from the simple enhancement of the overall availability of free DHA upon phagocytosis. There is a general correlation between increases in
free DHA pool size and in NPD1 synthesis. Photoreceptor
outer segment phagocytosis stimulates NPD1 synthesis at
3–6 h in cells and accumulation in media after 16 h, while
free DHA increases earlier and keeps accumulating up to
16 h. These enhancements in DHA and NPD1 pool size
are much larger when photoreceptor outer segment
phagocytosis takes place on RPE cells exposed to oxidative
stress. Interestingly, microsphere phagocytosis does not
cause enhanced changes in DHA and NPD1 (Fig. 2B). As
such, a very specific free DHA pool may be the precursor
for NPD1.
Therefore, the supply of DHA and the induction of NPD1
synthesis during photoreceptor outer segment phagocytosis
represents a homeostatic regulatory event for RPE cell protection in conditions of oxidative stress challenge and, as a
consequence, the fostering of photoreceptor cell integrity
(44). In this context, not only is photoreceptor outer segment phagocytosis in RPE cells essential for photoreceptor
cell function, but the survival of the RPE promoted by this
process correlates with NPD1 synthesis.

ON THE STRUCTURE OF NPD1, BIOSYNTHESIS,
AND STEREOCHEMICAL ASSIGNMENT
The results discussed in this review provide the biological basis for the important actions of NPD1 derived from
DHA. In this section, we shall consider the results obtained
Neuroprotectin D1 in photoreceptor rescue and repair
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(e.g., omega-3 and also omega-6), and exposure to light
(41, 42). Recently it was shown that phagocytosis (24–48
h) of oxidized photoreceptor outer segments containing
high oxidative products induces the downregulation of
complement factor H in RPE cells, similar to the effect of
pro-inflammatory cytokines tumor necrosis factor-␣
(TNF␣) and interleukin (IL)-6 (43). The RPE complement regulatory system, in this manner, may be suppressed by pro-inflammatory conditions as well as
phagocytosis of oxidized photoreceptor outer segments.
Surprisingly, the process enhances refractoriness to oxidative stress-induced apoptosis in RPE cells (Fig. 2A)
(44). The protective effect of photoreceptor outer segments is specific, because the phagocytosis of polystyrene
microspheres by RPE cells does not lead to a protective
response against oxidative stress. Furthermore, polystyrene microspheres failed to induce DHA release and activate synthesis of neuroprotectin D1 (NPD1); this will be
discussed in the following section. Interestingly, photoreceptor outer segment-mediated RPE cell protection
against oxidative stress, with concurrent activation of
NPD1 synthesis, was shown in ARPE-19 cells (44), a spontaneously immortalized human cell line (45), as well as in
low passage primary human RPE cells prepared from National Disease Research Interchange-supplied eyes (unpublished observations).
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Fig. 3. A: NPD1 biosynthesis. Representation of the oxygenation of DHA to form NPD1. PLA2 releases DHA from the second carbon
position of the phospholipids upon stimulation. 15-Lipoxygenase-1 catalyzes the synthesis of 17S-H(p)DHA, which is converted to a 16(17)epoxide and then is enzymatically converted to NPD1. B: Comparison of NPD1/PD1 biosynthesis with that of 10S,17S-diHDHA isomer (see
detailed discussion in the text).
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construct the potential biosynthetic routes involved in the
biosynthesis of these mediators. In this context, hypoxic
endothelial cells exposed to inflammatory stimuli in vitro
converted DHA and eicosapentaenoic acid to intermediates that were taken up by human leukocytes and further
converted to bioactive products that showed potent activities relevant to the control of inflammation (51, 59, 60).
Of interest to the present review, in these investigations
without aspirin treatment, 17S-HDHA and corresponding
17S-hydroxy-containing di- and trihydroxy products were
reported in murine exudates and isolated human cells
(51). The formation of some of these compounds was
modeled in vitro and formed by sequential lipoxygenation
reactions. These products were investigated with 15-lipoxygenase and included the double dioxygenation products,
namely 7S,17S-diHDHA and 10,17S-diHDHA, which were
identified along with trihydroxy-containing products
formed via epoxide-containing intermediates from DHA
(51). The well-established lipoxygenase reaction mechanism suggested that new products 7S,17S-diHDHA and
10,17S-diHDHA, which could easily be made in vitro, each
contained two diene conjugated double bond systems
both in a trans,cis geometry. For example, the well-known
5S,12S-diHETE formed from arachidonate via double dioxygenation is an isomer of the potent chemoattractant
LTB4 (50). This isomer 5S12S-diHETE separates in SPHPLC from LTB4 and are very similar to each other, but
5S12S-diHETE shows little chemotactic activity compared
with LTB4 (61).
