JLR THEMATIC REVIEW SERIES

Thematic Review Series: Seeing 2020: Lipids and Lipid-Soluble Molecules in the Eye

Overview of how N32 and N34 elovanoids sustain sight
by protecting retinal pigment epithelial cells and

photoreceptors

Nicolas G. Bazan*

Neuroscience Center of Excellence, School of Medicine, Louisiana State University Health Sciences Center, New Orleans,

LA, USA

Abstract The essential fatty acid DHA (22:6, omega-3
or n-3) is enriched in and required for the membrane
biogenesis and function of photoreceptor -cells
(PRCs), synapses, mitochondria, etc. of the CNS. PRC
DHA becomes an acyl chain at the sn-2 of phosphati-
dylcholine, amounting to more than 50% of the PRC
outer segment phospholipids, where photo-
transduction takes place. Very long chain PUFAs (n-3,
> 28 carbons) are at the sn-1 of this phosphatidylcho-
line molecular species and interact with rhodopsin.
PRC shed their tips (DHA-rich membrane disks)
daily, which in turn are phagocytized by the retinal
pigment epithelium (RPE), where DHA is recycled
back to PRC inner segments to be used for the
biogenesis of new photoreceptor membranes. Here,
we review the structures and stereochemistry of
novel elovanoid (ELV)-N32 and ELV-N34 to be ELV-
N32:  (14Z17Z20R,21E,23E,257,275,297)-20,27-dihydro
xydo-triaconta-14,17,21,23,25,29-hexaenoic acid; ELV-
N34: (167,19Z,22R,23E,25E,27Z7,298,317)-22,29-dihydrox
ytetra-triaconta-16,19,23,25,27,31-hexaenoic acid. ELVs
are low-abundance, high-potency, protective media-
tors. Their bioactivity includes enhancing of anti-
apoptotic and prosurvival protein expression with
concomitant downregulation of proapoptotic pro-
teins when RPE is confronted with uncompensated
oxidative stress. ELVs also target PRC/RPE senes-
cence gene programming, the senescence secretory
phenotype in the interphotoreceptor matrix, as well
as inflammaging (chronic, sterile, low-grade inflam-
mation). An important lesson on neuroprotection is
highlighted by the ELV mediators that target the
terminally differentiated PRC and RPE, sustaining a
beautifully synchronized renewal process. Bl The role
of ELVs in PRC and RPE viability and function un-
covers insights on disease mechanisms and the
development of therapeutics for age-related macular
degeneration, Alzheimer's disease, and other
pathologies.
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The interactions between membrane lipids and pro-
teins are central to most aspects of contemporary
biology. The exploration of fundamental questions
regarding how lipids, particularly those of the n-3 family
of FAs, participate in cell function leads us to identify
mediators and signaling that sustain homeostasis and
regulate functional cell integrity. At the same time, this
approach allows us to interrogate disease models con-
cerning the significance of mediators that support cell
survival at the early stages of pathologies. The onset and
progression of vision loss prompt complex events that
unsettle homeostasis, including inflammatory responses
that attempt to restore cell integrity by removing or
limiting the effects of triggering factors. These encom-
pass autocrine and/or paracrine chemokines, cytokines,
and protective lipid mediators (1-4). Engaged cells consist
of immune cells, blood vessel cells, neurons, Mueller cells,
retinal pigment epithelium (RPE) cells, and more with a
collective objective of sustaining homeostasis by
removing the triggering factors and cell debris toward
cell restoration. Here, we review prohomeostatic
signaling signatures elicited by elovanoids (ELVs), which
modulate inflammatory responses and neuroprotection
(Fig. 1). This includes senescence gene programming as
well as inflammaging, a form of low-grade, sterile,
chronic inflammatory response that we examine here as
counteracted by ELVs. The term inflammaging or
inflamm-aging derives from “inflammation” and “ag-
ing,” because it was of ten related to senescence. However,
it is now recognized that both senescence programming
and inflammaging occur at all stages of life span,
including early development, cell differentiation, and in
many pathological conditions.

A fundamental question concerning sight during
aging and in retinal degenerative diseases is how the
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Fig. 1. Eicosanoids, docosanoids, and elovanoids. PLAs that release AA, EPA, DHA, or VLC-PUFAs,n-3 are depicted at the top.
Synthesis of mediators and receptors involved are illustrated. The outcome is modulation of inflammatory responses and homeo-
stasis. AD, Alzheimer's disease; AMD, age-related macular degeneration; VLC-PUFA, very long-chain PUFA.

selective acquisition and retention of key retinal lip-
idome molecules occur and how these lipids sustain
transcriptomic programs and functional integrity. To
counter homeostatic disruptions and the onset of neu-
rodegenerations, neuroprotective pathways that control
procell and anticell survival signaling are activated.
Neurotrophins are a good example of such strategic
controlling mechanisms. Also, the recently uncovered
low-abundance, high-potency lipid mediators, the ELVs,
are important for the cellular and functional integrity
of the CNS, including the retina.

