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Abstract Cholesterol is a quantitatively and biologi-
cally significant constituent of all mammalian cell
membrane, including those that comprise the retina.
Retinal cholesterol homeostasis entails the interplay
between de novo synthesis, uptake, intraretinal sterol
transport, metabolism, and efflux. Defects in these
complex processes are associated with several congen-
ital and age-related disorders of the visual system.
Herein,weprovide anoverviewof the following topics:
(a) cholesterol synthesis in the neural retina; (b) lipo-
protein uptake and intraretinal sterol transport in the
neural retina and the retinal pigment epithelium (RPE);
(c) cholesterol efflux from the neural retina and the
RPE; and (d) biology and pathobiology of defects in
sterol synthesis and sterol oxidation in the neural retina
and the RPE. We focus, in particular, on studies
involving animal models of monogenic disorders
pertinent to the above topics, as well as in vitro models
using biochemical, metabolic, and omic approaches.
We also identify current knowledge gaps and opportu-
nities in the field that beg further research in this topic
area.
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Sterols represent a diverse class of biologically signif-
icant lipids that are found ubiquitously in all eukaryotic
cells, primarily in the plasma membrane (1). Cholesterol
is, by far, the dominant sterol normally found in
mammalian cells and tissues. Maintaining optimal levels
of cholesterol is a requisite for normal cellular function
and viability, and represents a delicate balance between
endogenous de novo synthesis, exogenous uptake, and
efflux of sterols. Mechanisms governing the process of
cholesterol homeostasis have been investigated exten-
sively, given the role they play both in normal biology
and in several significant human clinical disorders, such
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as Alzheimer's disease, cardiovascular disease, and age-
related macular degeneration (AMD) (2). Herein, we re-
view themechanisms governing cholesterol homeostasis
in the neural retina, and the pathological mechanisms
that underlie certain ocular diseases where this homeo-
stasis is disturbed.

Cholesterol in the central nervous system (of which
the retina is a part) exists mostly in the unesterified
form, in nerve myelin and in the plasma membranes of
both neuronal and non-neuronal (e.g., glial) cells. The
brain relies exclusively on its own de novo synthesis of
sterols because the blood-brain barrier excludes circu-
lating lipoproteins (3). By comparison, sterol homeo-
stasis in the retina is somewhat more complex because
its sterol pool is derived from both local de novo syn-
thesis and extraretinal uptake. The retina has many
advantages for experimental studies, such as its layered
organization and ease of accessibility, and represents
one of the best-studied parts of the central nervous
system. Cholesterol and its biogenic sterol precursors
can undergo both enzymatic and nonenzymatic
oxidation, which is particularly relevant, given the pro-
oxidative environment of the retina, yielding a variety
of oxysterol products, some of which are highly toxic to
cells (4, 5). Sterols and sterol metabolites may play
causative roles in several neurodegenerative conditions,
including certain retinopathies (5–7).

In part, this review is an extension of a prior review in a
similar Thematic Issue series in this journal published a
decade ago (8). A subsequent review by other authors
highlighted the role of sterol homeostatic processes in
AMD (9). The scope of this review encompasses the
following topics: (a) cholesterol biosynthesis in the neural
retina (in vitro and in vivo isotopomer techniques, phar-
macological inhibition of sterol biosynthesis, and phar-
macological/genetic modeling of monogenic diseases
affecting cholesterol biosynthesis); (b) cholesterol up-take
by the neural retina and the retinal pigment epithelium
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(RPE), and intraretinal sterol transport (invitro and invivo
modeling of lipoprotein uptake and monogenic disease
affecting lipoprotein synthesis/uptake, LDL-tagging
methods); (c) cholesterol efflux in the neural retina (role
of LXRα/β, ATP binding cassette (ABC) transporters, cy-
tochrome P450 (CYP) enzymes, related monogenic dis-
eases, and mechanisms of drusen formation in AMD,
isotopic and pharmacologic approaches to measure the
retinal sterol turnover rate); and (d) biology of lipid per-
oxidation in theneural retinaand theRPE, and theeffects
of oxysterols and oxidized LDL (OxLDL) in vitro and
in vivo (uptake andmetabolism ofOxLDL and oxysterols
and its relevance in retinopathies).