DHA is also precursor to a novel family of endogenous
docosatrienes formed in blood, leukocytes, brain, and glial
cells (46, 47, 52). The main bioactive member of the docosatrienes from the 17S-hydroxy-containing docosanoids
proved to be 10,17S-docosatriene, in addition to the resolvins (47, 52). Also, human polymorphonuclear leukocytes (PMN) convert 10,17S-docosatriene to its omega-22
hydroxy product with DHA as the precursor; this is likely
an inactivation route for this compound (47). As with the
new bioactive products from omega-3 precursors, the basic structures and proposed stereochemical assignments
reported were based on results of biosynthesis studies and
given as tentative stereochemical assignments, because
matching studies with synthetic reference compounds of
known stereochemistry were still underway (see below). At
the time, some of the newly identified compounds were
matched to reference compounds prepared with plant lipoxygenases, e.g., 17S-HDHA and 7S,17S-diHDHA, which
matched to those profiled by LC-MS-MS in exudates and
with isolated cells. It was clear that the 10,17S-docosatriene
from exudates did not coelute with the major 10,17S-docosatriene produced in vitro with plant enzymes, suggesting it was an isomer; however, this system could be used to
prepare related docosatrienes via the LTA4 synthase activity of lipoxygenases to further probe the bioactions of the
10,17S-docosatriene while complete matching and total
synthesis were in progress.
Of note, glial cells generate both 17S series resolvins
and the 10,17S-docosatriene. Importantly, evidence for a
novel omega-22-hydroxy-16,17S-trihydroxydocosatriene
Neuroprotectin D1 in photoreceptor rescue and repair
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from several independent lines of investigation required
to address the structure of the potent bioactive NPD1. As
with other bioactive mediators, such as the eicosanoids
(50), it is important to establish the stereochemistry of the
compound and/or mediator, because many structurally
related products can be less active, inactive, or even in
some cases display opposing biologic actions as a result of
subtle changes in stereochemistry that are recognized in
biologic systems. To confirm the proposed basic structure
and establish the complete stereochemistry, these studies
on the 10,17S-docosatriene termed NPD1 included results
from biosynthesis studies, matching of materials prepared
by total organic synthesis with defined stereochemistry,
and the actions of these and related compounds in biological systems (42, 44, 46, 47, 51–55). We also considered
the chronology in which these findings appear in the literature with the goal of providing a clear and rigorous account of the evidence that supports the structure and
bioactions of NPD1/protectin D1 (PD1) for the readership of The Journal of Lipid Research. As interested JLR readers will surmise, investigations along these lines were
essential to establish the complete structure of the potent
NPD1/PD1 and related endogenous products biosynthesized from DHA in vivo/in situ because of the small
amounts of NPD1 attainable from biological systems at the
time, which precluded direct stereochemical analyses of
the products identified in RPE cells. Thus, in this section,
we focus on the evidence for NPD1/PD1 structural elucidation. JLR readers interested in the structural elucidation
of the resolvins and their complete stereochemical assignments are directed to other recent reviews (56, 57).
In 1984, the first evidence was obtained for the conversion of DHA to mono-, di-, and tri- DHA-derived products,
named docosanoids, in the retina (an integral part of the
central nervous system) (58). Use of available inhibitors of
the time suggested a role for lipoxygenase in the biosynthesis of these compounds. An initial step in docosanoid
synthesis was envisioned to be the release of DHA from
membrane phospholipids by PLA/sA2, early demonstrated
to be rapidly activated by ischemia or seizures (41). The
structure of 10,17-docosatriene was first disclosed while reporting on the characterization of the novel bioactive resolvins that were identified using a systems approach with
resolving inflammatory exudates and LC-MS-MS-based
lipidomics (51). These new compounds (resolvins and docosatrienes) were biosynthesized from omega-3 essential
fatty acids during the resolution phase of acute inflammatory reactions in vivo that promote resolution of inflammation in vivo [see Fig. 8 in reference (51) and related text].