DHA ESTERIFIED INTO PHOSPHOLIPIDS IS
MOST ABUNDANT IN PHOTORECEPTORS AND
SYNAPTIC MEMBRANES

DHA (226, omega-3 or n-3) is an essential FA
family member highly concentrated in and required
for the biogenesis of synaptic membranes and other
membranes of the CNS, including photoreceptor cell
(PRC) membranes (5). Dietary DHA is supplied or
synthesized from dietary linolenic acid in the liver
(18:3,n-3) (6). DHA supplied by the liver (7) is taken up
from the neurovascular unit (blood-brain barrier or
blood-inner retina barrier) or from the chorioca-
pillaris (beneath the retina) by the RPE. DHA is then
delivered from the RPE to the PRC inner segments
through the space called the interphotoreceptor ma-
trix (IPM) (5, 8). The liver drives DHA supply to the
nervous system (7). It has been shown that during
early postnatal development, administered radio-
labeled 18:3 is rapidly taken up by the liver where it
is elongated and desaturated to DHA and then sup-
plied by way of the bloodstream to the brain and
retina. During synaptogenesis and photoreceptor
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biogenesis, plasma lipoproteins secreted by the liver
are the source of DHA for the nervous system. This
systemic bloodstream route (long loop) operates for
the morphogenesis and maintenance of excitable
membranes (e.g., during constant renewal of photo-
receptor disc membranes). The RPE takes DHA from
circulating lipoproteins in the choriocapillaris and
participates in the DHA recycling from degraded
phagosomal phospholipids back to the inner segments
of photoreceptors (short loop), following each
phagocytic event. The interplay among efficient DHA
delivery from the liver, selective uptake by RPE and
PRC, and avid retinal retention results in the
enrichment of excitable membranes with DHA-
phospholipids. In the PRC inner segments, DHA is
incorporated at the sn-2, mainly in phosphatidylcho-
line (PC) that represents more than 50% of PRC
phospholipids (9), and is used for the biogenesis of
membranes, including synaptic; however, most of it is
used for the PRC outer segments (10, 11). DHA
phospholipids modulate lipid rafts (12) and physically
interact with rhodopsin (13), facilitating conforma-
tional changes of rhodopsin, and the associated G
proteins are absorbed as photons (14-16).

In the frog retina, DHA input to the photoreceptors
occurs by way of the RPE cells. After passing through
the IPM, it is selectively taken into the inner segments
of PRC where it is activated and esterified in the sn-2 of
a phospholipid. Additionally, rod outer segments occur
in two ways: (i) a general diffuse pathway probably
common to all FAs, which rapidly labels the entire
outer segment and (ii) a specific dense pathway utilized
only by DHA-containing phospholipids, which become
part of disc membranes along with opsin. The accu-
mulation of newly synthesized basal discs pushes older
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DHA-laden discs apically until the outer segment tips
are shed into the RPE cytoplasm. There, as DHA is
released from the disc membranes during phag-
olysosome degradation, recycling directs DHA back
through the IPM, thus conserving this molecule in the
retina and permitting it to be selectively taken up by
PRC again for the biogenesis of new membranes. The
process of DHA handling and trafficking by the retina
is specifically orchestrated by a conservation mecha-
nism regulated by RPE cells that ensures adequate DHA
for photoreceptors at all times through a short feed-
back loop from the phagosomes to the IPM.

ELONGATION OF VERY LONG-CHAIN FATTY
ACIDS-4 AND THE SYNTHESIS OF VERY
LONG-CHAIN PUFAs

ELOVL4 (Elongation of very long-chain fatty acids-
4) (17, 18) elongates in the inner segments of PRC
26:6,n-3 derived from DHA or EPA (19, 20). Notwith-
standing the low abundance of retinal EPA compared
with DHA, EPA is the main substrate for VLC-PUFA
formation (20). The resulting VLC-PUFAs became
mainly acyl chains in sn-1 of PC. ELOVLA4 catalyzes the
synthesis of VLC-PUFAs in the retina (10, 21) and testes
(22) and generates VLC-saturated FAs in the skin and
brain (23, 24). VLC-PUFAsn-3 (> 28 carbons) are at sn-1
of the PC that interacts with rhodopsin (25). The
inability of the retina to take up and incorporate DHA
leads to homeostatic disruptions and PRC death, as in
retinal degenerative diseases (11, 26, 27).

ADIPONECTIN RECEPTOR 1 IS NECESSARY FOR
DHA UPTAKE/ELV SYNTHESIS IN PRC AND RPE

RPE cells are necessary for PRC integrity, and dam-
age to these cells participates in retinal degenerations.
One of the functions of RPE is to process and recycle
DHA during PRC outer segment renewal. Adiponectin
receptor 1 (ADIPORI) is necessary for supplying DHA
to the photoreceptors (26). Here, we summarize work
that uncovered the structures of ELVs and how the
genetic ablation of ADIPORI shuts off VLC-PUFA n-3
and ELV synthesis in the retina.

The complete structures and stereochemistry of
novel ELV-N32 and ELV-N34 were proven using
compounds prepared via stereocontrolled total organic
synthesis (17). Additional validation of these structural
assignments was established by synthesizing deuterium-
labeled derivatives (ELV-N32-d2 and ELLV-N34-d2) for
LC-MS/MS analysis. ELV-N32 and ELV-N34 were pre-
pared by stereocontrolled total chemical synthesis
(Fig. 2). Following matching with human primary RPE
cell culture media-derived ELVs, the complete struc-
tures of ELV-N32 (from a 32C omega-3 PUFA) and
ELV-N34 (from a 34C omega-3 PUFA) were confirmed
to be ELV-N32 (14717 Z20R21E23E257275,297)-20,27-
dihydroxydo-triaconta-14,17,21,23, 25,29-hexaenoic acid
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and ELV-N34 (16719Z22R23E25F277295,317)-22,29-
dihydroxytetra-triaconta-16,19,23,25,27,31-hexaenoic
acid (25). Both ELVs and their precursor, the VLC-
PUFAs, were clearly formed in RPE cells under un-
compensated oxidative stress (UOS). We used m/z 499
— 93 and 499 — 401 MRM transitions for ELV-N32 and
m/z 527 — 93 and 527 — 429 transitions for ELV-N34
for detection. For corresponding precursors, we used
m/z 483 — 385 for 27-hydroxy-32:6n3 and m/z 511 —
413 for 29-hydroxyl-34:6n3. For further identification,
we performed full fragmentation on ELVs and found
good matches to the standards (25). ELVs were isolated
and characterized. They are stereospecific di-
hydroxylated derivatives of VLC-PUFAs (Fig. 3).
Moreover, ELV-N32 and ELV-N34 in KO were not
synthesized. Evidence that this pathway was down-
regulated is shown by the fact that mono-hydroxy
32:6n3 and 34:6n3, the stable derivatives of the hydro-
peroxyl precursors of ELV-N32 and ELV-N34, respec-
tively, were not formed in the KO (25). ELV-N32 and
ELV-N34 were found to be secreted from RPE cells
when confronted with UOS, implying their involve-
ment in paracrine or autocrine bioactivity. At the same
time, the abundance of free 32:6n3 and 34:6n3 in ret-
inas of AdipoRI KO mice is considerably decreased (25).

