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Fatty acid oxidation and photoreceptor metabolic needs
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Abstract Photoreceptors have high energy demands
and a high density of mitochondria that produce ATP
through oxidative phosphorylation (OXPHOS) of fuel
substrates. Although glucose is the major fuel for CNS
brain neurons, in photoreceptors (also CNS), most
glucose is not metabolized through OXPHOS but is
instead metabolized into lactate by aerobic glycolysis.
The major fuel sources for photoreceptor mitochondria
remained unclear for almost six decades. Similar to
other tissues (like heart and skeletal muscle) with high
metabolic rates, photoreceptors were recently found to
metabolize fatty acids (palmitate) through OXPHOS.
Disruption of lipid entry into photoreceptors leads to
extracellular lipid accumulation, suppressed glucose
transporter expression, and a duel lipid/glucose fuel
shortage. Modulation of lipid metabolism helps restore
photoreceptor function. However, further elucidation
of the types of lipids used as retinal energy sources, the
metabolic interaction with other fuel pathways, as well
as the cross-talk among retinal cells to provide energy to
photoreceptors is not fully understood. Bl In this review,
we will focus on the current understanding of photore-
ceptor energy demand and sources, and potential future
investigations of photoreceptor metabolism.

Supplementary key words lipid metabolism « mitochondrial fuel
- retina

PHOTORECEPTOR FUEL SOURCES

Light responsive retinal rod and cone photoreceptors
(Fig. 1) require high energy production for maintenance
of the “dark current,” for phototransduction and for the
10% daily replacement of shed photoreceptor outer seg-
ments (I-3). During phototransduction, photons are con-
verted into electrical impulses. In the light, sodium (Na™*)
ion channels close to hyperpolarize photoreceptor mem-
branes, leading to the suppression of glutamate release
and photoreceptor excitation. In the dark, more than half
of photoreceptor energy is used to maintain a steady flow
of Na* into the cell (the dark current), allowing cellular
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depolarization and glutamate release, and thus inhibition
of photoreceptor excitation (4-6). Photoreceptors also
shed distal outer segments daily (rich in lipids vulnerable
to damage from light and oxidation). Continuous shed-
ding of “used” outer segment discs and replacement with
newly assembled discs is critical to maintain normal
photoreceptor function (7). The inner segments of rods
and cones has been identified as a site of phospholipid
synthesis in frogs injected with radioactive glycerol (8).
Both retinal pigment epithelium (RPE) and Miiller glial
cells are involved in the support of outer segment renewal
(9-12),although retinal lipid processing in these cells is not
yet fully understood.

Although retinas are known to be a high energy-
demanding tissue, with a very high density of mitochon-
dria, retinal fuel sources are not yet clearly delineated. We
know however that aerobic glycolysis of glucose is
important. In the retina and tumors, glucose is mostly
metabolized into lactate by glycolysis rather than through
oxidative phosphorylation (OXPHOS) for energy pro-
duction (13-16). In addition, glucose can also be converted
to carbon dioxide, glutamate, y aminobutyrate, aspartate,
glutamine, and traces of alanine in the retina (17). It is
important to note that both aerobic glycolysis and respi-
ration are approximately doubled in mature versus
immature rat or rabbit retinas, possibly because of
increased differentiation and better intercellular
connection of the visual cells (17). (Fig. 2). Photoreceptors
express high levels of hexokinase II and pyruvate kinase
M2, as well as lactate dehydrogenase subunit A, which
favor the conversion of pyruvate to lactate (18-22).
Glycolytic intermediates and the regulation of glycolytic
rate are crucial for outer segment biosynthesis (21). Only
20% of glucose is oxidized and 80% is used for glycolysis
in pig retinal explants (13) so there must be alternate fuel
sources for OXPHOS in the retina. Photoreceptors are
capable of taking up and metabolizing lactate when
glucose is scarce (23-25). Dystrophic versus normal rat
retinas show a marked depression in incorporation of
["*Clglycine into total protein before differentiation of
the tissue has begun, both in vivo and in vitro (26). The
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pentose phosphate pathway, a metabolic pathway parallel
to glycolysis, is highly active in dystrophic retinas
throughout early development and progression of the
lesion (26). Recently palmitate (C16:0) has been shown to
be a fuel substrate for mitochondrial energy production
(27). Knowledge of the types of fatty acids that have
impact on photoreceptor metabolism is still very limited.

RETINAL LIPID COMPOSITION

Photosensitive discs in rod outer segments consist of
proteins and lipids that are primarily phospholipids
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Fig. 1. Schematics of rod and cone photoreceptor
structure. A: Photoreceptor consists of outer
segment, inner segment, nucleus, and synaptic vesi-
cles. Inner segment (IS) consists of mitochondria-
rich ellipsoid and ER/Golgi complex-rich myloid.
Outer segment (OS) is rich in lipids and undergoes
shedding daily. B: An electron micrograph of a
partial human cone photoreceptor [reprinted with
permission from (150)]. IS ellipsoid is densely packed
with mitochondria. In OS, the stacked discs are
clearly visible. A narrow gap is visible between the
distal IS membrane and proximal discs of the OS
(yellow arrow). If this gap is an artifact of tissue
preparation for electron microscopy or whether it
corresponds to a region of interstitial fluid that
separates the IS and OS is unknown.
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(90-95%) and cholesterols (4-6%) (7, 28). The composi-
tion of the phospholipid fatty acid chains in human
retina is not fully defined, but in the retina of healthy
seniors there are five major types of fatty acids: DHA
(22:6n3, 15.3%), AA (20:4n6, 11%), palmitic acid (16:0,
20.8%), stearic acid (18:0, 20.1%), and oleic acid (18:1n9,
13.8%) (29). DHA and AA are essential lipids that cannot
be synthesized in sufficient quantities by mammals and
are mainly acquired from the diet. DHA is found pri-
marily in oily cold-water fish such as salmon, sardines,
and mackerel, while AA is present in animal products
(meat and egg yolk) (30). The retina achieves

Fig. 2. Cellular metabolism of glucose. Glucose
enters cells through glucose transporter (GLUT)
and is converted to pyruvate. In the absence of
oxygen, pyruvate is converted to lactate and the
process is known as glycolysis. In the presence of
oxygen, pyruvate enters mitochondria and un-

~ dergoes TCA cycle. At the mitochondrial mem-
Oxaloacetate +  Acetyl-CoA brane, reduced electron carriers, NADH (and
FADH?2), from the TCA cycle pass their electrons
T Citrate to protein complexes (I to V) for ATP production,
Malate l a process known as OXPHOS.
T TCA Cycle /
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preferential accretion of DHA by three mechanisms: 1)
conserving and recycling of phospholipid-esterified
DHA in the shed rod outer segment disc via phagocy-
tosis by RPE (31-34), 2) uptake of dietary preformed
DHA from the circulation (34-36), and 3) a small
component from synthesis of DHA from o-linolenic
acid (18:3n3, dietary precursor of DHA) by RPE (37, 38).
Although the retina expresses elongases and A5/A6
desaturases necessary for biosynthesis of o-linolenic
acid to DHA, the rate of synthesis is low (39), and may
be inadequate to support the optimal DHA level in
photoreceptors. DHA is essential for the maintenance
of photoreceptor function and morphology, as well as
the inhibition of pathological retinal angiogenesis
(40-42). Supplemental DHA is associated with a lower
risk of proliferative retinopathy of prematurity (43).
AA is also an essential fatty acid and low circulating
levels of AA are associated with a higher risk of
developing vision-threatening retinopathy of prema-
turity in extremely premature infants (44).

Although studies of other fatty acids (palmitic acid,
stearic acid, and oleic acid) in retinal energy meta-
bolism and function are still lacking, we may gain
some fundamental understanding from their impact
on other tissues. Palmitic acid can be oxidized to
carbon dioxide (COg) in animal tissue with high
endogenous respiration (45). Human fetal tissues
(brain, lung, and liver) metabolize palmitic acid to
lipids and COs in vitro (46). These findings suggest
that palmitic acid can be a fuel substrate for mito-
chondrial energy production in some tissues. In
mouse retinas ex vivo, palmitic acid directly increases
the oxygen consumption rate, which reflects mito-
chondrial respiration (27). In rats with constant LED
light exposure, light-induced oxidative stress causes
reduction in retinal DHA levels, which in turn affects
the stearic acid composition and increases membrane
rigidity (47, 48). In general, decreased membrane ri-
gidity leads to increased cell metabolism and also
higher division rates (49). For example, in mammary
carcinoma, tumor-bearing rats in vivo, stearic acid
supplementation reduces the ratio of stearic to oleic
acid in erythrocyte membranes (49). Inhibition of
stearoyl-CoA desaturase, which catalyzes the conver-
sion of stearic acid to oleic acid, leads to tumor
growth delay in a human gastric cancer xenograft
model (50). Oleic acid plays a role in the balance and
transport of retinoids and fatty acids in the retina, as
it binds more strongly than does DHA to bovine
interphotoreceptor retinoid-binding protein (51). In
gastric cancer and breast cancer cells in vitro, oleic
acid activates AMP-activated protein kinase and en-
hances mitochondrial energy production (52). How-
ever, our knowledge of stearic and oleic acid in cell
function is mainly from a membrane property
perspective, and their impact on retinal metabolism
needs to be explored.
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Palmitate has been shown to be a mitochondrial
fuel substrate in ex vivo mouse retinas from mice
deficient in VLDL receptor (VLDLR) (27). VLDLR is
found abundantly in organs (heart, skeletal muscle)
with high metabolic rates (53). In heart and skeletal
muscle, fatty acids are oxidized to acetyl-CoA, which
enters the Krebs cycle for energy production in
mitochondria (53, 54). In the presence of oxygen, the
complete oxidation of one glucose molecule yields
30-32 ATP molecules, whereas one palmitate mole-
cule yields 106 ATP molecules. In the eye, VLDLR is
expressed in RPE and photoreceptors (27, 55, 56).
VLDLR facilitates lipid entry into the cell by
anchoring apolipoprotein E-triglyceride-rich lipopro-
teins and enables lipoprotein lipase to cleave long-
chain fatty acids from triglycerides (57, 58). VLDLR
deficiency leads to decreased uptake of fatty acids
and fatty acyl intermediates of p oxidation (27).
Palmitate supplementation increases oxygen con-
sumption in wild-type but not VLDLR-deficient
mouse retinas ex vivo; blocking carnitine palmitoyl-
transferase (CPT) (to block fatty acid entry into
mitochondria) with etomoxir prevents palmitate-
induced retinal oxygen consumption (27). These ob-
servations suggest that retinas can use lipids as direct
mitochondrial fuel substrates. Moreover, proteins
involved in fatty acid p oxidation have been reported
in RPE, photoreceptors, and Muller glial cells (59-62).
Genetic mutations in enzymes involved in fatty acid
oxidation pathways, such as trifunctional enzyme
subunit « (HADHA), trifunctional enzyme subunit
(HADHB), or long-chain 3-hydroxyacyl-CoA dehy-
drogenase, cause trifunctional protein deficiency, and
mitochondrial deficiency, leading to pigmentary ret-
inopathies and vision loss (63, 64). PPAR« (a nuclear
receptor) modulates lipoprotein lipase expression and
triglyceride metabolism (65). Loss of PPARa in mice
causes decreased lipid metabolism and neuro-
degeneration (66). Activation of PPARa with fenofi-
brate reduces the progression of diabetic retinopathy
by 30-40% as seen in two large-scale clinical trials
(FIELD and ACCORD Eye studies) (67, 68). In rodent
models of pathological retinal angiogenesis, fenofi-
brate reduces retinal neovascularization and retinal
vascular leakage (69, 70). Fenofibrate may also exert
retinal neurovascular protective effects and modulate
lipid metabolism as a CYP2C antagonist (71, 72).
CYP2C metabolites from ®-3 and ®-6 long-chain
polyunsaturated acids are pro-angiogenic in murine
models of proliferative retinopathies (73, 74). Taken
together, defects in fatty acid B oxidation pathways
may lead to energy deficiency in the eye and cause
retinal dysfunction. Further study is needed to
elucidate the modulation of retinal lipid use and its
role in retinal metabolic disorders.
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RPE and photoreceptors