Since the DHA-derived compounds we identified in resolving inflammatory exudates, additional evidence was obtained for their biosynthesis from murine brain and
vascular endothelial cells for the new bioactive compounds
(47). These investigations focused on aspirin and its impact in the biosynthesis of 17R-hydroxy-containing resolvins and related structures. The initial results indicated
that DHA-derived products reduced cytokine IL-1␤ production by human glioma cells stimulated with TNF␣. In
parallel, studies with human cells were carried out to re-
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dogenous compound and those of the synthetic with
established stereochemistry. In recognition of its wide
scope of formation and uncovered actions, PD1 was introduced and used to denote the structure of this chemical
mediator in the immune system. The prefix Neuro before
PD1 (NPD1) was proposed to denote its biosynthesis and
potent neuroprotective actions (53). It was also apparent
that NPD1/PD1 was a member of a larger family of 17-hydroxy-containing docosatrienes, termed protectins.
Biosynthesis and function studies were undertaken with
human TH2-skewed peripheral blood mononuclear cells
(PBMC) that specifically express 15-lipoxygenase type 1
and convert DHA to the 10,17S-docosatrienes by serving as
a 17-lipoxygenase with DHA as a substrate. When produced by these cells, PD1 promotes T cell apoptosis via the
formation of lipid raft-encoded signaling complexes and
reduces T-cell traffic in vivo. These results were consistent
with the physical properties of NPD1. Matching materials
prepared by total organic synthesis determined the complete stereochemistry of the PBMC DHA-derived product.
NPD1/PD1 generated by human PBMC carried the
complete stereochemistry of (10R,17S)-dihydroxydocosa4Z,7Z,11E,13E,15Z,19Z-hexaenoic acid and was matched
to the most potent bioactive product using several dihydroxytriene-containing, DHA-derived products isolated
from human PBMC, human PMN, and murine exudates
(53, 54).
During the course of these investigations, Butovich et al.
(64) reported that NPD1 had the complete structure of
10S,17S-diHDHA. This was based on results obtained with
isolated lipoxygenase enzymes incubated with DHA without mammalian cell/tissue biosynthesis or authentic
NPD1, as defined earlier in the literature (46, 51, 52). Importantly, neither the bioactivity of the product nor appropriate comparisons with authentic NPD1 was presented to
support the conclusions in this report (64) in regards to
the complete structure of NPD1. Note that 10S,17S-diHDHA is an isomer of NPD1/PD1 (Fig. 3B).
With the preparation of six stereochemically defined,
10,17-dihydroxy-containing geometric isomers by total organic synthesis that had been initiated earlier, it was possible to match the stereochemistry and biological actions
of the endogenously produced materials (54). In addition
to PD1 formed from human leukocytes, additional isomers
were identified in inflammatory exudates, including
⌬15-trans-PD1 (isomer III), 10S,17S-dihydroxy-docosa-4Z,7Z,11E,13Z,15Z,19Z-hexaenoic acid (isomer IV), and the
expected double dioxygenation product 10S,17S-dihydroxy-docosa-4Z,7Z,11E,13Z,15E,19Z-hexaenoic acid (isomer I), which are present in inflammatory exudates
18
obtained from mice. O-labeling results provided evidence that this isomer I was a double dioxygenation product and that the 10 position of NPD1/PD1 originated from
enzymatic conversion. Also, the rank order of activities was
established between these isomers, and NPD1/PD1 proved
to be most potent (55), with doses as low as 1–10 ng reducing murine peritonitis, followed by ⌬15-trans-PD1 >
10S,17S-diHDHA (isomer I). Hence, although the double
dioxygenation product 10S,17S-diHDHA was generated in
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was obtained from these cells and human PMN, which
suggest that the 10,17S-docosatriene biosynthesis is via a
16(17S)-epoxide-containing intermediate, because the
identified vicinal diol could be a product of this epoxide
intermediate. Hence, a series of alcohol trapping studies
were undertaken to address the potential role of epoxidecontaining intermediates in the biosynthesis of the bioactive compounds, in particular the 10,17S-docosatriene.