The genetic ablation of ADIPORI leads to the
depletion of VLC-PUFAs and ELVs in the retina (Fig. 3).
UOS or other disruptors of homeostasis trigger the
release of 32:6n3 and 34:6n3, hydroperoxyl derivatives,
and then ELV-N32 and ELV-N34, respectively (Fig. 3A).
The ablation of ADIPORI switches off DHA availabil-
ity, and PRC degeneration ensues (25).

ELVs TARGET ANTISURVIVAL AND
PROSURVIVAL PROTEINS WITH
CONCOMITANT DOWNREGULATION OF
PROAPOPTOTIC PROTEINS AS RPE CELLS ARE
CONFRONTED WITH UOS

ELVs N32 and N34 remarkably enhanced the
expression of prosurvival BCL-2 and BCL-XL and
downregulated the proapoptotic proteins BAX, BIM,
and BID (Fig. 4). Moreover, these mediators also
augmented the abundance of prohomeostatic sirtuin-1,
iduna, and prohibitin (type-1), a cell-survival protein
(28-31). Sirtuins are involved in retinal disease (32) in
aging (33, 34), mitochondrial function (35), and overall
homeostasis (36). The other protein targeted is iduna
(ring finger protein 146), a PARsylation-directed ring
finger E3 ubiquitin ligase that functions in protein
quality control, DNA repair, and protection against
parthanatos (37, 38), a cell death dependent on
poly(ADP-ribose) polymerase-1 (37, 39-41). poly(ADP-
ribose) polymerases mediate the transfer of ADP-ribose
from nicotinamide adenine dinucleotide to target pro-
teins and are essential for genomic integrity, the cell
cycle, and gene expression (42). The docosanoid
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Fig. 2. Discovery and structural characterization of ELV-N32 and ELV-N34 in primary human RPE cells in culture. A: ELV-N32
and ELV-N34 were synthesized from three key intermediates (1, 2, and 3), each of which was prepared in stereochemically pure
form. The stereochemistry of intermediates 2 and 3 was predefined by using enantiomerically pure epoxide starting materials. The
final ELVs (4) were assembled via iterative couplings of intermediates 1, 2, and 3 and were isolated as methyl esters (Me) or sodium
salts (Na). B: 32:6n3 (red line), endogenous mono-hydroxy-32:6n3 (green line), and ELV-N32 (blue line) are shown with the ELV-N32
standard (purple). Multiple reaction monitoring of ELV-N32 shows two large peaks eluted earlier than the peak when standard ELV-
N32 was eluted, displaying the same fragmentation patterns (shown in the insert spectra), suggesting that they are isomers. C:
Chromatogram for full daughter scans for ELV-N32 (red line) and ELV-N34 (blue line). D: Fragmentation pattern of ELV-N32. E:
Same features as in (B) for 34:6n3 and ELV-N34. F: UV spectrum of endogenous ELV-N34 showing triene features. G: Fragmentation
pattern of ELV-N32. H: Full fragmentation spectra of endogenous ELV-N32 and (I) the ELV-N32 standard shows that all major peaks
from the standard match to the endogenous peaks. However, endogenous ELV-N32 has more fragments that do not show up in the
standard, suggesting that it includes different isomers. J: For ELV-N34, full fragmentation spectra of endogenous ELV-N34 peaks
match up with the standard ELV-N34 (K), also suggesting the existence of ELV-N34 isomers. Reproduced, with permission, from
Scientific Reports (25). ELV, elovanoid; RPE, retinal pigment epithelium.

metabolism, proliferation, apoptosis, and senescence
(45). Prohibitin regulates the signaling of membrane
transport, control of transcription activation, and the cell
cycle, whereas the mitochondrial prohibitin complex
stabilizes the mitochondrial genome and modulates
mitochondrial dynamics, morphology, biogenesis, and

neuroprotectin DI (NPDI) boosts Iduna abundance in
RPE cells when exposed to UOS (43).