RPE plays a vital role in maintaining photoreceptor
homeostasis and RPE metabolism is tightly linked to
that of photoreceptors. Cell culture models suggest that
lactate suppresses glucose consumption and enhances
transport of glucose across a monolayer of human RPE
cells in vitro (75), supporting the hypothesis that RPE
preferentially passes glucose to the photoreceptors (76).
Enhancing RPE glycolysis causes death in neighboring
photoreceptors in mice (77). In addition to the transport
of glucose to photoreceptors, circulating radioactive
[SH]palInitate and stearic acid taken up by RPE are
concentrated in oil droplets and in the cytoplasm of the
RPE, and then appear to be taken up by photoreceptor
outer segment membranes, with only minimal amounts
taken up in the inner segment that have high concen-
trations of mitochondria where fatty acid f oxidation
occurs (78). However, more recent studies suggest that
RPE cells are able to transfer fatty acids to
photoreceptors.

The RPE produces retinyl ester-containing lipid
droplets (retinosomes), replenishing the visual chro-
mophore 1l-cisretinal to ensure proper visual function
(79, 80). Lipid storage is dysregulated in some retinal
degenerative diseases such as age-related macular
degeneration (81, 82). In Drosophila and mouse retinas,
overexpression of RPE-specific fatty acid transport
protein induces lipid droplet accumulation and
increased energy metabolism in RPE and retinas (83).
Vesicles with comparable size to lipid droplets are
transferred from RPE to photoreceptors and found in
close association with photoreceptor mitochondria in
Drosophila retinas (83). These observations suggest that
RPE-derived lipid droplets may potentially provide
energy substrates for photoreceptors. Interestingly, in
diverse vertebrate species (avian and Xenopus), there
are also local oil droplets (consisting of neutral lipids
and carotenoids) found within the inner segment of
cone photoreceptors. In chicken photoreceptors,
neutral lipids in oil droplets are composed of choles-
terols, mono-, di-, and triacylglycerols specifically
enriched for polyunsaturated fatty acids, including
linoleic acid and AA (84). These oil droplets may
modify the intensity and spectrum of light reaching the
photosensitive outer segment, but their function is not
fully understood. Further investigations into the role of
local lipid droplets in photoreceptor energy metabolism
are needed.

Ketone body metabolism is a significant contributor
to overall energy metabolism within extrahepatic tis-
sues in mammals (85). Ketone bodies are primarily
produced in the liver from fatty acid oxidation-derived
acetyl-CoA. Circulating ketone body levels increase af-
ter prolonged exercise or fasting (85). Ketone bodies D-
3-hydroxybutyrate (3HB), acetoacetate, and acetone
serve as energy sources during nutritional deprivation
(86). Primary human fetal RPE cells in vitro highly

4 ] Lipid Res. (2021) 62 100035

express mitochondrial HMG-CoA  synthase 2
(HMGCS2), the rate-limiting enzyme in ketogenesis, and
metabolize exogenous palmitate to produce 3HB (87).
RPE phagocytoses photoreceptor outer segments to
produce 3HB (88). RPE can take up and metabolize '*C-
labeled 3HB into tricarboxylic acid cycle (TCA cycle)
intermediates and amino acids (87). In an optic nerve
and central retinal blood vessel transection model,
exogenous 3HB protects against ischemic retinal
degeneration with enhanced antioxidative defense
through upregulating nuclear factor E2-related factor
2 (Nrf2) and Nrf2 activator fumarate (86). Ketogenesis
plays a key role in supporting RPE metabolism, pre-
venting lipid accumulation and protecting retinal
neurons.

Miiller glial cells and photoreceptors

Miiller glial cells span the entire retina and are in
direct contact with photoreceptors, with blood vessels
and with many other retinal neurons. The metabolic
impact of these cells is not fully understood. Many
studies (some seemingly contradictory) have used
in vitro Miller glial cells. Primary Muller glial cells
isolated from guinea pigs produce lactate which is
shuttled to photoreceptors for conversion to pyruvate
to fuel OXPHOS (24). Cultured primary human retinal
Miiller glial cells obtain ATP principally from glycolysis
and have a low rate of oxygen consumption in the
presence of glucose and oxygen (89). Conversely, pri-
mary Miiller glial cells isolated from mice are deficient
in pyruvate kinase (22). These cells produce little lactate
in culture but metabolize lactate and aspartate pro-
duced by photoreceptors (22). Enzymatic histochemistry
in mouse retina also shows that Miiller glia may rely on
the TCA cycle to generate GTP and P transferring ki-
nases to produce ATP to support glial cell energy re-
quirements (90). Cultured human Miiller glial cells
(MIO-M1) highly express glutamate transporters and
increase glutamate uptake in response to glucose
deprivation (91). Rat Muller glial cells (TR-MUL) are
able to convert glutamate to a-ketoglutarate in vitro
(92).

Glial cells promote synapse formation. In cultured
retinal ganglion cells, the frequency and amplitude of
spontaneous postsynaptic currents increases dramati-
cally after coculturing with glial cells (93, 94). This
process might be ApoE-dependent. ApoE is a compo-
nent of circulating plasma lipoproteins and involved in
local transport of cholesterol and other lipid transport
processes. Cholesterol is required for neuronal func-
tion, glia-dependent synapse formation, and visual
signaling because a high-cholesterol diet substantially
corrects the retinal abnormalities in a mouse model of
Smith-Lemli-Opitz syndrome with hereditary defects in
cholesterol biosynthesis (95). Cultured Miiller glia from
adult white rabbit synthesize ApoE, and the secreted
Apok is efficiently assembled into lipoprotein particles

SASBMB
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Fig. 3. Schematic of potential metabolic links among photo-
receptors and support cells. RPE cells may uptake: I) glucose
from the choroid and transport it to photoreceptors where
glucose is converted to lactate through glycolysis and then used
by RPE as metabolic fuel; 2) palmitate from the choroid and
convert it to ketone bodies, which are then used in photore-
ceptors as energy fuel. RPE may also transfer lipid droplets to
photoreceptors for energy production. Photoreceptors may
spare lactate to fuel Muller glial cells. Miller glial cells uptake
glutamate released from photoreceptors and convert it to
glutamine. Glutamine as well as lactate and lipoprotein from
Muiller glial cells may be transported to photoreceptors and
used as energy substrates. The metabolic links need to be
further validated. BM, Bruch’s membrane.

(96, 97). There is increased ApoE immunoreactivity in
Miiller glial cells from degenerative human retina (98),
in line with increased ApoE in response to brain insults

SASBMB

(99). ApoE is primarily produced in astrocytes and
microglia in brain (100). Loss of ApoE in mice is asso-
ciated with synaptic loss and neurodegeneration (101).
These observations suggest that Miiller glial cell-
derived lipoproteins might be a potential source of
lipids for photoreceptors for synapse formation and
energy production.

As noted, most Muller glial cell metabolic studies are
in vitro. It is difficult to extrapolate results from
in vitro studies that have loss of normal cell interaction
between Miiller glial cells and their connecting neurons
to Miller glial cell metabolism in vivo. In addition,
primary Muller glial cells in vitro are positive for GFAP,
which reflects Miiller glial cell gliosis under stressed
conditions (102, 103). Therefore, the metabolic proper-
ties of Muller glia and their relationship to photore-
ceptors in vivo need to be evaluated.

An overall metabolic link among photoreceptors and
their supporting cells (RPE and Muller glia) is summa-
rized (Fig. 3). However, further validation is needed
and exploration of other potential energy substrates is
ongoing.

LIPID HEMOSTASIS

Peroxisomal and mitochondrial § oxidation

Fatty acid breakdown through fatty acid p oxida-
tion occurs in peroxisomes (without ATP production)
and in mitochondria (with ATP production) in
mammals (Fig. 4). Peroxisomal degradation oxidizes
very long-chain monocarboxylic (>22 carbons) and
long-chain dicarboxylic fatty acids (104). Oxidation of
polyunsaturated fatty acids occurs faster in peroxi-
somes than in mitochondria (105). In order to enter
peroxisomes or mitochondria, long-chain fatty acids
(13-21 carbons) first need to conjugate to either CoA
(peroxisomes) or carnitine (mitochondria) outside the
organelle. The conjugated fatty acids are then im-
ported into organelles by ABC class D transporters
(peroxisomes) or carnitine-acylcarnitine translocases
(mitochondria). § oxidation degrades fatty acids into
acetyl-CoA, which enters the Krebs cycle and is
oxidized into COs and water. In addition, FADHs and
NADH are also released after p oxidation and Krebs
cycle processing, and then are used for energy pro-
duction by the mitochondrial electron transport
chain.