We will focus on studies that, for the most part, have
beenconductedusingeither laboratory animals (e.g.,mice,
rats) or animal-derived cells in vitro, augmentedby theuse
of selective inhibitors of enzymes in the cholesterol syn-
thesis pathway or by genetic manipulation of the genes
encoding those enzymes. Although these experimental
Fig. 1. Histological organization of a model vertebrate retina. Sch
imposed on a light microscopy image of a normal C57Bl/6J mouse
(RPE) forms a cellular monolayer interface between the neural reti
supply most proximal to the RPE). The RPE junctional complex ne
flow of blood-borne substances from the choroid to the outer reti
nearly half the total neural retina thickness and is comprised of the
the outer nuclear layer (ONL, containing the rod and cone nuclei)
axonal processes and presynaptic endings of the photoreceptor cel
dendritic extensions of the horizontal cells. The inner nuclear lay
amacrine cells, and horizontal cells, as well the Müller glia. The in
synaptic termini of bipolar and amacrine cells, along with the dendr
layer (GCL) of the neural retina. The collective axons of the ganglio
optic nerve en route to the visual cortex of the brain. The inner
junctions of its constituent endothelial cells comprise the inner bloo
but migrate into the INL and outer retinal layers when activated.
human or primate retinas, such as the macula or cone-rich fovea. E
brane. (Modified and adapted, with permission, from (10)).
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systems are admittedly highly simplified compared with
the complexity of human ocular anatomy and physiology
and cannot fully model multifactorial disorders such as
AMD, they nonetheless have provided fundamental in-
sights into cholesterol homeostasis in thevertebrate retina.
In addition, the knowledge derived from suchmodels has
provided potentially useful tools for developing effective
therapeutic interventions for human diseases that are
caused by defects in the cholesterol pathway that impact
the structure and function of the retina.

OVERVIEW OF RETINAL ARCHITECTURE

Theneural retina is thephoton-sensory tissue lining the
inner posterior segment of the eye (see Fig. 1, and http://
webvision.med.utah.edu/). There are about 150 million
cells in a human retina, about 85% of which are neurons,
including, c.a., six to seven million cone photoreceptors
and, c.a., 110–125 million rod photoreceptors.
ematic representation of individual retinal cell types is super-
retina (Toluidine blue-stained). The retinal pigment epithelium
na and the choriocapillaris (the elements of the choroidal blood
twork comprises the outer blood-retinal barrier, restricting the
na. The photoreceptor layer (containing rods and cones) spans
photoreceptor outer segment (OS) and inner segment (IS) layers,
, and the outer plexiform layer (OPL), the latter containing the
ls, along with the postsynaptic processes of the bipolar cells and
er (INL) consists of the nuclei and cell bodies of bipolar cells,
ner plexiform layer (IPL) consists of the axonal processes and
itic arbors of the ganglion cells; the latter form the ganglion cell
n cells form the nerve fiber layer (NFL) and exit the eye as the
retinal cells are nourished by the retinal vasculature; the tight
d-retinal barrier. Microglia normally reside in the IPL and GCL,
Note: The schematic does not depict some features specific to
LM, external limiting membrane; ILM, internal limiting mem-
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Photoreceptor cells are anatomically segregated into “in-
ner segment” (IS) and “outer segment” (OS) compart-
ments; the IS consists of mitochondria and houses the
biosyntheticmachinery of the cell, whereas the OS serves
as the membrane residence for the phototransduction
cascade (11).Otherneuronal cell types in the retina include
the bipolar, horizontal, amacrine, and ganglion cells,
forming the neuronal circuitry involved in ultimately
relaying visual information originating in the photore-
ceptor cells to the brain. The nonneuronal cell types
include Müller glia, microglia, astrocytes, and the RPE,
involved in meeting tissue homeostatic requirements.
This reviewdiscusses the roles playedby these cell types in
retinal sterol homeostasis.