ELVs upregulated prohibitin (type-1) in these RPE
cellsundergoing UOS, which is relevant to the biology of
senescence and cell survival. Prohibitins are ubiquitous,
evolutionarily conserved proteins that form a ring-like,

high-molecular-mass complex at the inner membrane
of mitochondria and other cellular compartments
(29-31, 44). In addition, they are also involved in energy
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the intrinsic apoptotic pathway (44). Therefore, by elic-
iting its activity, at least one of the ELV targets, the
intracellular abundance of prohibitin (type-1), might
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gation in the inner segment of photoreceptor cell (PRC) by Elongation of Very Long chain fatty acids-4 (ELOVL4) to VLC-PUFA
(very long-chain PUFA) and incorporation into PC molecular species, which contains DHA at sn-2. During daily PRC outer segment
renewal, these PC molecular species interact with rhodopsin and, after shedding of the PRC tips and phagocytosis, become part of
retinal pigment epithelium (RPE) cells. Uncompensated oxidative stress (UOS) or other disruptors of homeostasis trigger the release
of VLC-PUFAs. 32:6n3 and 34:6n3 are depicted generating hydroperoxyl forms, and then elovanoid (ELV)-N32 or ELV-N34,
respectively. B: The pool size of free 32:6n3 in retinas of AdipoR1 KO mice (red) is decreased as compared with that in wild type
(WT) (blue). Insert (1) shows ELV-N32 in KO (red) and WT (blue); insert (2) shows monohydroxy 32:6n3, the stable derivative of the
hydroperoxyl precursor of ELV-N32, in WT (blue) and lack of detectable signal in the KO (red). C: Similarly, the pool size of free
34:6n3 in retinas of AdipoR1 KO mice (red) is decreased as compared with that in WT (blue). Insert (1) shows ELV-N32 in KO (red)
and WT (blue); insert (2) shows mono-hydroxy 34:6n3, the stable derivative of the hydroperoxyl precursor of ELV-N34, in WT (blue)
and lack of detectable signal in the KO (red). D: RPE cells sustain PRC functional integrity (left); right, the ablation of AdipoRl
switches off DHA availability, and PRC degeneration ensues. Reproduced, with permission, from Scientific Reports (25).

provide a mode of exploration to control undesirable
consequences of cellular aging.

ELVs PROTECT RPE CELLS AND SUSTAIN PRC
INTEGRITY

PUFA elongation in the inner segment of PRC by
ELOVLA4 leads to the biosynthesis of VLC-PUFAsn-3
and their insertion at the sn-1 of PC for PRC disk mem-
branes. Thereafter, phagocytosis occurs when these
unique, plasma-membrane molecular species arrive at
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the RPE, and if the eye is under conditions of stress, these
VLC-PUFAs are cleaved by phospholipase Al (PLAI) for
the synthesis of monohydroxy and dihydroxy VLC-
PUFAs (ELVs) to activate ELV synthesis (Fig. 3). Light-
induced oxidative stress in mouse retinas triggers the
production of free 32:6n3 and 34:6n3, as well as their
monohydroxy and dihydroxy derivatives (Fig. 3).
Therefore, the lack of the VLC-PUFAnn-3 precursor
DHA results in retinal degeneration (26), preceded by a
remarkable downregulation of the free VLC-PUFA n-3
molecular species and ELV biosynthesis. These

5
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Fig.4. ELV-N32and ELV-N34 enhance abundance of pro-homeostatic proteins and decrease abundance of cell damaging proteins
in RPE cells under UOS. ELV-N32 or ELV-N34 indicates the sodium salt forms, and ELV-N34-Me or ELV-N32-Me indicates the
methyl ester forms. ELVs induces the following effects in ARPE-19 cells undergoing UOS: (A) Concentration-dependent (100 and
250 nM) upregulation of SIRTL The results are the averages of three independent experiments; (B) upregulation of Iduna abun-
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BAX, (E) BID and (F) BIM. G: Concentration-dependent (100 and 250 nM) upregulation of Prohibitin (type-1) by ELVs takes place. H:
Concentration-dependent (50, 100, 250, and 500 nM) reduction of UOS-induced apoptosis. Error bars, SEM; *P < 0.05. Reproduced,
with permission, from Scientific Reports (25). ELV, elovanoid; RPE, retinal pigment epithelium; SIRTI, sirtuin-1; UOS, uncompensated

oxidative stress.

observations support the concept that VLC-PUFAsn-3
are precursors of novel bioactive mediators that elicit
prohomeostatic protective bioactivity.

Mutant ELOVL4 causes juvenile macular degenera-
tion and other neurological conditions. Among the
proposed mechanisms for PRC degeneration caused by
mutant ELOVL4 is the loss of its C-terminal endo-
plasmic reticulum retention signal, leading to protein
mislocalization of the truncated ELOVL4 protein that,

6 ] Lipid Res. (2021) 62 100058

in turn, causes cellular stress that leads to PRC death.
The data presented here suggest an alternative mech-
anism for the deleterious effects of mutant ELOVL4,
which would limit the occurrence of VLC-PUFA,n-3 in
the Cl position of phosphatidylcholines (PCs) and
sphingolipids. Thus, VLC-PUFAsnn-3 are converted to
the corresponding ELVs, which are protective in cell
survival under UOS conditions. Under continuous
stress, the RPE and retina might need ELVs to sustain
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the functional integrity of RPE cells and the overall
function of PRCs: vision.

The bioactivities of ELV-N32 and ELV-N34 include
some unique features. In addition to their potent neu-
roprotective actions, these lipid mediators (a) are cell-
selective, (b) involve a relationship between PRC and
RPE cells that is necessary for vision, (c) are derived
from VLC-PUFAn-3, the biosynthesis of which is
regulated by a PRC-specific enzyme, ELOVLA4, and (d)
have precursor FAs (VLC-PUFA;n-3) that are posi-
tioned as acyl chains at position Cl of the PC, unlike
DHA (the precursor of NPDI1), which is incorporated at
position C2. Because they are derived from an alter-
native FA precursor regulated by ELOVL4 and stored
at an alternative phospholipid position, the ELVs are
likely to involve an alternative activation pathway for
exerting their neuroprotective bioactivity in the retina.