Anti-oxidant system

Mitochondria’s highly oxidizing microenvironment
is the largest source of ROS, including superoxide
anion, hydroxyl radical, hydrogen peroxide, and
singlet oxygen (106). For example, the superoxide
anion and hydroxyl free radicals have an unpaired
electron, which, in excess, can damage cell membranes
and lipoproteins (107). Hydrogen peroxide in excess
can also penetrate cell membranes and induce cell
death (106). To deal with excessive ROS, cells build

Lipids as photoreceptor energy source 5
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antioxidant enzyme defenses, including superoxide
dismutase, glutathione, and catalase (only in peroxi-
somes) (108). Oxidative stress is caused by an imbal-
ance between the production of ROS and the
antioxidant defense system and influences the devel-
opment and progression of multiple retinal disorders
including retinopathy of prematurity, age-related
macular degeneration, glaucoma, diabetic retinop-
athy, and retinal vein occlusion. Knockdown of su-
peroxide dismutase in RPE causes retinal dysfunction
and degeneration of the RPE, as well as the shortening
and disorganization of the photoreceptor outer and
inner segments (109). During aging, catalase activity,
but not superoxide dismutase activity, decreases in
both macular and peripheral RPE isolated from hu-
man donors (110). In diabetic rats, retinal superoxide
dismutase and catalase activity decreases by 40% and
32%, respectively (111). Glutathione, which degrades
hydrogen peroxide, is found in photoreceptor outer
segments, Miiller glial cells, and retinal horizontal
cells, as well as in RPE (112). Lutein, which is charac-
terized by its blue lightfiltering and anti-oxidant
properties, reduces retinal oxidative stress and exerts
neuroprotective effects in ischemic retinopathies
(113, 114).

6 ] Lipid Res. (2021) 62 100035

Fig. 4. Beta oxidation of fatty acids in peroxi-
somes and mitochondria. To enter the organelle,
long-chain fatty acids conjugate to either CoA
(peroxisomes) or carnitine (mitochondria); and
then the conjugated fatty acids are imported into
organelles by ABC class D transporters (peroxi-
somes) or carnitine-acylcarnitine translocases
(mitochondria). In the organelle, fatty acids go
through four consecutive reactions and are con-
verted to acetyl-CoA and acyl-CoA. Acetyl-CoA
later enters the TCA cycle for ATP production.

To modulate the anti-oxidant system and maintain
cellular homeostasis, the Nrf2 protects against oxidative
stress in photoreceptors and RPE (115, 116). Nrf2 is a
master antioxidant transcription factor, inducing the
expression of genes encoding enzymes involved in
detoxication, anti-oxidant production, carbohydrate
metabolism and NADPH regeneration, as well as lipid
metabolism (B-oxidation and lipases) (117). Adeno-
associated virus-mediated delivery of Nrf2 promotes
retinal neuronal survival in mouse models of photore-
ceptor degeneration and acute nerve damage (118, 119).
Targeting Nrf2 and its downstream antioxidant factors
may possibly benefit neurons in degenerating retinas.

Autophagy

Autophagy is a lysosome-dependent cellular degra-
dation process that scavenges cellular components in
response to environmental and cellular stress such as
nutrient starvation, infection, or excess ROS (120).
Autophagy processes protein aggregates, dysfunctional
organelles, intracellular pathogens, and storage nutri-
ents (glycogen and lipid droplets), thereby maintaining
cellular homeostasis. Autophagy provides sources of
energy and recycles building blocks for the synthesis of

SASBMB



macromolecules (120). In the retina, autophagy proteins,
including autophagy-related protein 9 (A9 and
microtubule-associated protein 1A/1B light chain 3
(LC3), are strongly expressed in cell layers with high
metabolic demand and a propensity for mitochondrial
damage, such as the ganglion cell layer, a subpopulation
of cells in the inner and outer nuclear layer (photore-
ceptors) as well as the RPE (121, 122). In photoreceptor
inner segments (rich in mitochondria), autophagy is
associated with lipofuscin granule accumulation (123).
Basal autophagy is essential to maintain rod integrity
and phototransduction (124); the lack of autophagy is
associated with retinal degeneration in autophagy gene
5 (ATGb)-deficient mice. In aging RPE, seen with age-
related macular degeneration, there is an accumula-
tion of proteins and damaged cell organelles (125, 126),
suggesting a changed autophagy flux. However, it is not
clear whether alterations in autophagy are the cause or
a consequence of retinal diseases.

BALANCE BETWEEN LIPID USE AND OTHER
ENERGY SUBSTRATES IN RETINAS

Lipids and glucose

To match nutrient availability, tissue (including
retina) may adapt fuel utilization to improve metabolic
efficiency (14). For example, many cancer cells pri-
marily metabolize glucose through aerobic glycolysis
for energy production even when adequate oxygen is
available for OXPHOS (the Warburg effect). Mean-
while, they also use amino acids (glutamine, serine,
branched-chain amino acids) and fatty acids for
cellular maintenance and energy production (127-130).
In gliomas, the most common form of malignant brain
tumor, glycolysis supports energy production and pro-
vides carbon skeletons for the synthesis of nucleic acids,
while fatty acids are utilized as energy substrates and as
raw materials for lipid membranes. However, in hepa-
tocytes or adipocytes, malonyl-CoA from glycolysis in-
hibits CPT1 (facilitating long-chain fatty acid transport
from the cytosol into mitochondria) (131, 132), sparing
lipids from fatty acid oxidation for storage in lipid
droplets. In the retina with VLDLR deficiency, poor
lipid uptake and resulting high circulating lipids
(through free fatty acid receptor 1) suppress retinal
glucose transporter 1 (GLUT1) expression, which de-
creases glucose uptake (27). However, other control
mechanisms for fuel substrate selection and the inter-
action between glucose and lipid metabolism in retinal
cells are unknown.

Lipid and amino acids

Although we have some knowledge regarding
glucose and lipid metabolism in the retina, there is little
published concerning retinal lipid and amino acid
metabolic interaction. In macular telangiectasia type 2
(MacTel), a rare macular disease that leads to central
vision loss, low serine levels may cause elevated levels of
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toxic deoxysphingolipids, increasing the risk for disease
progression (133, 134). In highly metabolic cells like the
human colon cancer cell line HCT116, serine depriva-
tion compromises mitochondrial ceramide metabolism
and inhibits cell proliferation (135). Further elucidation
of the role of serine and sphingolipid metabolism in
retinal neurovascular function is needed. In addition to
serine, other amino acids like arginine and glutamine
also potentially contribute to retinal disease develop-
ment. In patients with proliferative diabetic retinopathy
versus nondiabetic controls, vitreous arginine and
acylcarnitine levels are increased (136). Plasma gluta-
mine and glutamic acid levels (and their ratio) might be
novel biomarkers for developing diabetic retinopathy
in type 2 diabetes (137). Systemic administration of
arginine-glutamine dipeptide inhibits retinal neo-
vascularization in mouse oxygen-induced retinopathy,
modeling some proliferative aspects of diabetic reti-
nopathy (138). Although glutamine and lipid metabolic
interaction studies are very limited in the retina,
glutamine influences lipid metabolism in other tissues.
In response to hypoxia, neurons increase fatty acid
biosynthesis from glutamine/glutamate in vitro (139).
In isolated rat hepatocytes in vitro, glutamine stimulates
lipogenesis and reinforces glucose-dependent decrease
in ketone-body production (reflecting inhibition of
fatty acid p oxidation) (140). The interaction between
retinal glutamine and lipid metabolism also needs to be
further explored.

FATTY ACID METABOLISM IN OTHER RETINAL
CELL TYPES

In addition to photoreceptors, the impact of mito-
chondrial fatty acid metabolism on other retinal cells
has also been investigated. RPE cells in vitro metabolize
palmitate to produce B-hydroxybutyrate, a potential
substrate for photoreceptors to maintain retinal cell
health and function (87, 141). Loss of mitochondrial
fatty acid transporter CPT1a in retinal endothelial cells
in vivo causes impaired cell proliferation, but not
impaired migration, by decreasing de novo nucleotide
synthesis for DNA replication (142). However, reduction
of fatty acid oxidation in retinal endothelial cells does
not lead to energy depletion or disturb redox homeo-
stasis (142). M2 phenotype macrophages (with a higher
angiogenic potential than MI in vitro) contribute to
pathological retinal angiogenesis in vivo (143, 144).
Shifts in cellular metabolism seem to play a role in
macrophage function and phenotype (145). M1 macro-
phages rely mainly on glycolysis while M2 macrophages
are more dependent on OXPHOS. Amino acid-sensing
machineries are required for M2 polarization in vitro
(146), and fatty acid oxidation is not essential for M2
polarization, suggested by myeloid cell-specific knock-
down of CPT2 in mice (147, 148). Further investigation
of fatty acid oxidation and the metabolic cross-talk in
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various retinal cells is required to better understand the
lipid metabolic impact on retinal neurovascular
function.

CONCLUSIONS

Our current knowledge of photoreceptor fuel sour-
ces is limited. Recent reports have shown that fatty acid
oxidation plays a role in maintaining photoreceptor
metabolic homeostasis. As dyslipidemia has been re-
ported in retinal disorders (149), targeting the restora-
tion of normal lipid metabolism, and understanding the
interaction of lipid with other mitochondrial fuel sub-
strates in all retinal cells may help retinal disease pre-
vention and treatment. B

Author ORCIDs

Zhongjie Fu https://orcid.org,/0000-0002-8182-2983

Funding and additional information

LEHS. is supported by National Institutes of Health
Grants R24EY024868, EY017017, ROIEY01717-13S1, and
RO1EY030904-01; BCH IDDRC Grant 1U54HD090255; and the
Massachusetts Lions Eye Research Fund. ZF. is supported by
Boston Children's Hospital Manton Center for Orphan Dis-
ease Research 96307, Boston Children's Hospital OFD/
BTREC/CTREC Faculty Career Development Grant 97906,
Boston Children's Hospital Pilot award 92214 and Boston
Children's Hospital Ophthalmology Foundation 85010, Little
Giraffe Foundation 75449, Mass Lions Eye Foundation 87820.
AH. is supported by The Swedish Research Council (DNR
#2020-01092), Government grants under the ALF agreement
ALFGBG-717971, The Wallenberg Clinical Scholars. TSK. is
supported by National Institutes of Health Grants EY022938
and R24 EY024864, Department of Veterans Affairs Grant
BX003604, and is the recipient of a Research Career Scientist
award from the Department of Veterans Affairs. The con-
tent is solely the responsibility of the authors and does not
necessarily represent the official views of the National In-
stitutes of Health.