The OS membrane is comprised of approximately
equal amounts of lipids and proteins, by weight (12): the
dominant lipids are glycerophospholipids (80%–85%),
whereas cholesterol represents only about 8–10 mol % of
the total lipid (which is only about a third of the level of
cholesterol found in the plasmamembrane ofmost cells);
the overwhelming majority of the protein content of OS
membranes (>90%) is accountedforby thevisualpigment
apoprotein, opsin. Diurnally shed photoreceptor outer
segment disk membranes are then phagocytized and
degraded by the adjacent underlying RPE (13, 14). The
compensatory synthesis and incorporation of OS mem-
branes at its base contributes to the large demand for
membrane constituents (including sterols) in photore-
ceptors (14). Such demands of the retina may bemet by a
combination of de novo synthesis and receptor-mediated
uptake from two separate blood supplies—the choroidal
vasculature (supplying the outer retina, notably the
photoreceptor cells) and the inner retinal vasculature—in
conjunctionwith an internal auxiliary source represented
by Müller glia. In addition, synaptic connections in the
outer and inner plexiform layers, respectively, also
necessitate a high rate of turnover of cholesterol pools in
retinal neurons because of assembly and recycling of the
synaptic vesicles that contain neurotransmitters. Below,
we will consider the various potential contributors to
overall cholesterol homeostasis in the retina.

GENERAL CONSIDERATIONS: CHOLESTEROL
SYNTHESIS, UPTAKE, AND EFFLUX

A general schematic of the cholesterol biosynthesis
pathway is provided in Fig. 2. The rate-limiting step of
the cholesterol synthesis pathway (a.k.a. the mevalonate
pathway) is catalyzed by HMG-CoA reductase
(HMGCR; OMIM# 142910, EC 1.1.1.88). A secondary
regulatory locus in this pathway is at the level of
squalene-2,3-epoxidase [a.k.a. squalene monooxygenase
(SQLE) OMIM# 602019, E.C. 1.14.99.7] (15).

The mevalonate pathway generates linear isoprenoid
products such as farnesyl diphosphate and ger-
anylgeranyl diphosphate (used for prenylation of pro-
teins), dolichol and its phosphorylated derivatives
(required for protein N-glycosylation), and squalene
(the committed acyclic intermediate required for sterol
synthesis), to name a few (16–18). Sterol intermediates
are then generated by cyclization of squalene through
the Kandutsch-Russell pathway [lathosterol, 7-
dehydrocholesterol (7DHC)] and the Bloch pathway
(lanosterol, 7-dehydrodesmosterol, desmosterol). Des-
mosterol and 7DHC undergo reduction of double
bonds at the C24 (Δ24) and C7 (Δ7) positions by 7DHC
reductase (DHCR7; OMIM# 602858, EC 1.3.1.21) and 24-
dehydrocholesterol reductase (DHCR24; OMIM#
606418, EC 1.3.1.72), respectively, to generate cholesterol.
Genetic mutations in any step of this pathway can result
in pathologies, typically recessive and often lethal,
because of the buildup of intermediate sterols and their
metabolites (19, 20). Examples of such congenital dis-
orders and the affected enzymes include Smith-Lemli-
Opitz syndrome (SLOS; DHCR7, OMIM# 270400), des-
mosterolosis (DHCR24, OMIM# 602398), lathosterolosis
(sterol-C5-desaturase, OMIM# 607330), and mevalonate
kinase (MVK, OMIM# 251170) deficiency (see Fig. 2) (19).
The impact of such defects on the structure and
function of the retina will be discussed.

As an alternative to de novo synthesis of cholesterol,
cells may import cholesteryl esters by membrane
receptor–mediated endocytosis of blood-borne, liver-
derived lipoproteins (VLDL, LDL, IDL) (21, 22). Lyso-
somal acid lipase (LAL) generates free cholesterol in
the lysosomal lumen, which is then trafficked to the ER
by Niemann-Pick type C I and II (NPC-I/NPC-II) pro-
tein complex. Mutations in NPC-I/NPC-II, causing
Niemann-Pick disease, alter cholesterol trafficking and
subsequent accumulation of free cholesterol in lyso-
somes (20, 23). Alternatively, cholesterol uptake can
involve class B scavenger receptor I (SRB-I)–mediated
selective uptake of cholesteryl esters from HDL parti-
cles. OxLDL is endocytosed by the cell via cluster of
differentiation 36 (CD36) and OxLDL receptor (LOX-1)
receptors. The role of these sterol uptake machineries
in the neural retina and the RPE is discussed.