Another significant question raised by our novel
findings is as follows: Which signaling mechanism tar-
gets the novel PC molecular species that appears in RPE
cells after shedding and phagocytosis? The PC molec-
ular species in the RPE cell stores precursors of two
lipid mediators, DHA in the C2 position and VLC-
PUFAs 32:6n3 or 34:6n3 (the precursors of ELV-N32
and ELV-N34) in the CI position. The PC molecular
species is targeted for the release of the acyl chains at
Cl and C2 when confronted with UOS, as in the onset
of retinal degenerations. The new ELVs reported here
provide a novel autocrine/paracrine prohomeostatic
RPE signaling that aims to sustain PRC and RPE cell
integrity, thus revealing the potential for developing
novel therapeutic approaches for retinal degenerations.

MEMBRANE-TYPE FRIZZLED-RELATED
PROTEIN AND ADIPORI1 PRESERVE PRC
INTEGRITY BY THE REGULATED UPTAKE AND
DISTRIBUTION OF DHA

The genetic deletion of the Adiporl gene blocks the
ability to take up and incorporate DHA in the PRC and
RPE, resulting in the loss of PRC and retinal degenera-
tion (26, 46). Most recently, it was found that a second
protein, membrane-type frizzled-related protein
(MFRP), is also engaged in DHA retention. MFRP is a
glycosylated transmembrane protein with an extracel-
lular frizzled-related cysteine-rich domain (47, 48) that
recognizes frizzled Wnt receptors (48, 49), plays a role in
cell fate and development (47,49),and is expressed in the
RPE and ciliary bodies (48). Moreover, gene mutations
encoding this protein are associated with PRC degener-
ation. Mfip™ results from a 4 bp deletion in a splice
donor sequence leading to exon 4 skipped and finally a
truncated protein and retinal degeneration (48). These
mice present subretinal space macrophage infiltration
(50-52) similar to flecked retinal diseases (53) as human
retinitis punctata albescens (52, 54). MFRP protein function
still is not clearly defined (46, 55). It is of interest that
mutations of Adipor! display phenotypic analogies with
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those of Mfip (46). The Mfip "° mice lack RPE ADIPOR1
(46). A question here is whether the RPE ADIPORI
shortage might trigger the onset of photoreceptor
degeneration in rd6 mice (46).

The mutations of Mfip and Adipor] yield a similar
transcriptomic signature, lipidome conformation, and
cell function (Figs. 5-7). Sensitive and specific MALDI
imaging mass spectrometry has allowed mapping of the
untargeted in situ spatial distribution of the molecular
species of phospholipids, complemented with LC-MS/MS
quantification and detailed characterization. Optical
coherence tomography imaging and electroretinograms
(ERGs) have allowed assessment of retina structure
and function. Transcriptomic approaches define gene
signatures involved in PRC degeneration in the Mfip™®
mouse and establish analogies and differences with the
AdiporI””~ mouse, preceding PRC degeneration (Figs. 6
and 7).

It is of interest that a single amino acid mutation of
Adipor]l has been found to underlie a sizable group of
retinitis pigmentosa patients (58, 59). Also, polymorphisms
of Adipor]l occur in age-related macular degeneration
(AMD) (60) and other forms of retinal degenerations.

The deletion of Mfip or Adipor] results in (a) flecked
retina and the onset of PRC death; (b) ERG attenuation;
(c) perturbed ability to take up and incorporate DHA in
RPE and PRC, which consequently leads to a perturbed
retinal lipidome; and (d) transcriptomic signature mod-
ifications with enhanced proinflammatory cytokine
pathways. However, each mutation has some differences
(57). Overall, MFRP and ADIPORI preserve PRC integ-
rity by a regulated enrichment and distribution of DHA.
The modification of DHA pool size and distribution
affects the synthesis of VLC-PUFAs that supply the
precursors for prohomeostatic ELVs. Therefore, the
maintenance of a balanced DHA /VLC-PUFA relies on
MFRP and ADIPORI, which safeguard proper attain-
ment and distribution of key lipids from the RPE to the
PRC that are necessary to sustain sight and function at
the onset of AMD and other retinal degenerations.

To maintain PRC functions, membrane phospholipids
provide an environment for phototransduction to pro-
ceed and precursors of biologically active lipid media-
tors in the inner segment of PRC, as well as in the RPE
(25, 27). Therefore, a tight balance on retinal lipidome
homeostasis must be maintained because UOS affects
highly unsaturated FAs, forming DHA protein adducts
that contribute to retinal degeneration (61). Overall, a
healthy retinal lipidome is essential for PRC function
within a highly stressful environment of bright light,
high-oxygen demands, and an abundance of PUFAs,
which are highly susceptible to oxidative damage (8, 27).

ELVs PROTECT RPE CELLS AND, IN TURN,
SUPPORT PRC INTEGRITY

DHA or EPA elongation in the inner segment of PRC
by ELOVL4 leads to VLC-PUFAsn-3 biosynthesis and