Conflict of interest
The authors declare that they have no conflicts of interest
with the contents of this article.

Abbreviations

CPT, carnitine palmitoyltransferase; 3HB, D-3-
hydroxybutyrate; Nrf2, nuclear factor E2-related factor 2;
OXPHOS, oxidative phosphorylation; RPE, retinal pigment
epithelium; TCA cycle, tricarboxylic acid cycle; VLDLR,
VLDL receptor.

Manuscript received January 13, 2020, and in revised from
February 14, 2020. Published, JLR Papers in Press, February
24, 2020, https://doi.org,/10.1194/jlr. TR120000618

REFERENCES

1. Arshavsky, V. Y, Lamb, T. D, and Pugh, E. N, Jr. (2002)
G proteins and phototransduction. Annu. Rev. Physiol. 64, 153-187

8  J Lipid Res. (2021) 62 100035

2. Du, |, Linton, J. D., and Hurley, ]. B. (2015) Probing metabolism
in the intact retina using stable isotope tracers. Methods Enzymol
561, 149-170

3. Ng,S. K., Wood, J. P,, Chidlow, G., Han, G, Kittipassorn, T., Peet,
D. J, and Casson, R. J. (2015) Cancer-like metabolism of the
mammalian retina. Clin. Exp. Ophthalmol. 43, 367-376

4. Stryer, L. (1991) Visual excitation and recovery. J. Biol. Chem. 266,
10711-10714

5. Hagins, W. A, Penn, R. D, and Yoshikami, S. (1970) Dark cur-
rent and photocurrent in retinal rods. Biophys. J. 10, 380412

6. Okawa, H., Sampath, A. P., Laughlin, S. B., and Fain, G. L. (2008)
ATP consumption by mammalian rod photoreceptors in
darkness and in light. Curr. Biol. 18, 1917-1921

7. Fliesler, S. J., and Anderson, R. E. (1983) Chemistry and meta-
bolism of lipids in the vertebrate retina. Prog. Lipid Res. 22,
79-131

8. Bibb, C, and Young, R. W. (1974) Renewal of glycerol in the
visual cells and pigment epithelium of the frog retina. J. Cell
Biol. 62, 378-389

9. Wang, X,, Iannaccone, A, and Jablonski, M. M. (2004) Contri-
bution of Muller cells toward the regulation of photoreceptor
outer segment assembly. Newron Glia Biol 1, 291-296

10. Jablonski, M. M., and Iannaccone, A. (2000) Targeted disruption
of Muller cell metabolism induces photoreceptor dysmorpho-
genesis. Glia. 32, 192-204

11. Mukherjee, P. K., Marcheselli, V. L., de Rivero Vaccari, J. C,
Gordon, W. C, Jackson, F. E, and Bazan, N. G. (2007) Photore-
ceptor outer segment phagocytosis attenuates oxidative stress-
induced apoptosis with concomitant neuroprotectin DI syn-
thesis. Proc. Natl. Acad. Sci. USA. 104, 13158-13163

12. Chen, H,, and Anderson, R. E. (1993) Metabolism in frog retinal
pigment epithelium of docosahexaenoic and arachidonic acids
derived from rod outer segment membranes. Exp. Eye Res. 57,
369-377

13. Wang, L., Tornquist, P., and Bill, A. (1997) Glucose metabolism
in pig outer retina in light and darkness. Acta Physiol. Scand. 160,
75-81

14. Joyal, J. S, Gantner, M. L, and Smith, L. E. H. (2018) Retinal
energy demands control vascular supply of the retina in
development and disease: The role of neuronal lipid and
glucose metabolism. Prog. Retin. Eye Res. 64, 131-156

15. Warburg, O., Posener, K., and Negrelein, E. (1924) On the
metabolism of carcinoma cells. Bioschemische Zeitschrift. 152,
309-344

16. Warburg, O., Wind, F., and Negelein, E. (1927) The metabolism
of tumors in the body. J. Gen. Physiol. 8, 519-530

17. Graymore, C. N. (1970) Biochemistry of the Eye. Academic
Press, New York

18. Casson, R. J., Wood, J. P, Han, G,, Kittipassorn, T, Peet, D. J., and
Chidlow, G. (2016) M-type pyruvate kinase isoforms and lactate
dehydrogenase A in the mammalian retina: metabolic impli-
cations. Invest. Ophthalmol. Vis. Sci. 57, 66-80

19. Reidel, B, Thompson, J. W, Farsiu, S, Moseley, M. A., Skiba, N.
P., and Arshavsky, V. Y. (2011) Proteomic profiling of a layered
tissue reveals unique glycolytic specializations of photoreceptor
cells. Mol. Cell. Proteomics. 10. https://doi.org/10.1074/mcp.
M110002469

20. Rajala, R. V., Rajala, A, Kooker, C, Wang, Y., and Anderson, R.
E. (2016) The Warburg effect mediator pyruvate kinase M2
expression and regulation in the retina. Sci. Rep. 6, 37727

21. Chinchore, Y., Begaj, T., Wu, D., Drokhlyansky, E., and Cepko, C.
L. (2017) Glycolytic reliance promotes anabolism in photore-
ceptors. eLife. 6, 25946

22. Lindsay, K. J., Du, J., Sloat, S. R,, Contreras, L, Linton, J. D,
Turner, S. J., Sadilek, M., Satrustegui, J., and Hurley, J. B. (2014)
Pyruvate kinase and aspartate-glutamate carrier distributions
reveal key metabolic links between neurons and glia in retina.
Proc. Natl. Acad. Sci. USA. 111, 15579-15584

23. Narayan, D. S,, Chidlow, G., Wood, J. P, and Casson, R. J. (2017)
Glucose metabolism in mammalian photoreceptor inner and
outer segments. Clin. Exp. Ophthalmol. 45, 730-741

24. Poitry-Yamate, C. L., Poitry, S., and Tsacopoulos, M. (1995)
Lactate released by Muller glial cells is metabolized by
photoreceptors from mammalian retina. J. Newrosci. 15,
5179-5191

25. Country, M. W. (2017) Retinal metabolism: a comparative look
at energetics in the retina. Brain Res. 1672, 50-57

SASBMB


0000-0002-8182-2983
https://orcid.org/0000-0002-8182-2983
http://doi.org/https://doi.org/10.1194/jlr.TR120000618
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref1
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref1
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref1
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref2
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref2
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref2
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref2
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref3
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref3
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref3
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref3
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref4
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref4
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref4
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref5
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref5
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref5
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref6
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref6
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref6
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref6
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref7
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref7
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref7
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref7
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref8
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref8
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref8
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref8
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref9
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref9
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref9
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref9
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref10
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref10
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref10
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref10
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref11
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref11
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref11
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref11
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref11
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref11
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref12
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref12
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref12
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref12
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref12
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref13
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref13
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref13
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref13
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref14
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref14
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref14
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref14
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref14
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref15
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref15
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref15
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref15
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref16
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref16
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref16
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref17
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref17
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref18
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref18
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref18
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref18
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref18
https://doi.org/10.1074/mcp.M110002469
https://doi.org/10.1074/mcp.M110002469
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref20
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref20
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref20
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref21
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref21
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref21
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref22
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref22
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref22
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref22
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref22
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref22
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref23
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref23
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref23
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref23
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref24
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref24
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref24
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref24
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref24
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref25
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref25
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref25

26.

27.

28.
29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Reading, H. W. (1965) Protein biosynthesis and the hexose
monophosphate shunt in the developing normal and dystro-
phic retina. In Biochemistry of the Retina. C. N. Graymore, editor.
Academic Press, New York, 73-90

Joyal, J. S, Sun, Y., Gantner, M. L, Shao, Z,, Evans, L. P, Saba, N,
Fredrick, T., Burnim, S, Kim, J. S,, Patel, G, et al (2016) Retinal
lipid and glucose metabolism dictates angiogenesis through the
lipid sensor Ffarl. Nat. Med. 22, 439-445

Daemen, F. J. (1973) Vertebrate rod outer segment membranes.
Biochim. Biophys. Acta. 300, 255-288

Acar, N, Berdeaux, O., Gregoire, S., Cabaret, S., Martine, L,
Gain, P, Thuret, G., Creuzot-Garcher, C. P., Bron, A. M,, and
Bretillon, L. (2012) Lipid composition of the human eye: are red
blood cells a good mirror of retinal and optic nerve fatty acids?
PLoS One. 7, 35102

Querques, G., Forte, R, and Souied, E. H. (2011) Retina and
omega-3. J. Nutr. Metab. 2011, 748361

Stinson, A. M., Wiegand, R. D, and Anderson, R. E. (1991)
Recycling of docosahexaenoic acid in rat retinas during n-3
fatty acid deficiency. J. Lipid Res. 32, 2009-2017

Gordon, W. C, Rodriguez de Turco, E. B, and Bazan, N. G.
(1992) Retinal pigment epithelial cells play a central role in the
conservation of docosahexaenoic acid by photoreceptor cells
after shedding and phagocytosis. Curr. Eye Res. 11, 73-83
Gordon, W. C, and Bazan, N. G. (1993) Visualization of [3H]
docosahexaenoic acid trafficking through photoreceptors and
retinal pigment epithelium by electron microscopic autoradi-
ography. Invest. Ophthalmol. Vis. Sci. 34, 2402-2411