Indeed, evidence for epoxide-containing intermediates in
the biosynthesis of docosatrienes and 17S series resolvins
was obtained from human PMN (52). In these incubations
with human cells, two 16-OCH3 and two 10-OCH3 methoxy-trapping products, likely all-trans in their triene conjugation, were obtained, which implicates production of a
16(17S)-epoxide intermediate that was proposed in the
biosynthetic pathway for the bioactive 10,17S-docosatriene
(52). Also, 10,17S-docosatriene proved to display potent
actions with human glial cells and produced 10,17S-docosatriene, which reduced IL-1␤ production at 1–50 nM
and evoked ligand-operated extracellular acidification
with glial cells in a microphysiometer (52). These findings
indicated that DHA is precursor to novel potent protective
mediators and that 10,17S-docosatriene carries potent
anti-inflammatory activity in mice in vivo and with human
cells in vitro as well as activated surface receptors present
on human glial cells to regulate their function. Thus, the
basic structure of the novel 10,17S-docosatriene, later
coined NPD1/PD1 (see below) due to its potent actions in
vivo and in vitro in cell cultures, was established (47, 51,
52). This docosatriene also displayed potent anti-inflammatory actions, i.e., reducing PMN numbers in vivo and
reducing the production of inflammatory cytokines by
glial cells in vitro. Moreover, during the resolution phase
of peritonitis, unesterified DHA levels increase in resolving exudates, where it appears to promote catabasis or the
return to homeostasis following tissue insult via conversion to D-series resolvins and also 10,17S-docosatrienes
(62) by shortening the resolution interval of an inflammatory response in vivo (63).
We then found that the DHA-derived 10,17S-docosatriene proved to be generated in vivo during experimental
stroke in the ipsilateral cerebral hemisphere following focal ischemia and also demonstrated potent bioactions in
this system, where it limits the entry of leukocytes, downregulates cyclooxygenase-2 expression and nuclear factor
B activation, and decreases infarct volume (47). Next, we
found that 10,17S-docosatriene is formed in the human
retinal pigment epithelial cell line, ARPE-19, and introduced the term NPD1 based on its neuroprotective bioactivity (46, 47).
Taken together, these findings in ARPE-19 cells (46),
inflammatory murine exudates, human PMN, glial cells,
and the brain (47, 51, 52) underscored the need to establish the complete stereochemistry of endogenous, biologically generated, active 10,17S-docosatriene, namely the
chirality of its carbon 10 position alcohol and its triene
double geometry, which remained to be established (Fig.
3B). These involved the total organic synthesis and matching of both bioactivity and physical properties of the en-

during the resolution of Lyme disease infections in mice
(70). NPD1 inhibits retinal ganglion cell death (71), is renal
protective (72), and regulates adiponectin (73). Of interest, the double dioxygenation product 10S,17S-diHDHA
isomer of NPD1/PD1 was recently shown to have actions
on platelets, reducing platelet aggregation at 0.3 M,
1 M, and higher concentrations (74). In peritonitis, this
isomer also showed biological activity but was less potent
than NPD1/PD1 (54, 74). It is noteworthy that NPD1/
PD1 and the resolvins also are produced by trout tissues,
including trout brain, from endogenous DHA, suggesting
that these structures are highly conserved from fish to humans (75). This shows we still have much to learn regarding the bioactions and functions of NPD1/PD1, the
D-series and E-series resolvins, and related products in human physiology and pathophysiology as well as in biological systems such as fish, where the actions of NPD1/PD1
remain to be fully appreciated.

NEUROTROPHINS INDUCE THE SYNTHESIS AND
RELEASE OF NPD1 FROM HUMAN RPE CELLS
RPE cells also are capable of producing a wide variety of
growth factors (76). These trophic factors support surrounding cells by paracrine and autocrine signaling and
hence promote the communication and structure of the
retina as well as photoreceptor survival (77, 78). It is important to note that neurotrophins enhance the production of NPD1 in RPE cells. In turn, NPD1 is released and
serves as a lipid signaling messenger in its surroundings.
This observation was made in human RPE cells grown to
confluence using a specialized culture (79) that allows the
cells to develop a high degree of differentiation, preserving the apical-basolateral polarization (Fig. 4A, C). Neurotrophins [pigment epithelium derived factor (PEDF),
BDNF, ciliary neurotrophic factor, FGF, glial-derived neurotrophic factor (GDNF), leukemia inhibitory factor, NT3,
or persephin], which have bioactivities that promote neuronal and/or photoreceptor cell survival, are also agonists
of NPD1 synthesis (Fig. 4B), favoring the release of this
lipid messenger through the cell’s apical surface (80).
Among all the growth factors tested, PEDF is by far the
most potent stimulator of NPD1 synthesis. PEDF, a member of the serine protease inhibitor (serpin) family, was
identified in human RPE cells. If PEDF or ciliary neurotrophic factor are added to the incubation media, bathing the basolateral side in increasing concentrations, they
evoke a lesser degree of NPD1 release on the apical side.
Conversely, if these neurotrophins are added to the apical
side, they exert concentration-dependent increases in
NPD1 release only on the apical side (Fig. 4B, C) (80).