Elovanoids protect retinal cells and photoreceptors 7
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Fig. 5. MALDI IMS reveals loss of PC containing 22:6 and VLC-PUFAs in the outer nuclear layer of Mfip™® and Adiporl™’~ retinas.
A: Whole eyes embedded in gelatin (1), frozen, cryo-sectioned, 20 pm, collected on alternating glass slides (for H&E) and coverslips
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horizontal and vertical movement) and analysis. Image spot consisted of a collection of one second of data acquisition. Image
processing (8). B: H&E sections of adjacent MALDI section for WT, AdiporI™’~, and the Mfip™ mice. C: Lipid markers for uvea/RPE
(m/z 738, red, R), PRC (m/z 756, green, G), and inner retina (m/z 760, blue, B). D: n-3 containing PC (22:6/22:6), m/z 900 (green) is
present in WT but absent in AdiporI™~ and Mfip™® retinas. E: n-6-containing phospholipids compensate D. Here, PC (18:0/20:4 n-6,
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esterification at the sn-1 of PC. However, under condi-
tions of stress, these VLC-PUFAs are cleaved by PLA1
for the synthesis of dihydroxy VLC-PUFAs (ELVs)
(Fig. 3A). Light-induced oxidative stress in mouse ret-
inas triggers the production of free 32:6n3 and 34:6n3,
as well as their monohydroxy and dihydroxy de-
rivatives (Fig. 3A). In AdipoR1 KO mice, no detectable
amounts of these molecules were found (Fig. 3B, C, red
curves). Also, the lack of the VLC-PUFA,n-3 precursor
DHA results in retinal degeneration (Fig. 3D) (26), pre-
ceded by a remarkable downregulation of the free
VLC-PUFA,n-3 molecular species and ELV biosyn-
thesis. These observations support the hypothesis that
VLC-PUFAsn-3 are precursors of novel bioactive me-
diators that elicit prohomeostatic protective bioactivity.

ELVS TARGET PRC/RPE SENESCENCE GENE
PROGRAMMING, THE SENESCENCE SECRETORY
PHENOTYPE, AND THE EXTRACELLULAR
MATRIX: IMPLICATIONS TO AMD, ALZHEIMER'S
DISEASE, AND OTHER PATHOLOGIES

Oligomeric amyloid-p (OAp) triggers apoptosis-
mediated cell death in PRC and in the brain. We re-
view here how ELVs prevent both OAp-induced
senescence gene programming in RPE as well as OAp-
induced PRC apoptosis (62). Moreover, sluggish proho-
meostatic lipid mediator pathways preceding PRC
death in the 5xFAD mice take place. At the same time,
decreased content of PC molecular species in RPE
(particularly those containing VLC-PUFAs) and in
retina (those containing DHA and VLC-PUFAs) takes
place. The pool size of free VLC-PUFAs and stable
derivatives of precursors 27- and 29-monohydoxy and
of ELV-N32 and ELV-N34, respectively, were depleted
in 5xFAD mice (62). These changes reflect retina in-
sufficiencies in key enzymes of the synthesis of pro-
homeostatic/neuroprotective NPD1 and ELVs without
the evidence of PRC damage or loss but clearly display
ERG impairments. ELV administration effectively
counteracts cytotoxicity against subretinal adminis-
tered OAP in WT mice, leading to RPE tight junction
disruptions followed by PRC cell death. OAp markedly
activates a senescence gene program reflected by the
enhanced expression of Cdkn2a, Mmpla, Trp53, Cdknla,
Cdknlb, Il-6, and of senescence-associated secretory

phenotype (SASP) secretome, followed by RPE and
PRC death (62). ELV-N32 and ELV-N34 blunt these
events and elicit protection to both cells. The RPE cell is
terminally differentiated and originated from the
neuroepithelium. In this connection, senescent neurons
in aged mice and Alzheimer's disease (AD) models (50)
and astrocytes (51, 52) also express senescence programs
and develop secretory SASP that fuel neuro-
inflammation in nearby cells (53-55). This is likely the
case in the PRC/RPE, where neighbor cells may be
targeted by SASP neurotoxic actions, inducing PRC
paracrine senescence. Therefore, SASP from RPE cells
may be autocrine and paracrine, altering the homeo-
stasis of the extracellular microenvironment, the IPM
in this case (Fig. 8). Furthermore, ELVs restore the
expression of the extracellular matrix remodeling
matrix metalloproteinases altered by OAf. As an
outcome, an inflammaging milieu (low-grade, chronic
inflammatory process) contributes to the loss of func-
tion associated with aging (58), age-related pathologies
(58), AMD, and likely AD.

CONCLUDING COMMENTS AND FORWARD-
LOOKING PERSPECTIVE ON QUESTIONS THAT
REMAIN TO BE ANSWERED

Physiologically, DHA is beneficial and required for
RPE and PRC function. A big question that remains is
how all of this fits together. Here, we review data that
support that DHA is important for retina function (5,
63-65). Up to 50% of the PRC's phospholipids are a mo-
lecular species of PC, which contain DHA (22C) at the sn-2
and VLC-PUFAsn-3 (> 28 carbons, derived from DHA) at
the sn-1 position. These PCs are strongly associated with
opsin (10, 66-69), and the high degree of unsaturation of
these PC molecular species creates a fluid environment in
the PRC disk membrane for conformational changes
required by opsin function in phototransduction. After
the daily shedding of PRC tips and RPE phagocytosis, disk
membrane packets are disassembled in the phag-
olysosomal system, and the DHA-containing molecules
are recycled back to the PRC inner segments for the
biosynthesis of PC and reinsertion into new disk mem-
branes. Importantly, a DHA-restricted diet in subhuman
primates (70, 71) takes several generations to deplete
retinal DHA. DHA depletion studies in rodents have