Young, R. W. (1976) Visual cells and the concept of renewal.
Invest. Ophthalmol. Vis. Sci. 15, 700-725

Pifferi, F,, Perret, M,, Guesnet, P,, Aujard, F., and Alessandri, .
M. (2012) Fatty acid composition of the brain, retina, liver and
adipose tissue of the grey mouse lemur (Microcebus murinus,
primate). Lipids. 47, 793-801

Wang, N, and Anderson, R. E. (1993) Transport of 22:6n-3 in the
plasma and uptake into retinal pigment epithelium and retina.
Exp. Eye Res. 57, 225-233

Wang, N, and Anderson, R. E. (1993) Synthesis of docosahex-
aenoic acid by retina and retinal pigment epithelium. Biochem-
istry. 32, 13703-13709

Delton-Vandenbroucke, I, Grammas, P., and Anderson, R. E.
(1997) Polyunsaturated fatty acid metabolism in retinal and
cerebral microvascular endothelial cells. J. Lipid Res. 38, 147-159
Wetzel, M. G,, Li, ], Alvarez, R. A, Anderson, R. E, and O’Brien,
P. J. (1991) Metabolism of linolenic acid and docosahexaenoic
acid in rat retinas and rod outer segments. Exp. Eye Res. 53,
437-446

Shindou, H., Koso, H, Sasaki, ], Nakanishi, H, Sagara, H.,
Nakagawa, K. M., Takahashi, Y., Hishikawa, D., lizuka-Hishi-
kawa, Y. Tokumasu, F., et al (2017) Docosahexaenoic acid
preserves visual function by maintaining correct disc
morphology in retinal photoreceptor cells. J. Biol. Chem. 292,
12054-12064

Fu, Z., Lofqvist, C. A, Shao, Z., Sun, Y., Joyal, J. S, Hurst, C. G,
Cui, R. Z, Evans, L. P, Tian, K., SanGiovanni, J. P, et al (2015)
Dietary omega-3 polyunsaturated fatty acids decrease retinal
neovascularization by adipose-endoplasmic reticulum stress
reduction to increase adiponectin. Am. J. Clin. Nutr. 101, 879-888
Rice, D. S, Calandria, J. M,, Gordon, W. C, Jun, B, Zhou, Y.,
Gelfman, C. M,, Li, S, Jin, M., Knott, E. ], Chang, B., et al (2015)
Adiponectin receptor 1 conserves docosahexaenoic acid and
promotes photoreceptor cell survival. Nat. Commun. 6, 6228
Connor, K. M,, SanGiovanni, J. P, Lofqvist, C,, Aderman, C. M,,
Chen, ], Higuchi, A., Hong, S, Pravda, E. A, Majchrzak, S,
Carper, D,, et al (2007) Increased dietary intake of omega-3-
polyunsaturated fatty acids reduces pathological retinal
angiogenesis. Nat. Med. 13, 868-873

Lofqvist, C. A., Najm, S., Hellgren, G., Engstrom, E,, Savman, K.,
Nilsson, A. K., Andersson, M. X, Hard, A. L., Smith, L. E. H,, and
Hellstrom, A. (2018) Association of retinopathy of prematurity
with low levels of arachidonic acid: a secondary analysis of a
randomized clinical trial. JAMA Ophthalmol. 136, 271-277
Weinhouse, S., Millington, R. H., and Volk, M. E. (1950) Oxida-
tion of isotopic palmitic acid in animal tissues. J. Biol. Chem. 185,
191-200

Yoshioka, T, and Roux, J. F. (1972) In vitro metabolism of
palmitic acid in human fetal tissue. Pediatr. Res. 6, 675-681

SASBMB

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61

62.

63.

64.

65.

Benedetto, M. M., and Contin, M. A. (2019) Oxidative stress in
retinal degeneration promoted by constant LED light. Front.
Cell. Neurosci. 13, 139

Gawrisch, K., and Soubias, O. (2008) Structure and dynamics of
polyunsaturated hydrocarbon chains in lipid bilayers-
significance for GPCR function. Chem. Phys. Lipids. 153, 64-75
Habib, N. A,, Wood, C. B,, Apostolov, K., Barker, W., Hershman,
M. ], Aslam, M., Heinemann, D., Fermor, B,, Williamson, R. C.,
Jenkins, W. E,, et al (1987) Stearic acid and carcinogenesis. Br. J.
Cancer. 56, 455-458

Roongta, U. V., Pabalan, J. G,, Wang, X,, Ryseck, R. P., Fargnoli,
J. Henley, B. ], Yang, W. P, Zhu, J., Madireddi, M. T,, Lawrence,
R. M, et al (2011) Cancer cell dependence on unsaturated fatty
acids implicates stearoyl-CoA desaturase as a target for cancer
therapy. Mol. Cancer Res. 9, 1551-1561

Semenova, E. M, and Converse, C. A. (2003) Comparison be-
tween oleic acid and docosahexaenoic acid binding to inter-
photoreceptor retinoid-binding protein.  Vision Res. 43,
3063-3067

Li, S, Zhou, T., Li, C, Dai, Z., Che, D,, Yao, Y., Li, L, Ma, J., Yang,
X., and Gao, G. (2014) High metastaticgastric and breast cancer
cells consume oleic acid in an AMPK dependent manner. PLoS
One. 9, €97330

Lopaschuk, G. D., Ussher, J. R, Folmes, C. D. L, Jaswal, J. S, and
Stanley, W. C. (2010) Myocardial fatty acid metabolism in health
and disease. Physiol. Rev. 90, 207-258

van Hall, G. (2015) The physiological regulation of skeletal
muscle fatty acid supply and oxidation during moderate-
intensity exercise. Sports Med. 45 (Suppl. 1), S23-S32

Hu, W, Jiang, A, Liang, J., Meng, H., Chang, B., Gao, H,, and
Qiao, X. (2008) Expression of VLDLR in the retina and evo-
lution of subretinal neovascularization in the knockout mouse
model’s retinal angiomatous proliferation. Invest. Ophthalmol.
Vis. Sci. 49, 407-415

Sun, Y, Lin, Z, Liu, C. H, Gong, Y., Liegl, R, Fredrick, T. W,,
Meng, S. S., Burnim, S. B, Wang, Z,, Akula, J. D,, et al (2017) In-
flammatory signals from photoreceptor modulate pathological
retinal angiogenesis via c-Fos. J. Exp. Med. 214, 1753-1767
Yagyu, H, Lutz, E. P, Kako, Y., Marks, S, Hu, Y., Choi, S. Y,
Bensadoun, A., and Goldberg, L. J. (2002) Very low density li-
poprotein (VLDL) receptor-deficient mice have reduced lipo-
protein lipase activity. Possible causes of hypertriglyceridemia
and reduced body mass with VLDL receptor deficiency. J. Biol.
Chem. 277, 10037-10043

Takahashi, S., Suzuki, J., Kohno, M., Oida, K., Tamai, T., Miyabo,
S, Yamamoto, T, and Nakai, T. (1995) Enhancement of the
binding of triglyceride-rich lipoproteins to the very low density
lipoprotein receptor by apolipoprotein E and lipoprotein
lipase. J. Biol. Chem. 270, 15747-15754

Oey,N. A, den Boer, M. E. ], Wijburg, F. A., Vekemans, M., Augé,
J., Steiner, C., Wanders, R. J. A, Waterham, H. R, Ruiter, J. P. N,,
and Attié-Bitach, T. (2005) Long-chain fatty acid oxidation
during early human development. Pediatr. Res. 57, 755-759
Tyni, T., Paetau, A, Strauss, A. W., Middleton, B., and Kivela, T.
(2004) Mitochondrial fatty acid beta-oxidation in the human
eye and brain: implications for the retinopathy of long-chain 3-
hydroxyacyl-CoA dehydrogenase deficiency. Pediatr. Res. 56,
744-750

Tyni, T, Johnson, M., Eaton, S,, Pourfarzam, M., Andrews, R,
and Turnbull, D. M. (2002) Mitochondrial fatty acid beta-
oxidation in the retinal pigment epithelium. Pediatr. Res. 52,
595-600

Atsuzawa, K. Nakazawa, A. Mizutani, K., Fukasawa, M.,
Yamamoto, N., Hashimoto, T., and Usuda, N. (2010) Immuno-
histochemical localization of mitochondrial fatty acid
p-oxidation enzymes in Miiller cells of the retina. Histochem. Cell
Biol. 134, 565-579

Lawlor, D. P, and Kalina, R. E. (1997) Pigmentary retinopathy in
long chain 3-hydroxyacyl-coenzyme A dehydrogenase defi-
ciency. Am. J. Ophthalmol. 123, 846-848

Fletcher, A. L., Pennesi, M. E,, Harding, C. O., Weleber, R. G.,and
Gillingham, M. B. (2012) Observations regarding retinopathy in
mitochondrial trifunctional protein deficiencies. Mol. Genet.
Metab. 106, 18-24

Gervois, P, Torra, I. P, Fruchart, J. C, and Staels, B. (2000)
Regulation of lipid and lipoprotein metabolism by PPAR ac-
tivators. Clin. Chem. Lab. Med. 38, 311

Lipids as photoreceptor energy source 9


http://refhub.elsevier.com/S0022-2275(21)00015-8/sref26
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref26
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref26
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref26
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref26
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref27
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref27
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref27
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref27
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref27
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref28
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref28
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref28
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref29
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref29
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref29
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref29
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref29
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref30
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref30
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref31
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref31
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref31
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref31
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref32
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref32
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref32
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref32
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref32
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref33
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref33
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref33
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref33
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref33
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref34
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref34
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref34
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref35
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref35
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref35
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref35
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref35
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref36
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref36
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref36
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref36
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref37
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref37
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref37
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref37
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref38
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref38
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref38
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref38
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref39
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref39
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref39
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref39
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref39
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref40
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref40
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref40
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref40
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref40
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref40
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref40
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref41
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref41
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref41
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref41
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref41
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref41
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref42
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref42
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref42
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref42
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref43
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref43
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref43
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref43
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref43
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref43
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref44
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref44
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref44
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref44
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref44
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref44
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref45
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref45
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref45
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref45
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref46
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref46
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref46
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref47
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref47
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref47
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref48
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref48
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref48
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref48
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref49
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref49
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref49
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref49
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref49
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref50
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref50
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref50
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref50
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref50
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref50
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref51
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref51
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref51
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref51
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref51
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref52
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref52
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref52
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref52
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref53
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref53
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref53
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref53
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref54
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref54
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref54
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref54
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref55
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref55
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref55
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref55
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref55
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref55
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref56
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref56
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref56
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref56
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref56
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref57
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref57
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref57
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref57
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref57
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref57
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref57
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref58
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref58
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref58
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref58
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref58
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref58
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref59
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref59
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref59
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref59
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref59
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref59
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref59
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref60
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref60
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref60
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref60
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref60
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref60
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref60
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref61
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref61
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref61
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref61
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref61
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref62
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref62
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref62
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref62
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref62
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref62
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref63
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref63
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref63
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref63
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref64
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref64
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref64
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref64
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref64
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref65
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref65
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref65
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref65

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.
77.