NPD1 BIOSYNTHESIS IS AN ENDOGENOUS
RESPONSE TO OXIDATIVE STRESS
Previous studies have shown that the retina forms
mono-, di-, and trihydroxy derivatives of DHA and that
Neuroprotectin D1 in photoreceptor rescue and repair
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murine exudates, it was far less active than PD1/NPD1
both in vitro and in vivo.
The proposed biosynthetic route for NPD1/PD1 is
shown in Fig. 3B from results previously reported (54).
Following 17S-HpDHA formation from 15-lipoxygenase
action on DHA, an epoxide intermediate is formed that
requires enzymatic transformation to obtain the correct
double bond geometry, namely cis,trans,trans present in
NPD1/PD1. This double bond geometry and chirality of
the carbon 10 position and the R configuration were established from the matching of synthetic compounds of defined chirality. Of interest, both 7S,17S-diHDHA (resolvin
D5) and 10S,17S-diHDHA are double dioxygenation products, and at this point they appear to be less active than
endogenous or synthetic NPD1/PD1. Without endogenous biosynthesis studies or assessment of biological actions, it is surprising that a claim could be made for
assessment of the complete stereochemistry of NPD1 based
only on nuclear magnetic resonance results obtained for
10S,17S-diHDHA from plant lipoxygenase-prepared material with DHA (64).
With the stereochemistry of NPD1/PD1 established, its
identification in human material was sought and found to
be present in breath condensates from human asthmatics
(65) and in the human brain, both under basal conditions
and from patients with AD (66). In addition, PD1 was
found to be a major product in bone marrow of female
rats fed eicosapentaenoic acid and DHA (67). PD1 was
generated in vivo during ischemia-reperfusion of renal tissues, where it has profound actions, namely reversing the
deleterious consequences of ischemia-reperfusion in renal
tissues (68), in agreement with our previous observations
in the brain (47).
With the complete stereochemistry and synthetic compound in hand, it was possible to demonstrate for the first
time that PD1 activates resolution programs in vivo and
that it shortens the resolution time of experimental inflammation in animal models (63). With the total organic
synthesis route of NPD1/PD1 in place, it was possible to
3
radiolabel and purify H-NPD1/PD1 made from the synthetic intermediate. With this radiolabel, it was then possible to define for the specific binding sites present with
3
ARPE-19 cells (Kd ⵑ31 pM/mg cell protein) for H-NPD1/
PD1 as well as specific binding to human neutrophils that
gave a Kd of ⵑ25 nM (55). Most importantly, critical information on NPD1 biosynthesis with ARPE-19 cells was obtained, namely identification of alcohol-trapping products,
indicating the formation of a 16,17S-epoxide-containing
intermediate from DHA in the biosynthesis of NPD1 (55).
These results, as well as the rank order of potency established for NPD1/ PD1 of defined stereochemical analysis,
indicated that the most potent of the isomers prepared
was NPD1/PD1. Also in the ARPE-19 cells, NPD1 was more
potent than either resolvin D1 or resolvin E1. In other systems, resolvin E1 and resolvin D1 established higher potencies than PD1 (69).
Along with the complete stereochemical identification
of NPD1/PD1, recent studies using an unbiased LC-MSMS profiling approach demonstrated that PD1 is made

synthesis. Then this stereospecific mediator is synthesized
by 15-lipoxygenase-1 (15-LOX-1) (91) (Fig. 3A). In AD
brain (short postmortem time), cPLA2␣ and 15-LOX-1
expression changed in concert with NPD1-decreased
content and DHA-enhanced pool size in the CA1 area of
the hippocampus (66). In ARPE-19 cells (spontaneously
transformed human RPE cells), IL-1␤, oxidative stress, or
the Ca2+ ionophore A23187 activates the synthesis of
NPD1 (46). In turn, NPD1 might act in an autocrine fashion and/or diffuse through the interphotoreceptor matrix to act in a paracrine mode on photoreceptor cells
and/or Müller cells (41).