m/z 832, green) is reduced in WT PRC, but still abundant within the inner retina while present within PRC of Adiporl™~ and Mfip™.
F:22:6 is elongated to produce VLC-PUFAs. WT retina contains 34:6 within PC(34:6/22:6); 34:6 is indicated by the white label, whereas
the AdiporI™’~ and the Mfip’*® mice show no 34:6. G: The merge of C and F illustrates the location of 34:6 just inside the uvea/RPE
marker (red) at the outer region of PRC (green) in WT, but no label within mutant retinas (absence of 22:6). H: Diagram on retinal
location of c color markers. Double inset within each retina image is an enlargement of MALDI label and the corresponding area
from H&E in b, indicated by boxes. N = 3 for each condition. I: LC-MS/MS quantitative PC molecular species distributions in bar
graphs for retina (top) and RPE (bottom). 22:6-containing PCs, which are abundant in PRC outer segments, are reduced in Adiporl™/~
and Mfip™ retinas and RPE, especially PC 44:12 and PC 56:12 (yellow insets). Student's ~test (P < 0.05). J: Retention time of negative
ion mode of PC 56:12 (M + CH3COO) at m/z = 1104.6 (top) matches with positive ion mode (M + H+) at m/z = 1047.7, confirming that
m/z = 1046.7 measured in MALDI is from PC 56:12 (M + H+). K: Full fragmentation spectrum of PC 56:12 (M + CH3COO-)
measured in negative mode shows composition of PC 56:12 (34:6/22:6). Reproduced, with permission, from the Federation of American
Societies for Experimental Biology (57). IMS, imaging mass spectrometry; PRC, photoreceptor cell; RPE, retinal pigment epithelium; VLC-

PUFA, very long-chain PUFA.
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Fig. 6. Differential MALDI spectra reveal compensatory PCs generated in AdiporI™’~ and the Mjip™ retina. Difference spectra show

relative abundances detected by MALDI IMS. A: Molecules more abundant in WT retina versus AdiporI™’~ retina are presented in the
upper part of the graph, while molecules more abundant in the AdiporI’~ retina are displayed at the bottom. 22:6- and/or VLC-
PUFA-containing PCs are much more abundant in WT while 20:4-containing PCs are increased in the mutant retina. The regions from
which the spectraare extracted are shown in the insets Hand E (top) and MALDI (bottom), showing PC40:6 (m/z = 856.6, red) and PC38:4
(m/z=8326,green). B: The difference spectra of Mfip™®to WT. C: The difference spectra of AdiporI™’~ to Mfip™. Inset images show that
in both mutants, the PRClayers contain both PCs 40:6 and 38:4 (yellow), whereas WT has clear separation of the two PCs species between
PRC layer and inner retina layer. Reproduced, with permission, from the Federation of American Societies for Experimental Biology (57). IMS,
imaging mass spectrometry; PRC, photoreceptor cell; VLC-PUFA, very long-chain PUFA.

shown that reduced DHA results in decreased efficiency
in rhodopsin's ability to capture a photon and initiate the
visual cycle, and the efficiency of the associated G-pro-
tein is also reduced.
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DHA is necessary for the synthesis of the proho-
meostatic/neuroprotective mediators: NPD1 and ELVs
(Fig. 1). When VLC-PUFAs are released by PLAI they
can enter into the pathway to form ELVs. PLA2
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cleavage of DHA leads to the synthesis of docosanoids;
the most prominently studied is NPD1. The other side
of the coin is that, under pathological conditions, DHA
peroxidation and DHA-derived protein adducts are
participants of retinal degeneration. The process of
DHA peroxidation leads to the conversion of protein
adducts and results in PRC damage (72). Thus,
enhanced ferroptosis and peroxidation products accu-
mulate, and the RPE cells are affected initially with
subsequent PRC demise because they depend on the
RPE for survival. Two keys in this dependency are the
successful elongation of DHA to VLC-PUFAs and the
readiness to form protective ELVs from the VLC-
PUFAs.

Dietary DHA (or derived from dietary 18:3n3) is
supplied to tissues by the liver and captured by Adi-
poR], followed by elongation in the inner segment of
PRCs by ELOVL4 to VLC-PUFA,n-3 and incorporation
into PC molecular species, which are also endowed with
DHA. ELOVLA4 uses EPA as a preferred substrate (20),
in spite of the fact that the abundance of EPA is very
low in the retina compared with DHA. Retroconversion
of DHA to EPA in peroxisomes and EPA generated by
this reaction might form the 26C PUFA that is the
substrate for ELOVL4 (20). During daily PRC outer
segment renewal, these PC molecular species interact
with rhodopsin (66) and, after shedding and phagocy-
tosis, become part of the RPE cells. UOS or other
disruptors of homeostasis triggers the release of VLC-
PUFAs. 32:6n3 and 34:6n3 generate a hydroperoxyl
intermediate and then an ELV-N32 or ELV-N34,
respectively.

ELVs are the first known lipid mediators from VLC-
PUFA,n-3 that are biosynthetic derivatives of elongase
ELOVLA4. The structure and stereochemistry of ELVs
N32 and N34 were established (Fig. 2). ELV synthesis is
eliminated in mice retinas with genetically ablated
AdipoR1, implying the requirement of DHA for their
formation (25). ELVs are biosynthesized in human RPE
cells and have protective functions in RPE cells un-
dergoing UOS (25). The protein targets of ELVs in RPE
cells uncovered prohomeostatic functions and previ-
ously unknown pathways for preserving PRC integrity.
ELV biosynthesis comprises an alternative activation
pathway from VLC-PUFAn-3 located at sn-1 of PC,
whereas DHA is located at sn-2. It is of interest that the
storage of the ELV precursors seems to be mainly PC,
because sphingomyelin or other phospholipids, such as
PE and PS, do not seem to be involved (25).