Cellular cholesterol is effluxed to naïve apolipopro-
tein (APO)A1-containing HDL by ABC transporters,
which represent a large class of biologically important
molecules involved in efflux of diverse substrates, such
as ions, peptides and proteins, membrane lipids, and
lipid-soluble molecules (24, 25). Several of these,
including ABCA1, ABCG1, and ABCG4, play important
roles in cholesterol efflux from peripheral tissues to
naïve APO-A1–containing HDL particles and, to a lesser
extent, to APO-E–containing LDL particles (25–27).
Defects in ABC transporters can result in severe,
often chronic, pathologies [including those that
impact the structure and function of the retina (see
below)]; for example, defects in ABCA1-mediated
efflux have been implicated in atherogenesis and
neurological disorders, such as Alzheimer's disease
(25, 28, 29). Tangier disease (OMIM# 205400) is
caused by recessive mutations in ABCA1 and is char-
acterized by hypoalphalipoproteinemia (low serum
Cholesterol homeostasis in the retina 3



Fig. 2. Schematic representation of the mevalonate pathway. Acetyl-CoA is converted in two steps, sequentially catalyzed by
ACAT1 and ACAT2 and HMGCS1 (HMG-CoA synthase 1), to mevalonate, whose formation is the main rate-limiting step in the
pathway, catalyzed by HMGCR (HMG-CoA reductase; inhibited by statins). The presqualene portion of the pathway generates a
series of acyclic isoprenoid compounds, with a critical branch point at the level of farnesyl diphosphate (FPP) generation. The
committed step toward sterol synthesis involves epoxidation of squalene to squalene-2,3-epoxide, catalyzed squalene epoxidase
(SQLE; inhibited by NB-598), which then undergoes cyclization to form the first sterol intermediate (lanosterol; 4α,4β,14α-trimethyl-
cholesta-8(9),24-dien-3β-ol) in the postsqualene portion of the pathway. This is followed by a series of demethylation and double-
bond isomerization and reduction reactions, with ultimate engagement of either the Bloch Pathway or the Kandutsch-Russell
Pathway to form cholesterol. Reduction of the side-chain double bonds in desmosterol (cholesta-5,24-dien-3β-ol) and 7-
dehydrodesmosterol (cholesta-5,7,24-trien-3β-ol) is catalyzed by DHCR24 (inhibited by U18666A), whereas reduction of the ring B
nuclear double bond in 7-dehydrocholesterol (7DHC; cholesta-5,7-dien-3β-ol) and 7-dehydrodesmosterol are catalyzed by DHCR7
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APO-A1-HDL levels), mild neuropathy, atherosclerosis,
retinopathy, corneal infiltrates and scarring, lipid de-
posits in the conjunctiva, and cataract formation (30).
(The reader is referred to a recent review that provides
detailed analysis of the specific role of HDL in age-
related retinopathies (31).) This review discusses the
role of sterol efflux in retinal physiology and
pathophysiology.

The transcriptional regulation of sterol efflux-
related ABC transporters occurs through the LXR-α
response element (32). Endogenous LXR-α agonists and
antagonists play an important modulatory role in
cellular sterol efflux (33, 34). Sterols undergo CYP
enzyme-mediated (CYP27A1, CYP46A1, CYP11A1,
CYP39A1, CYP7A1) oxidation or hydroxylation,
generating sterol metabolites, which function as potent
LXR-α agonists (35, 36). LXR activation stimulates sterol
efflux by upregulating the expression of ABC trans-
porters (37, 38). Mutations in a critical mitochondrial
CYP enzyme, CYP27A1, causes cerebrotendinous xan-
thomatosis (OMIM# 213700), an autosomal recessive
disorder clinically characterized by chronic diarrhea,
neuronal dysfunction, early-onset of atherosclerosis,
and visual system deficits such as cataract formation
(39, 40). The CYP enzymes act on a broad spectrum of
substrates including sterols and oxysterols, generating
biologically important metabolites. CYP7A1 is known to
metabolize 7DHC to 7-oxocholesterol and 7-
ketocholesterol (7KChol), contributing to SLOS and
cerebrotendinous xanthomatosis pathology (41, 42).
Mitochondrial CYP27A1 metabolizes cholesterol to 27-
COOH-Chol and 27-OH-Chol, and 7KChol to 27-
COOH-7KChol and 27-OH-7KChol, via acid hydroxyl-
ation (38, 43), which stimulate ABCA1/G1-mediated
cellular cholesterol efflux as discussed below (44, 45).
Hereby, we discuss the dynamic interplay of de novo
synthesis, uptake, efflux, and metabolism of cholesterol
in the retina to maintain steady-state content of
cholesterol (i.e., cholesterol homeostasis), and retinopa-
thies that arise upon perturbing these important ho-
meostatic processes.