15-LOX-1 DEFICIENCY IN RPE CELLS PROMOTES
APOPTOSIS AND IT IS RESCUED SELECTIVELY
BY NPD1

lipoxygenase inhibitors block this synthesis, indicating
an enzymatic process of a lipoxygenase nature (42). Although the stereochemistry and bioactivity of DHA-oxygenated derivatives were not defined at the time of these
observations, it was suggested that these lipoxygenase
products might be neuroprotective (and therefore the
name docosanoids was introduced) (42, 81). Liquid
chromatography-photodiode array-electrospray ionization MS/MS-based lipidomic analysis was used to identify
oxygenation pathways for the synthesis of the docosanoid
NPD1 during brain ischemia-reperfusion (47) and the
retinal pigment epithelium (46). Moreover, it was also
found that RPE cells have the ability to synthesize NPD1
(46). Photoreceptors and RPE cells, although they contain phospholipids richly endowed with DHA (as docosahexaenoyl- or DHA-elongated fatty acyl-chains), display
an undetectable quantity of unesterified (free) DHA [as
is the case with unesterified arachidonic acid (AA)] under basal, nonstimulated conditions (82–86). This means
that the pool size of unesterified DHA is tightly regulated
by production (PLA2), by its removal (e.g., by reacylation), and by peroxidation. Free DHA incorporated into
membrane phospholipids first becomes the substrate
of docosahexaenoyl-CoA synthesis for its channeling
through acyltransferases, which incorporate this fatty
acid into phospholipids (87–90). The RPE cell thus modulates the uptake, conservation, and delivery of DHA to
photoreceptors (81). In addition, RPE cells utilize a specific DHA-phospholipid pool as a precursor for NPD1
2026
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The increased availability of DHA is followed by NPD1
synthesis. This is of particular interest in the process of
phagocytosis of photoreceptor outer segments, given
that the endogenous pool of DHA is augmented upon
activation of the RPE cell phagolysosomal system. In this
context, it is known that NPD1 production and release is
increased (Fig. 2). Recent evidence shows 15-LOX-1 as
the enzyme that oxygenates DHA into NPD1 (91). In
ARPE-19 cells where 15-LOX-1 protein expression was
knocked down by 70% posttranscriptionally, the production of NPD1 was not increased, in contrast with normal
cells (Fig. 5). In normal cells, NPD1 production was induced as early as 4 h after oxidative stress was applied. In
this way, preexisting pools of 15-LOX-1 are activated
upon stress stimulation (Fig. 5B). Thus, phagocytosis
triggers the activation of 15-LOX-1 to oxygenate DHA
into NPD1.
15-LOX-1, a nonheme iron-containing dioxygenase, stereospecifically inserts oxygen into AA, dually forming
15(S)-hydroxyeicosatetraenoic acid (HETE) and 12(S)HETE as well as lipoxin A4, a product of its joint activity
with 5-LOX. 15-LOX-1 also has the capability to oxygenate
linoleic acid into 13-hydroxyoctadecadienoic acid (92).
Human 15-LOX-1 and 12-LOX are highly homologous
proteins (65% identity) encoded by different genes, and
their mRNAs are similar (70% identity). On the other
hand, 15-LOX-2 is a different lipoxygenase that shares
only 39% identity with human 15-LOX-1 (93). 15-LOX 2
and human 12-LOX differ from 15-LOX-1 not only in the
ratio of 15-HETE and 12-HETE produced from AA but
also in their localization (Fig. 5A). This means that they
possess different selective product formations, and thus
their activities contribute to different lipid mediators as
well as display different substrate availability.
Silencing 15-LOX-1 also leads to enhanced susceptibility to apoptosis (Fig. 5C). It is worth noting that only
NPD1 could rescue these cells from the exaggerated
apoptosis experienced under oxidative stress conditions.
This indicates that cells failing to produce this lipid mediator have an increased sensibility to oxidative stress
caused by lack of the pro-survival signaling elicited by
NPD1.
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Fig. 4. Neurotrophins activate NPD1 synthesis in cultured primary human RPE cells. A: Zonula occludens-1 (ZO-1) antibody immunoreactivity (green) illustrates confluence of the monolayer
polyhedric-shape of the cells. B: Differential ability of growth factors to selectively release NPD1 through the apical surface of the
cell. Growth factors (20 ng/ml) were added to the apical medium.
Apical and basal media were collected separately after 72 h and
subjected to lipidomic analysis. Each bar is an average ± SEM of
four or five independent wells. Values are averages ± SEM of five
independent wells. Statistical analysis was performed using Student’s t-test shows *P < 0.05. C: Schematic representation of the
monolayer orientation within the insert. [Fig. 4 A, C, modified with
permission from reference (40)].