78.
79.
80.

8L

82.

83.

84.

10

Pearsall, E. A, Cheng, R,, Zhou, K., Takahashi, Y., Matlock, H. G.,
Vadvalkar, S. S, Shin, Y., Fredrick, T. W., Gantner, M. L., Meng,
S, et al (2017) PPARa« is essential for retinal lipid metabolism
and neuronal survival. BMC Biol 15, 113

Keech, A. C, Mitchell, P., Summanen, P. A,, O’Day, ], Davis, T.
M., Moffitt, M. S, Taskinen, M. R, Simes, R. J., Tse, D., Wil-
liamson, E., et al, FIELD Study Investigators (2007) Effect of
fenofibrate on the need for laser treatment for diabetic reti-
nopathy (FIELD study): a randomised controlled trial. Lancet.
370, 1687-1697

Chew, E. Y., Ambrosius, W. T., Davis, M. D,, Danis, R. P., Gang-
aputra, S., Greven, C. M,, Hubbard, L., Esser, B. A,, Lovato, ]. F.,
Perdue, L. H, et al, ACCORD Study Group/ACCORD Eye
Study Group. (2010) Effects of medical therapies on retinop-
athy progression in type 2 diabetes. N. Engl. J. Med. 363, 233-244
Chen, Y., Hu, Y., Lin, M,, Jenkins, A. ], Keech, A. C, Mott, R,
Lyons, T. J,, and Ma, J. X. (2013) Therapeutic effects of PPAR-
alpha agonists on diabetic retinopathy in type 1 diabetes
models. Diabetes. 62, 261-272

Gong, Y., Shao, Z,, Fu, Z,, Edin, M. L, Sun, Y., Liegl, R. G, Wang,
Z., Liu, C. H, Burnim, S. B, Meng, S. S., et al (2016) Fenofibrate
inhibits cytochrome P450 epoxygenase 2C activity to suppress
pathological ocular angiogenesis. EBioMedicine. 13, 201-211
Schoonjans, K., Peinado-Onsurbe, J., Lefebvre, A. M., Heyman,
R. A, Briggs, M,, Deeb, S, Staels, B, and Auwerx, J. (1996)
PPARalpha and PPARgamma activators direct a distinct tissue-
specific transcriptional response via a PPRE in the lipoprotein
lipase gene. EMBO J. 15, 5336-5348

Walsky, R. L., Gaman, E. A,, and Obach, R. S. (2005) Examina-
tion of 209 drugs for inhibition of cytochrome P450 2C8. J. Clin.
Pharmacol. 45, 68-78

Gong, Y, Fu, Z, Edin, M. L, Liu, C. H, Wang, Z, Shao, Z., Fre-
drick, T. W,, Saba, N. J., Morss, P. C, Burnim, S. B,, e al (2016)
Cytochrome P450 oxidase 2C inhibition adds to omega-3 long-
chain polyunsaturated fatty acids protection against retinal
and choroidal neovascularization. Arterioscler. Thromb. Vasc. Biol.
36, 1919-1927

Shao, Z., Fu, Z,, Stahl, A, Joyal, J. S, Hatton, C, Juan, A., Hurst, C,,
Evans, L., Cui, Z, Pei, D,, et al (2014) Cytochrome P450 2C8
omega3-long-chain polyunsaturated fatty acid metabolites in-
crease mouse retinal pathologic neovascularization-brief
report. Arterioscler. Thromb. Vasc. Biol. 34, 581-586

Kanow, M. A., Giarmarco, M. M., Jankowski, C. S., Tsantilas, K.,
Engel, A. L., Du, J,, Linton, J. D, Farnsworth, C. C, Sloat, S. R,
Rountree, A, et al (2017) Biochemical adaptations of the retina
and retinal pigment epithelium support a metabolic ecosystem
in the vertebrate eye. eLife. 6, 28899

Strauss, O. (2005) The retinal pigment epithelium in visual
function. Physiol. Rev. 85, 845-881

Zhao, C,, Yasumura, D, Li, X,, Matthes, M,, Lloyd, M., Nielsen, G.,
Ahern, K., Snyder, M., Bok, D., Dunaief, J. L., et al. (2011) mTOR-
mediated dedifferentiation of the retinal pigment epithelium
initiates photoreceptor degeneration in mice. J. Clin. Invest. 121,
369-383

Bibb, C, and Young, R. W. (1974) Renewal of fatty acids in the
membranes of visual cell outer segments. J. Cell Biol. 61, 327-343
Palczewski, K. (2010) Retinoids for treatment of retinal diseases.
Trends Pharmacol. Sci. 31, 284-295

Orban, T, Palczewska, G., and Palczewski, K. (2011) Retinyl ester
storage particles (retinosomes) from the retinal pigmented
epithelium resemble lipid droplets in other tissues. J. Biol. Chem.
286, 17248-17258

Holz, F. G, Sheraidah, G., Pauleikhoff, D., and Bird, A. C.
(1994) Analysis of lipid deposits extracted from human
macular and peripheral Bruch’s membrane. Arch. Ophthalmol.
112, 402-406

Pauleikhoff, D., Barondes, M. J., Minassian, D., Chisholm, L. H,,
and Bird, A. C. (1990) Drusen as risk factors in age-related
macular disease. Am. J. Ophthalmol. 109, 38-43

Van Den Brink, D. M., Cubizolle, A., Chatelain, G., Davoust, N.,
Girard, V., Johansen, S., Napoletano, F., Dourlen, P., Guillou, L.,
Angebault-Prouteau, C., ¢t al (2018) Physiological and patho-
logical roles of FATP-mediated lipid droplets in Drosophila
and mice retina. PLoS Genet. 14, €1007627

Johnston, D., and Hudson, R. A. (1976) Isolation and composi-
tion of the carotenoid-containing oil droplets from cone pho-
toreceptors. Biochim. Biophys. Acta. 424, 235-245

J. Lipid Res. (2021) 62 100035

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Puchalska, P., and Crawford, P. A. (2017) Multi-dimensional
roles of ketone bodies in fuel metabolism, signaling, and
therapeutics. Cell Metab. 25, 262284

Izuta, Y., Imada, T. Hisamura, R., Oonishi, E., Nakamura, S.,
Inagaki, E, Ito, M,, Soga, T., and Tsubota, K. (2018) Ketone body
3-hydroxybutyrate mimics calorie restriction via the Nrf2
activator, fumarate, in the retina. Aging Cell 17. https://doi.org/
10.1111/acel. 12699

Adijanto, J., Du, J., Moffat, C, Seifert, E. L., Hurle, J. B, and
Philp, N. J. (2014) The retinal pigment epithelium utilizes fatty
acids for ketogenesis. J. Biol. Chem. 289, 20570-20582
Reyes-Reveles, |, Dhingra, A, Alexander, D., Bragin, A., Philp,
N. J., and Boesze-Battaglia, K. (2017) Phagocytosis-dependent
ketogenesis in retinal pigment epithelium. J. Biol. Chem. 292,
8038-8047

Winkler, B. S, Arnold, M. ], Brassell, M. A, and Puro, D. G.
(2000) Energy metabolism in human retinal Muller cells. Invest.
Ophthalmol. Vis. Sci. 41, 3183-3190

Rueda, E. M,, Johnson, J. E, Jr., Giddabasappa, A., Swaroop, A.,
Brooks, M. ], Sigel, I, Chaney, S. Y., and Fox, D. A. (2016) The
cellular and compartmental profile of mouse retinal glycolysis,
tricarboxylic acid cycle, oxidative phosphorylation, and ~P
transferring kinases. Mol. Vis. 22, 847-885

Toft-Kehler, A. K., Skytt, D. M., Poulsen, K. A,, Braendstrup, C.
T., Gegelashvili, G., Waagepetersen, H,, and Kolko, M. (2014)
Limited energy supply in Muller cells alters glutamate uptake.
Neurochem. Res. 39, 941-949

Ola, M. S, Hosoya, K., and LaNoue, K. F. (2011) Regulation of
glutamate metabolism by hydrocortisone and branched chain
keto acids in cultured rat retinal Muller cells (TR-MUL). Neu-
rochem. Int. 59, 656-663

Pfrieger, F. W, and Barres, B. A. (1997) Synaptic efficacy
enhanced by glial cells in vitro. Science. 277, 1684-1687
Pfrieger, F. W, and Barres, B. A. (1996) New views on synapse-
glia interactions. Curr. Opin. Neurobiol. 6, 615-621

Fliesler, S. ], Vaughan, D. K., Jenewein, E. C, Richards, M. |,
Nagel, B. A, and Peachey, N. S. (2007) Partial rescue of retinal
function and sterol steady-state in a rat model of Smith-Lemli-
Opitz syndrome. Pediatr. Res. 61, 273-278

Shanmugaratnam, J., Berg, E, Kimerer, L, Johnson, R. ],
Amaratunga, A., Schreiber, B. M,, and Fine, R. E. (1997) Retinal
Muller glia secrete apolipoproteins E and | which are effi-
ciently assembled into lipoprotein particles. Brain Res. Mol. Brain
Res. 50, 113-120