RETINAL DE NOVO CHOLESTEROL SYNTHESIS
AND UPTAKE

Insights into cholesterol synthesis and uptake in the
neural retina

Early in vitro experiments by Fliesler and Schroep-
fer, using either bovine retina cell-free homogenates
(10,000g supernatant fraction that contains microsome
and cytosol) (46) or intact whole bovine retinas in organ
culture (47) incubated with [3H]mevalonate, demon-
strated sterol synthesis in the vertebrate neural retina.
(inhibited by AY9944). The mevalonate pathway is involved in th
including ubiquinone (coenzyme Q), dolichols, vitamin-D, and ster
terolosis, whereas such defects in the DHCR7 gene cause Smith
cholesterol (cholest-5-en-3β–ol). DHCR24, 24-dehydrocholesterol red
However, the radiolabel was primarily incorporated in
mevalonate pathway intermediates such as 15- and 20-
carbon isoprenoid acids, while conversion to choles-
terol was rather limited. The first in vivo investigations
of cholesterol synthesis in the vertebrate retina utilized
intravitreal injection of [3H]acetate in rats followed by
monitoring its incorporation into cholesterol, in the
presence and absence of lovastatin, an inhibitor of
HMGCR (48, 49). The neural retina showed [3H]
cholesterol formation within 6 h, with little accumula-
tion in intermediates, and its formation was fully
inhibited upon coinjection with lovastatin (48–50). In
the same study, inhibiting the postsqualene phase of the
pathway using NB-598 (an inhibitor of squalene 2–3
epoxidase) (SQLE; Fig. 3) caused the accumulation of
radiolabeled squalene, as predicted. Similarly, [3H]far-
nesol injected intravitreally in rats resulted in forma-
tion of [3H]cholesterol, in an NB-598–sensitive manner
(51). These results first qualitatively demonstrated the
presence of a functional de novo sterol synthesis
pathway in the whole retina. However, calculation of
absolute rates of cholesterol synthesis using this meta-
bolic approach is not possible because of nonuniform
cellular uptake and incorporation of radiolabeled de
novo precursors into cholesterol, acetyl-CoA hydrolysis,
and the pleiotropic effects of statins (52–54). Intra-
vitreal injection of lovastatin led to early changes in the
structural organization of the neural retina character-
ized by formation of rosette-like arrangements of
photoreceptors and eventually necrosis of the retina by
4 days (49, 50). However, contrary to initial expecta-
tions, such effects of lovastatin, were found to be due to
defective protein prenylation in the retina, rather than
to disruption of cholesterol synthesis (55). Such phar-
macological targeting of HMGCR and SQLE also pro-
vided critical evidence for a functional presqualene
and postsqualene pathways in the rodent retina. To
date, there have been no published studies regarding
the operation of the mevalonate shunt pathway in the
retina.