PHOTORECEPTOR OUTER SEGMENT
PHAGOCYTOSIS INDUCES RPE CELL SURVIVAL:
NPD1-SIGNALING PATHWAY

prevent apoptotic cell death, but in the silenced cells, neither
DHA nor lipoxin A4 had any effect. Only NPD1 was able to rescue
these cells from apoptosis. Data represents average ± SEM of two
independent studies; statistical analysis is Student’s t-test (*P < 0.01,
**P < 0.001, ***P < 0.0001 and ****P < 0.00001). Modified with
permission from reference (91).
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Fig. 5. NPD1 synthesis is mediated by 15-lipoxygenase-1. A: Immunocytochemistry showing localization of 15-LOX-1 in ARPE-19
cells. Right column shows normal cells and left column shows 15LOX-1 silenced cells. The four upper panels depict the localization
of 15-LOX1 (green) relative to the nuclei (blue) and Actin (red).
The four lower panels display nuclear localization of 15-LOX-2
(red) in relationship with nuclei (blue) and Actin (green). B: Histograms showing the differential production of NPD1 upon different strength of oxidative stress treatment (0, 400, 600, 800 M
H2O2 and 10 ng/ml TNF␣). In each cell, as in the medium, the
production of NPD1 was almost completely abolished (*P < 0.01).
C: Apoptosis percentage measured by Hoechst staining of ARPE-19
cultures of control and silenced cells subjected to oxidative stress
and treated with different metabolites of 15-LOX-1 and NPD1 precursor DHA. In silenced cells, apoptosis was augmented by oxidative stress. In normal cells, PEDF/DHA, NPD1, and lipoxin A4 did

The novel signaling pathway, resulting from the NPD1
action, may be initiated through the photoreceptor outer
segment phagocytosis. A significant body of evidence has
been accumulated that supports this idea.
FGF2 promotes bovine RPE cell survival through a sustained adaptive phenomenon that involves both FGF1mediated activation of extracellular signal-regulated
kinase andextracellular signal-regulated kinase 2-dependent Bcl-xL production (94). Bcl-xL may play a key role
in integrating and transmitting exogenous FGF2 signals
for RPE cell survival. Moreover, a well-organized signaling regulatory mechanism on the apical side of the RPE
cell is reflected by the ability of neurotrophins to induce
NPD1 synthesis and release (80). The response of human
RPE cell monolayers in culture with NPD1 synthesis and
release upon addition of certain neurotrophins to the
apical side suggests sidedness of receptors for these ligands (80). Persephin is a novel neurotrophin with homology to GDNF (95, 96). Both persephin and GDNF are
agonists of NPD1 synthesis and activators of its release
from the apical surface of RPE cells (80). The same was
true for leukemia inhibitory factor and FGF2 as well as
for other neurotrophins (80). The finding that there is
polarized (apically) neurotrophin/mediated NPD1 release has relevance for the initiation and progression of
retinal degenerations. This is because when RPE cell polarization in the plane of the epithelium is disrupted, dysregulated growth factor secretion and pro-inflammatory
signaling arises (2, 97, 98), thereby setting in motion
pathological changes that include the proliferative component of macular degeneration: choroidal neovascularization (99–101).
Bcl-2 family proteins regulate apoptotic signaling at the
mitochondrial level and at the endoplasmic reticulum. As
a consequence, cytochrome c is released from mitochondria and caspase-3, a downstream effector of pro-apoptotic
and anti-apoptotic Bcl-2 proteins, is activated (102). Also,
oxidative stress-induced activation of caspase-3 in RPE cells
is decreased by NPD1 (46). Apoptosis is an outcome of
excessive oxidative stress in RPE cells, and NPD1 is effective in counteracting this oxidative stress-induced cell
death (46). It is interesting that DHA itself inhibits apoptosis, concomitant with a remarkable, time-dependent formation of NPD1. Significantly, the potency of DHA for
cytoprotection is much higher than that of added NPD1
(46), suggesting that NPD1 might exert its action close to
the subcellular site of its synthesis. Importantly, these actions of DHA cannot be mimicked by other PUFAs (e.g.,

plays increased expression under oxidative stress treatment (unpublished observations). In RPE cells, NPD1
downregulates the expression of pro-inflammatory genes,
such as cycloxygenase 2 (COX-2), which is induced by cytokines such as IL-1␤ (46, 109). In ischemia reperfusioninjured hippocampus, as well as in neural progenitor cells
stimulated by IL-1␤, NPD1 also inhibits COX-2 induction
(46, 47). In brain ischemia reperfusion, NPD1 decreases
infarct size and inhibits PMN infiltration (47). Moreover,
our laboratory, through a genome-wide screen in human
brain progenitor cells in culture (66), has identified other
NPD1-targeted pro-inflammatory genes; they include IL1␤, cytokine exodus protein-1, and TNF␣-inducible proinflammatory element (B94, TNFAIP2). NPD1 bioactivity
acts as a modulatory signal that counteracts pro-inflammatory injury to the RPE, a condition involved in pathoangiogenic signaling in the wet form of AMD and in proliferative
vitreoretinopathy of diabetic retinopathy.