Overall, VLC-PUFA n-3 availability is needed to sus-
tain prohomeostatic events and RPE cytoprotection.
The synthesis of the novel lipids biosynthesized under
these conditions was defined, including the S-precursor
and the stable analogs of hydroxyl-derivatives (8). The
novel ELV bioactive lipids (ELV-N32 and ELV-N34)
involve the prior release of either 32:6n3 or 34:6n3
from the Cl position of PC. Because this phospholipid
molecular species also has DHA at sn-2, we suggest that
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NPDI also can be made from the same phospholipid
reservoir. Thus, we review here a different signal
bifurcation mechanism to sustain PRC and RPE cell
integrity, supported by the observation that genetic
ablation of AdipoRlI results in the depletion of these
molecular species.

SASP from RPE cells may be autocrine and para-
crine, altering the homeostasis of the IPM microenvi-
ronment (Fig. 8) as a consequence, creating an
inflammatory milieu that contributes to loss of func-
tion associated with aging (58), age-related pathologies
(58), AMD, and likely AD. Furthermore, ELVs restore
expression of extracellular matrix remodeling matrix
metalloproteinases altered by OA treatment, pointing
to an additional disturbance in the IPM. The inflam-
mation set in motion may be a low-grade, sterile,
chronic proinflammatory condition similar to inflam-
maging that is also linked to senescence of the immune
system (58).

Among the questions that remain unanswered are
the following: (a) Which signals trigger VLC-PUFA
release by PLAI? Is there a concerted regulation to
activate the ELVs pathway with signals that modulate
PLA2 cleavage leading to the synthesis of docosanoids
(eg., NPD1)? Do neurotrophins modulate these path-
ways, as in the case of pigment epithelium-derived
factor (and other neurotrophins) for NPDI synthesis
(2)? Are there synergies in the biological activity of
NPDI (or other docosanoids) and ELVs? These diver-
gent pathways would involve regulation by PRC-
specific phospholipases Al and A2 as a novel neuro-
protective event. (b) Are the DHA requirements during
function or repair (after ischemic injury or neurode-
generative disorders) met by a signal sent by the brain
or retina to the liver to evoke the secretion of DHA-
containing lipoproteins (7)? (c) It is also unclear
whether the ELVs that targeted gene transcription
(Fig. 8) inform novel unifying regulatory mechanisms
to sustain health span during aging and neurodegen-
erative diseases. (d) Is there a concerted expression/
function of ADIPORI and MFRP in so far as retention
and metabolism of ELVs and docosanoids? (e¢) Do VLC-
PUFAs recycle like DHA between PRC and RPE? (f) Do
VLC-PUFAsn-3 undergo peroxidation and formation
of VLC-PUFA-derived protein adducts that fuel retinal
degeneration, as is the case with DHA?

This overview summarizes lessons learned from
evolving novel molecular targets for neuroprotection.
The N32 and N34 ELVs provide a novel autocrine/
paracrine  prohomeostatic signaling for neuro-
protection. As an example, SASP from RPE cells may be
autocrine and paracrine, altering the homeostasis of the
IPM microenvironment (Fig. 8) as a consequence,
creating an inflammatory milieu that contributes to loss
of function associated with aging (58), age-related pa-
thologies (58), AMD, and likely AD. Several forms of
retinal degenerative diseases, including retinitis pig-
mentosa and other inherited retinal degenerations, may

Elovanoids protect retinal cells and photoreceptors 1
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Fig.7. The expression of inflammatory markers is increased and visual system markers decreased in Adiporl™’~ and Mfip™. A: Heat
map illustrating the hierarchical clustering of 88 target genes for the retinas of Adiporl™’~ (n = 6), Mfip’"® (n = 5),and WT mice (n = 6).
Color key represents row scaling of normalized fold-change (FC) expression values from RT-qPCR. B: Box-plots representation of
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Fig.8. ELVseffect on oligomeric amyloid-p (OAp)-induced RPE and PRC damage. A: OAp induces a senescence gene program and
disrupts RPE tight junctions. OAp penetrates the retina, causing PRC cell death in our in vivo WT mice study, as reflected in less
outer nuclear layer (ONL) nuclei (Fig. 5 from Do et al. (62)). OAp activates the senescence-associated secretome (SASP) that con-
tributes to perturbing the interphotoreceptor matrix (IPM), triggering inflammaging in PRC and also likely in Mueller glia, which
limits the IPM. Therefore, senescence paracrine expression takes place. ELVs restore RPE morphology and PRC integrity. B: OAp
induces expression of senescence, autophagy, matrix metalloproteinases, and age-related macular degeneration (AMD)-related
genes in the RPE and apoptosis genes in retina in addition to pl6™%*? protein abundance. ELVs downregulated the OAp-gene
inductions and p16™%** protein abundance. Pathways for the ELV synthesis are outlined. Reproduced, with permission, from the
Proceedings of the National Academy of Sciences of the United States (62). ELV, elovanoid; PRC, photoreceptor cell; RPE, retinal pigment
epithelium.

sets. Top pathways resulting from the upregulation of genes in Adiporl™/~ retina (E) or Mfip'* retina (F) compared with the WT or

common upregulated (G) or downregulated (H) genes in both mutant retinas. Student's +test was used. *P < 0.05, ¥P < 0.01, ¥*p <
0.001, ¥*%p < 0.0001, NS = not significant. Error bars represent standard deviation. When there was no statistical difference in the
mutant data sets compared to the WT, statistic bars were not added. Reproduced, with permission, from the Federation of American
Societies for Experimenial Biology (57). RPE, retinal pigment epithelium.
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underlie these mechanisms, and ELVs might halt the
onset or slow down disease progression. Although
further research is needed, overall, there is potential
for ELVs as therapeutic avenues and insights for the
development of new therapeutics for AMD, AD, and
other pathologies. B
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