In vivo measurements of absolute rates of tissue
cholesterol synthesis are achieved by chronic adminis-
tration of deuterated water ([2H]water) and subsequent
MS analysis of the cholesterol isotopomer distribution
(56–59). A recent investigation adapting the isotopomer
approach suggested that majority (>70%) of retinal
sterol arises from de novo synthesis (60). However,
proper estimation of tissue sterol synthesis rates using
this technique requires detailed assessment of several
critical factors, such as molar fraction distribution in
the tissue, molar enrichment in deuterated sterol
(average number of [2H] atoms per newly synthesized
sterol molecule), experimental verification of steady-
e synthesis of several other important isoprenoid metabolites,
oid hormones. Mutations in the DHCR24 gene lead to desmos-
-Lemli-Opitz syndrome (SLOS). Inset: Chemical structure of
uctase; DHCR7, 7DHC reductase.
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Fig. 3. Hypothetical model of cholesterol homeostatic processes governing the vertebrate retina. The mevalonate pathway is active
in both the RPE and the neural retina; however, the exact contributions of each of the retinal cell types to the overall synthesis and
steady-state content of cholesterol in the retina remains to be determined. The RPE is capable of ABCA1-mediated bidirectional
sterol efflux. The RPE also may exhibit apical secretion of APO-E–containing LDL, as well as LDLR-dependent uptake of LDL, and
CD36-dependent uptake of OxLDL from the choroid. CD36 is also involved in diurnal uptake of rod outer segment (OS) tips;
however, lipid hydroperoxides and oxysterols may competitively inhibit this process. Müller glia actively synthesize, package (with
APO-E and APO-J), and secrete cholesterol, which then can be taken up by neighboring neurons. Sterol efflux from the neural
retina is dependent on the activities of CYP27A1, CYP46A1, LXRs, and ABCA1. Excess retinal cholesterol may be esterified and
stored as lipid droplets by the activity of ACAT1 and LCAT. Oxidative stress, involving both enzymatic and nonenzymatic processes,
can lead to oxysterol formation; those by-products either are removed from the cell by sterol efflux or remain and accumulate in
lipid droplets and cellular membranes, which can result in retinal pathology. (See Fig. 2 and text for definition of abbreviations.)
state synthesis of [2H]cholesterol, and experimental
determination of the correction factor to account for
any newly synthesized cholesterol without [2H] incor-
poration (56–59). Parallel quantification of retinal
cholesterol uptake was measured in mice maintained
on chow supplemented with 0.3% w/w [2H]cholesterol
for 2 weeks. Sterol uptake in the retina (after 1 week)
was estimated to be about 3.6% of the total cholesterol
content (60). This experimental approach would be
significantly strengthened by inclusion of a weaning
experiment (i.e., weaning from [2H]water after 2 weeks
back to normal water [t = 0]) to experimentally deter-
mine the true half-life (and hence, the absolute turn-
over rate) of labeled cholesterol in the retina.
6 J. Lipid Res. (2021) 62 100057
Systemically administered simvastatin was shown to
exhibit the highest bioavailability compared with other
statins (after 6 weeks) in the neural retina of mice (61)
and also was significantly higher than that of the brain
tissue, suggesting that simvastatin is permeable to the
blood-retinal barrier. Such treatment of adult mice led
to a significant decrease (by about 20%, after 6 weeks)
in retinal cholesterol content, as well as a reduction in
sterol intermediates, but did not alter total retinal
cholesterol uptake. Given the estimated cholesterol
turnover rate (c.a., 54 days) in the retina, and the esti-
mated contribution of endogenous (retina-derived)
biosynthesis to the total retinal cholesterol pool (c.a.,
72%) (60), it was concluded that systemic simvastatin



treatment led to partial inhibition of retinal HMGCR
activity (61, 62). This further verifies the local activity of
the mevalonate pathway in the retina.