Amaratunga, A., Abraham, C. R, Edwards, R. B,, Sandell, . H,,
Schreiber, B. M., and Fine, R. E. (1996) Apolipoprotein E is
synthesized in the retina by Muller glial cells, secreted into the
vitreous, and rapidly transported into the optic nerve by retinal
ganglion cells. /. Biol. Chem. 271, 5628-5632

Kuhrt, H,, Hartig, W., Grimm, D., Faude, F.,, Kasper, M., and
Reichenbach, A. (1997) Changes in CD44 and ApoE immuno-
reactivities due to retinal pathology of man and rat. J. Hirn-
Sorsch. 38, 223-229

Ladu, M. J,, Reardon, C, Van FEldik, L., Fagan, A. M,, Bu, G,
Holtzman, D,, and Getz, G. S. (2000) Lipoproteins in the central
nervous system. Ann. N. Y. Acad. Sci. 903, 167-175

Fernandez, C. G, Hamby, M. E., McReynolds, M. L, and Ray, W.
J. (2019) The role of APOE4 in disrupting the homeostatic
functions of astrocytes and microglia in aging and Alzheimer’s
disease. Front. Aging Neurosci. 11, 14

Masliah, E, Mallory, M., Ge, N., Alford, M,, Veinbergs, I, and
Roses, A. D. (1995) Neurodegeneration in the central nervous
system of apoE-deficient mice. Exp. Neurol. 136, 107-122
Lupien, C, Brenner, M., Guerin, S. L., and Salesse, C. (2004)
Expression of glial fibrillary acidic protein in primary cultures
of human Muller cells. Exp. Eye Res. 79, 423-429

Guimaries, R. P. M,, Landeira, B. S,, Coelho, D. M., Golbert, D. C.
F., Silveira, M. S, Linden, R., de Melo Reis, R. A., and Costa, M. R.
(2018) Evidence of Muller glia conversion into retina ganglion
cells using neurogenin2. Front. Cell. Neurosci. 12, 410

Poirier, Y., Antonenkov, V. D,, Glumoff, T., and Hiltunen, J. K.
(2006) Peroxisomal beta-oxidation—-a metabolic pathway with
multiple functions. Biochim. Biophys. Acta. 1763, 1413-1426
Hiltunen, J. K., Karki, T., Hassinen, I. E.,and Osmundsen, H. (1986)
beta-Oxidation of polyunsaturated fatty acids by rat liver per-
oxisomes. A role for 24-dienoyl-coenzyme A reductase in
peroxisomal beta-oxidation. J. Biol. Chem. 261, 16484-16493

SASBMB


http://refhub.elsevier.com/S0022-2275(21)00015-8/sref66
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref66
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref66
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref66
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref66
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref67
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref67
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref67
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref67
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref67
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref67
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref67
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref68
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref68
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref68
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref68
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref68
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref68
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref69
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref69
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref69
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref69
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref69
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref70
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref70
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref70
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref70
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref70
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref71
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref71
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref71
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref71
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref71
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref71
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref72
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref72
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref72
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref72
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref73
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref73
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref73
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref73
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref73
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref73
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref73
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref74
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref74
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref74
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref74
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref74
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref74
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref74
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref75
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref75
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref75
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref75
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref75
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref76
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref76
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref76
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref77
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref77
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref77
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref77
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref77
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref77
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref78
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref78
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref78
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref79
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref79
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref79
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref80
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref80
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref80
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref80
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref80
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref81
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref81
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref81
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref81
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref81
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref82
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref82
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref82
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref82
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref83
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref83
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref83
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref83
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref83
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref84
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref84
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref84
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref84
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref85
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref85
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref85
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref85
https://doi.org/10.1111/acel.12699
https://doi.org/10.1111/acel.12699
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref87
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref87
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref87
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref87
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref88
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref88
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref88
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref88
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref88
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref89
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref89
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref89
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref89
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref90
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref90
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref90
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref90
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref90
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref90
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref90
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref91
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref91
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref91
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref91
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref91
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref92
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref92
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref92
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref92
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref92
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref93
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref93
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref93
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref94
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref94
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref94
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref95
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref95
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref95
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref95
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref95
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref96
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref96
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref96
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref96
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref96
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref96
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref97
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref97
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref97
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref97
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref97
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref97
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref98
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref98
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref98
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref98
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref98
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref99
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref99
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref99
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref99
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref100
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref100
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref100
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref100
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref101
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref101
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref101
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref101
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref102
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref102
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref102
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref102
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref103
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref103
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref103
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref103
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref103
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref104
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref104
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref104
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref104
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref104
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref105
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref105
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref105
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref105
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref105

106.

107.
108.

109.

110.

1L

112.

113.

114.

115.

116.

117.

118.

119.

120.

121

122.

123.

124.

125.

126.

127.

Masuda, T., Shimazawa, M., and Hara, H. (2017) Retinal diseases
associated with oxidative stress and the effects of a free radical
scavenger (edaravone). Oxid. Med. Cell. Longev. 2017, 9208489
Pham-Huy, L. A., He, H., and Pham-Huy, C. (2008) Free radicals,
antioxidants in disease and health. Int. J. Biomed. Sci. 4, 89-96
Dorrell, M. I, Aguilar, E, Jacobson, R., Yanes, O., Gariano, R.,
Heckenlively, J., Banin, E, Ramirez, G. A, Gasmi, M,, Bird, A,
et al (2009) Antioxidant or neurotrophic factor treatment
preserves function in a mouse model of neovascularization-
associated oxidative stress. J. Clin. Invest. 119, 611-623

Justilien, V., Pang, J. ], Renganathan, K., Zhan, X,, Crabb, J. W,
Kim, S. R,, Sparrow, J. R, Hauswirth, W. W,, and Lewin, A. S.
(2007) SOD2 knockdown mouse model of early AMD. Inuvest.
Ophthalmol. Vis. Sci. 48, 4407-4420

Liles, M. R, Newsome, D. A, and Oliver, P. D. (1991) Antioxidant
enzymes in the aging human retinal pigment epithelium. Arch.
Ophthalmol. 109, 1285-1288

Kresyun, N. V,, and Godlevskii, L. S. (2014) Superoxide dismut-
ase and catalase activities in the retina during experimental
diabetes and electric stimulation of the paleocerebellar cortex.
Bull. Exp. Biol. Med. 158, 206-208

Ganea, E, and Harding, J. J. (2006) Glutathione-related enzymes
and the eye. Curr. Eye Res. 31, 1-11

Kijlstra, A, Tian, Y., Kelly, E. R, and Berendschot, T. T. (2012)
Lutein: more than just a filter for blue light. Prog. Retin. Eye Res.
31, 303-315

Li, S. Y, Fu, Z. ], Ma, H, Jang, W. C, So, K. F., Wong, D., and Lo,
A. C. (2009) Effect of lutein on retinal neurons and oxidative
stress in a model of acute retinal ischemia/reperfusion. Invest.
Ophthalmol. Vis. Sci. 50, 836-843

Chen, W. ], Wu, C, Xu, Z, Kuse, Y., Hara, H,, and Duh, E. J. (2017)
Nrf2 protects photoreceptor cells from photo-oxidative stress
induced by blue light. Exp. Eye Res. 154, 151-158

Lambros, M. L., and Plafker, S. M. (2016) Oxidative Stress and
the Nrf2 Anti-Oxidant Transcription Factor in Age-Related
Macular Degeneration. Adv. Exp. Med. Biol. 854, 67-72

Hayes, J. D., and Dinkova-Kostova, A. T. (2014) The Nrf2 regu-
latory network provides an interface between redox and
intermediary metabolism. Trends Biochem. Sci. 39, 199-218
Xiong, W., MacColl Garfinkel, A. E,, Li, Y., Benowitz, L. I, and
Cepko, C. L. (2015) NRF2 promotes neuronal survival in neu-
rodegeneration and acute nerve damage. J. Clin. Invest. 125,
1433-1445

Ildefonso, C. J., Jaime, H,, Brown, E. E, Iwata, R. L, Ahmed, C. M,,
Massengill, M. T., Biswal, M. R, Boye, S. E., Hauswirth, W. W,
Ash, J. D, et al (2016) Targeting the Nrf2 signaling pathway in
the retina with a gene-delivered secretable and cell-penetrating
peptide. Invest. Ophthalmol. Vis. Sci. 57, 372-386

Chun, Y., and Kim, J. (2018) Autophagy: an essential degra-
dation program for cellular homeostasis and life. Cells. 7,
E278

Mitter, S. K., Rao, H. V., Qj, X,, Cai, J., Sugrue, A., Dunn, W. A, Jr,,
Grant, M. B, and Boulton, M. E. (2012) Autophagy in the retina: a
potential role in age-related macular degeneration. Adv. Exp.
Med. Biol. 723, 83-90

Jarrett, S. G, Lewin, A. S, and Boulton, M. E. (2010) The
importance of mitochondria in age-related and inherited eye
disorders. Ophthalmic Res. 44, 179-190

Iwasaki, M., and Inomata, H. (1988) Lipofuscin granules in
human photoreceptor cells. Invest. Ophthalmol. Vis. Sci. 29,
671-679

Zhou, Z., Doggett, T. A, Sene, A., Apte, R. S, and Ferguson,
T. A. (2015) Autophagy supports survival and photo-
transduction protein levels in rod photoreceptors. Cell Death
Differ. 22, 488-498

Zhang, Y., Cross, S. D, Stanton, ]. B, Marmorstein, A. D, Le, Y. Z,
and Marmorstein, L. Y. (2017) Early AMD-like defects in the
RPE and retinal degeneration in aged mice with RPE-specific
deletion of Atgh or Atg7. Mol. Vis. 23, 228-241