Oxidative stress enhances pro-inflammatory gene expression that leads to RPE cell injury. The inducible enzyme COX-2 is the rate-limiting step in prostaglandin
synthesis and is involved in oxidative stress as well as cell
function. COX-2 expression is regulated in RPE cells by
photoreceptor outer-segment phagocytosis and by growth
factors (110), and IL-1␤ activates expression of the proximal human COX-2 promoter. In the latter case, NPD1 potently counteracts the activation of the transcription
mediated by IL-1␤, displaying an IC50 of <5 nM (46).

ANTI-APOPTOTIC AND ANTI-INFLAMMATORY
BIOACTIVITY OF NPD1 IS MEDIATED IN PART
THROUGH MODULATION OF GENE EXPRESSION
Photoreceptor outer segment phagocytosis is a mechanism that initiates NPD1 signaling. This signaling promotes modulation of protein expression and activity
involved in counteracting apoptosis at the cell fate decision level. For instance, NPD1 promotes differential
changes in expression of Bcl-2 family proteins, upregulating protective Bcl-2 proteins (Bcl-2, Bcl-xL, and Bfl-1/A1)
and attenuating expression of proteins that challenge cell
survival (e.g., Bax, Bad, Bid, and Bik). Thus, an NPD1-mediated and coordinated regulation of Bcl-2 protein availability for subsequent downstream signaling may be crucial
for cell survival (46, 80). NPD1 regulates expression of the
genes encoding death repressors and effectors of the Bcl-2
family of proteins, e.g., Bcl-2-associated athanogene domain 3, whose mRNA is upregulated in mouse retinas subjected to light damage (105, unpublished observations).
Bcl-2-associated athanogene domain 3 is a co-chaperone
protein involved in release of the refolded protein by the
chaperone Hsp70 (106–108).
NPD1 activity lessens the effects of stressors such as oxidative stress not only by its production and release upon
stimulation but also because its down-stream signaling
modulates gene transcription by compensating the activation or inhibition of gene expression. Thus, the consequence of the signaling is to return the system to normal
levels. This is the case with NPD1 downregulation of the
pro-apoptotic death-associated protein kinase 1, which dis2028
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Fig. 6. Diagram outlining 15-LOX-1 activity of NPD1 synthesis
and bioactivity in RPE cells. Noxious stimuli activate 15-LOX-1,
promoting the synthesis of NPD1 from DHA. NPD1 signaling modulates the activity and gene expression of proteins involved in proand anti-inflammatory signaling in apoptosis, ultimately fostering
photoreceptor cell integrity and overall homeostasis.
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20:4, n-6). Alternatively, it implies that other NPD-like mediators participate in promoting RPE cell survival, even
though DHA fails to exert protection in 15-LOX-1-deficient cells, confirming that its pro-survival effect is mediated via NPD1. In RPE cells, cleavage of endogenous
substrates by caspase-3 is enhanced by oxidative stress, as
indicated by increased accumulation of poly(ADP-ribose)
polymerases. NPD1 inhibits caspase-3 activation when
added at the onset of oxidative stress (46), likely reflecting
a downstream consequence of NPD1 modulation of Bcl-2
proteins.
A consequence of RPE cell damage and apoptosis is impaired photoreceptor cell survival, a dominant factor in
AMD (103). The pigment lipofuscin, which increases in
the RPE during aging, accumulates further during AMD.
The progressively greater onslaught of photooxidative
damage to the RPE affects photoreceptor survival. For example, in the juvenile form of macular degeneration
known as Stargardt’s disease, oxidative stress mediated by
the lipofuscin fluorophore N-retinylidene-N-retinylethanolamine produces RPE damage; caspase-3 is part of the
damaging cascade, whereas Bcl-2 exerts cellular protection (104). NPD1 downregulates lipofuscin fluorophore
N-retinylidene-N-retinylethanolamine-mediated apoptosis
induced by oxidative stress, restoring the integrity of the
RPE and its relationship with the photoreceptor (80).

CONCLUDING REMARKS
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