In another study, the de novo synthesis of both
cholesterol and dolichol in frog retina was assessed using
the same fundamental principles, but with two essential
differences: the study was performed in vitro, rather
than in vivo; and [3H]water (rather than [2H]water) was
used, with separate, parallel incubations using [3H]ace-
tate as the radiolabeled de novo precursor (63). The
specific activity of radiolabeled products was deter-
mined by radio-HPLC. The majority of the [3H]acetate
was incorporated into squalene, rather than into sterols;
in addition, the frog retina was found to contain sig-
nificant steady-state levels of squalene mass (unlike
other vertebrate retinas). Hence, the flux of acetate into
new cholesterol molecules was trapped in the squalene
pool. The absolute rate of cholesterol synthesis was
found to be only 3.4 pmol/h. This suggests that the de
novo biosynthetic of sterol products in the retinas of
amphibians (poikilotherms) are lower than those of
warm-blooded species (homeotherms); hence, they
cannot be compared directly with results obtained with
rodent retinas. This was subsequently verified in vivo
by intravitreal injection of [3H]acetate in frogs.
Although acetyl CoA incorporation to mevalonate
pathway is limited because of its hydrolysis (64), [3H]
acetate was mostly incorporated into [3H]squalene, as
well as [3H]cholesterol, detected both in whole retinas
and in isolated rod OS membranes derived therefrom
(65). Taken together, the in vitro and in vivo systems
described above reflect squalene and sterol biosyn-
thetic capacity in the neural retina of rodents and
amphibians. It should be appreciated that these results
apply to total retinal sterol synthesis but do not address
or exclude the possibility that some portion of the ste-
rols utilized by retinal neurons, including photore-
ceptor cells, may be derived from glia (i.e., Müller cells),
as is the case in the CNS (66, 67). Future investigation of
the mevalonate pathway in a retinal cell type–specific
manner might provide additional critical insights into
this aspect of retinal sterol homeostasis.

We now turn our discussion to the activity of post-
squalene branch of the mevalonate pathway in the
neural retina. Such investigations have involved the
pharmacological targeting of the Kandutsch-Russell
pathway or the Bloch pathway (see Fig. 2), followed
by an assessment of the impact of such treatments on
retinal structure and function. This mimics what occurs
in some relatively rare hereditary disorders where the
synthesis of cholesterol is decreased and its immediate
precursor accumulates (19). A prime example of this is
SLOS, the most common recessive disorder affecting
the mevalonate pathway. The key biochemical signa-
ture of this disease is the accumulation of 7DHC in
bodily tissues and fluids and clinically characterized by
dysmorphologies, such as 2–3 toe syndactyly, craniofa-
cial malformations, cognitive defects (autism spectrum),
as well as rod and cone function deficits (68–71). The
latter point serves as prima facie evidence indicating a
requirement for cholesterol to support normal retinal
function (1). The mevalonate pathway intermediate
7DHC is highly prone to oxidation (72) and generates a
spectrum of cytotoxic oxysterol metabolites, impli-
cating them in the observed pathology (73–75). A
pharmacological model of SLOS has been generated
by systemic treatment of rats with AY9944 [(trans-1,4-
bis(2-dichlorobenzylamino-ethyl)) cyclohexane dihy-
drochloride], a DHCR7 inhibitor (76). AY9944-treated
rat retinas exhibit significant accumulation of 7DHC
(7DHC/Chol mole ratio > 5) compared with control rat
retinas (7DHC/Chol mole ratio < 0.1). Increased
steady-state levels of 7DHC in the neural retina were
associated with a progressive, caspase 3–independent,
photoreceptor-specific retinal degeneration character-
ized by pyknotic (and TUNEL positive) photoreceptor
nuclei, progressive shortening of rod OS, and thinning
of the photoreceptor layer of the retina, defective
clearance of shed rod OS tips by the RPE, and markedly
decreased and delayed responses to light stimulation,
indicating both rod and cone visual transduction de-
fects (76–78).

Pharmacological targeting of DHCR7 also has been
used to assess retinal cholesterol uptake. AY9944-
treated Sprague-Dawley rats were maintained on a
cholesterol-free diet until postnatal (PN) day 28 and
then randomized into two dietary groups: one
continued to receive a cholesterol-free diet, whereas the
other was fed the same chow base, but supplemented
with 2% (w/w) cholesterol, and then both groups were
continued on this treatment until PN day 74 (79). 7DHC
was the predominant sterol species in the retinas of
AY9944-treated rats fed the cholesterol-free diet
(7DHC/Chol mole ratio, 5.65), whereas cholesterol was
the dominant sterol in retinas of those maintained on a
cholesterol-enriched diet (7DHC/Chol mole ratio, 1.40).
However, the total sterol content of the retina did not
change appreciably under the conditions used, indi-
cating that there was a 1:1 molar replacement of 7DHC
by diet-derived, blood-borne cholesterol in the retina.
(At the time, this was a striking finding because it had
been assumed that the blood-retina barrier was similar
to the blood-brain barrier in that it would exclude the
uptake of blood-borne cholesterol.) The serum 7DHC/
Chol mole ratio was 7.30 in the cholesterol-free dietary
group and 0.10 in the cholesterol-enriched dietary
group (79). These findings are in fair agreement with
the above discussed metabolic approach using dietary
[2H]cholesterol supplementation; both clearly demon-
strate that blood-borne cholesterol is able to cross the
blood-retina barrier and be taken up by the neural
retina (60, 79). This has been verified through another
independent approach, using intravenous injection of
human LDL particles “doped” with cholestatrienol
(cholesta-5,7,9(11)-trien-3β-ol), a naturally fluorescent
derivative of cholesterol (80). The incorporation of
Cholesterol homeostasis in the retina 7