Golestaneh, N., Chu, Y., Xiao, Y. Y., Stoleru, G. L., and Theos,
A. C. (2017) Dysfunctional autophagy in RPE, a contributing
factor in age-related macular degeneration. Cell Death Dis. 8,
€2537

Strickland, M., and Stoll, E. A. (2017) Metabolic reprogramming
in glioma. Front. Cell Dev. Biol. 5, 43

SASBMB

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Currie, E.,, Schulze, A., Zechner, R.,, Walther, T. C, and Farese, R.
V., Jr. (2018) Cellular fatty acid metabolism and cancer. Cell
Metab. 18, 153-161

Mattaini, K. R, Sullivan, M. R,, and Vander Heiden, M. G. (2016)
The importance of serine metabolism in cancer. J. Cell Biol. 214,
249-257

Ananieva, E. A, and Wilkinson, A. C. (2018) Branched-chain
amino acid metabolism in cancer. Curr. Opin. Clin. Nutr. Metab.
Care. 21, 64-70

McGarry, J. D, Mannaerts, G. P, and Foster, D. W. (1977)
A possible role for malonyl-CoA in the regulation of
hepatic fatty acid oxidation and ketogenesis. J. Clin. Invest. 60,
265-270

Ruderman, N. B, Saha, A. K., and Kraegen, E. W. (2003) Mini-
review: malonyl CoA, AMP-activated protein kinase, and
adiposity. Endocrinology. 144, 5166-5171

Gantner, M. L., Eade, K., Wallace, M., Handzlik, M. K., Fallon,
R, Trombley, J., Bonelli, R., Giles, S, Harkins-Perry, S., Hee-
ren, T. F. C, et al (2019) Serine and Lipid Metabolism in
Macular Disease and Peripheral Neuropathy. N. Engl. J. Med.
381, 14221433

Scerri, T. S, Quaglieri, A, Cai, C, Zernant, J., Matsunami, N.,
Baird, L., Scheppke, L., Bonelli, R,, Yannuzzi, L.. A, Friedlander,
M,, et al, MacTel Project Consortium. (2017) Genome-wide an-
alyses identify common variants associated with macular tel-
angiectasia type 2. Nat. Genet. 49, 559-567

Gao, X, Lee, K., Reid, M. A, Sanderson, S. M,, Qiu, C, Li, S,, Liu,
J. and Locasale, J. W. (2018) Serine availability influences
mitochondrial dynamics and function through lipid meta-
bolism. Cell Rep. 22, 3507-3520

Paris, L. P,, Johnson, C. H,, Aguilar, E.,, Usui, Y., Cho, K., Hoang,
L. T, Feitelberg, D., Benton, H. P, Westenskow, P. D., Kurihara,
T., et al (2016) Global metabolomics reveals metabolic dysre-
gulation in ischemic retinopathy. Metabolomics. 12, 15

Rhee, S. Y., Jung, E. S, Park, H. M,, Jeong, S. J., Kim, K., Chon, S,
Yu,S. Y, Woo, ]J. T, and Lee, C. H. (2018) Plasma glutamine and
glutamic acid are potential biomarkers for predicting diabetic
retinopathy. Metabolomics. 14, 89

Neu, |, Afzal, A, Pan, H, Gallego, E, Li, N, Li Calzi, S., Cabal-
lero, S., Spoerri, P. E,, Shaw, L. C, and Grant, M. B. (2006) The
dipeptide Arg-Gln inhibits retinal neovascularization in the
mouse model of oxygen-induced retinopathy. Invest. Ophthalmol.
Vis. Sci. 47, 3151-3155

Brose, S. A, Marquardt, A. L., and Golovko, M. Y. (2014) Fatty
acid biosynthesis from glutamate and glutamine is specifically
induced in neuronal cells under hypoxia. J. Neurochem. 129,
400-412

Lavoinne, A, Baquet, A, and Hue, L. (1987) Stimulation of
glycogen synthesis and lipogenesis by glutamine in isolated rat
hepatocytes. Biochem. J. 248, 429-437

Zhang, Q. Presswalla, F.,, Calton, M., Charniga, C,, Stern, ]J.,
Temple, S., Vollrath, D., Zacks, D. N., Ali, R. R., Thompson, D.
A, and Miller, J. M. L. (2019) Highly differentiated human
fetal RPE cultures are resistant to the accumulation and
toxicity of lipofuscin-like material. Invest. Ophthalmol. Vis. Sci.
60, 3468-3479

Schoors, S., Bruning, U,, Missiaen, R., Queiroz, K. C, Borgers, G.,
Elia, I, Zecchin, A, Cantelmo, A. R,, Christen, S., Goveia, J., et al
(2015) Fatty acid carbon is essential for dNTP synthesis in
endothelial cells. Nature 520, 192-197

Zhu, Y. Zhang, L, Lu, Q. Gao, Y, Cai, Y, Sui, A, Su, T,
Shen, X, and Xie, B. (2017) Identification of different
macrophage subpopulations with distinct activities in a
mouse model of oxygen-induced retinopathy. Int. J. Mol. Med.
40, 281-292

Jetten, N, Verbruggen, S., Gijbels, M. J., Post, M. ], De Winther,
M. P., and Donners, M. M. (2014) Anti-inflammatory M2, but not
pro-inflammatory M1 macrophages promote angiogenesis
in vivo. Angiogenesis. 17, 109-118

Artyomov, M. N,, Sergushichev, A, and Schilling, J. D. (2016)
Integrating immunometabolism and macrophage diversity.
Semin. Immunol. 28, 417-424

Kimura, T, Nada, S, Takegahara, N., Okuno, T., Nojima, S,,
Kang, S., Ito, D., Morimoto, K., Hosokawa, T., Hayama, Y., et al
(2016) Polarization of M2 macrophages requires Lamtorl that

Lipids as photoreceptor energy source 1


http://refhub.elsevier.com/S0022-2275(21)00015-8/sref106
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref106
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref106
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref107
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref107
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref107
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref108
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref108
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref108
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref108
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref108
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref108
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref109
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref109
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref109
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref109
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref109
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref110
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref110
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref110
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref110
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref111
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref111
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref111
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref111
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref111
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref112
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref112
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref112
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref113
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref113
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref113
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref113
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref114
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref114
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref114
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref114
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref114
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref115
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref115
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref115
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref115
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref116
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref116
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref116
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref116
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref117
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref117
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref117
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref117
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref118
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref118
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref118
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref118
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref118
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref119
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref119
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref119
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref119
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref119
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref119
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref120
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref120
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref120
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref121
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref121
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref121
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref121
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref121
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref122
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref122
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref122
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref122
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref123
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref123
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref123
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref123
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref124
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref124
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref124
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref124
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref124
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref125
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref125
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref125
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref125
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref125
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref126
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref126
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref126
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref126
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref127
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref127
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref128
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref128
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref128
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref128
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref129
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref129
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref129
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref129
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref130
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref130
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref130
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref130
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref131
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref131
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref131
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref131
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref131
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref132
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref132
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref132
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref132
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref133
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref133
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref133
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref133
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref133
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref133
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref134
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref134
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref134
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref134
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref134
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref134
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref135
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref135
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref135
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref135
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref135
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref136
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref136
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref136
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref136
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref137
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref137
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref137
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref137
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref138
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref138
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref138
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref138
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref138
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref138
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref139
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref139
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref139
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref139
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref139
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref140
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref140
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref140
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref140
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref141
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref141
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref141
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref141
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref141
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref141
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref141
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref142
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref142
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref142
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref142
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref142
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref143
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref143
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref143
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref143
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref143
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref143
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref144
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref144
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref144
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref144
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref144
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref145
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref145
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref145
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref145
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref146
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref146
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref146

147.

148.

12

integrates cytokine and amino-acid signals. Nat. Commun. 17,
13130

Nomura, M,, Liu, J., Rovira, L. I, Gonzalez-Hurtado, E,, Lee, J.,
Wolfgang, M. ], and Finkel, T. (2016) Fatty acid oxidation in
macrophage polarization. Nat. Immunol. 17, 216-217

Van den Bossche, J., and van der Windt, G. J. W. (2018) Fatty
acid oxidation in macrophages and T cells: time for reassess-
ment? Cell Metab. 28, 538-540

J. Lipid Res. (2021) 62 100035

149. Fu, Z., Chen, C. T., Cagnone, G., Heckel, E., Sun, Y., Cakir, B,
Tomita, Y., Huang, S, Li, Q., Britton, W., et al (2019) Dyslipi-
demia in retinal metabolic disorders. EMBO Mol. Med. 11,
€l0473

150. Jonnal, R. S, Kocaoglu, O. P, Zawadzki, R. J., Lee, S. H,, Werner,
J- S, and Miller, D. T. (2014) The cellular origins of the outer
retinal bands in optical coherence tomography images. Invest.
Ophthalmol. Vis. Sci. 55, 7904-7918

SASBMB


http://refhub.elsevier.com/S0022-2275(21)00015-8/sref146
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref146
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref147
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref147
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref147
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref147
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref148
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref148
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref148
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref148
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref149
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref149
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref149
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref149
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref150
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref150
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref150
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref150
http://refhub.elsevier.com/S0022-2275(21)00015-8/sref150

	Fatty acid oxidation and photoreceptor metabolic needs
	Photoreceptor fuel sources
	Retinal lipid composition
	Lipid as photoreceptor energy source
	RPE and photoreceptors
	Müller glial cells and photoreceptors

	Lipid hemostasis
	Peroxisomal and mitochondrial β oxidation
	Anti-oxidant system
	Autophagy

	Balance between lipid use and other energy substrates in retinas
	Lipids and glucose
	Lipid and amino acids

	Fatty acid metabolism in other retinal cell types
	Conclusions
	Author ORCIDs
	Funding and additional information
	References