cholestatrienol into the retina was followed as a func-
tion of the postinjection time, using confocal fluores-
cence microscopy; in parallel, rats were injected
intravenously with human LDL particles containing
[2H]cholesterol, and its uptake was followed by LC-MS
analysis of retinal lipid extracts. Cholestatrienol fluo-
rescence was observed in the choroid, RPE, and the
distal outer neural retina within 2 h after injection of
derivatized LDL; within 4 h, the entire outer retina
fluoresced (including the photoreceptor cells), and by
6 h, the entire neural retina exhibited the brilliant blue
fluorescence characteristic of UV-excited cholesta-
trienol. LC-MS confirmed the presence of [2H]choles-
terol, in parallel, in the neural retina, increasing as a
function of the post-injection time (80). Taken together,
these independent lines of evidence demonstrate
conclusively that cholesterol carried by LDL particles in
the blood can be taken up by the retina and be broadly
distributed throughout the neural retina (see also dis-
cussion below).

The previously discussed in vivo pharmacological
and metabolic approaches have provided insights into
cholesterol synthesis and uptake at the steady state in
the mature neural retina, notably in rodents. However,
the retina consists of both neuronal and glial cell types,
arranged in discrete histological layers (see Fig. 1). An
important question that remains to be investigated is
the relative contributions of each of those cell types to
overall retinal sterol homeostasis. The neural retina
expresses the signature proteins involved in sterol
synthesis and the lipoprotein uptake pathway. Quanti-
tative PCR analysis has demonstrated the expression of
presqualene and postsqualene enzymes, including
MVK, HMGCR, DHCR24, and DHCR7 in the neural
retina (62, 81). However, immunohistochemical analysis
of murine retina revealed strongest expression of
HMGCR in the inner retinal layers, rather than in the
outer retina (where the photoreceptor cells reside) (62,
81). Correlative in situ hybridization analysis of key
enzymes of the presqualene and postsqualene steps of
the mevalonate pathway in other species may provide a
morphological context to retinal cell type–specific dif-
ferences in mevalonate pathway regulation. In this re-
gard, a recent study performed single-cell RNA-Seq
experiments on 90-day-old human retinal organoids
derived from human embryonic stem cells (82). The
human embryonic stem cells were genetically engi-
neered to drive GFP expression under the control of
the CRX promoter (cone-rod homeobox gene), which is
expressed in developing precursor and mature photo-
receptor cells, as well as inner retinal neurons such as
CHX10-positive bipolar cells (83–85), to be able to
selectively sort out expression of mevalonate pathway
enzymes in CRX-GFP–positive retinal neurons cells
versus other (GFP-negative) retinal cell types. HMGCR,
SQLE, MVK, and other players of the mevalonate
pathway were significantly enriched in the CRX-nega-
tive cluster, while GFP-positive cells (photoreceptors)
8 J. Lipid Res. (2021) 62 100057
only expressed basal levels of mevalonate pathway
genes (82), possibly because of the requirement for de
novo nonsterol isoprenoid synthesis, for example,
dolichols (50). Furthermore, a recent in silico modeling
of retinal sterol homeostasis suggests that photorecep-
tors acquire sterol from exogenous sources, rather than
mevalonate pathway (86).

Hence, taken together, these results suggest that de
novo synthesis of cholesterol in photoreceptors, per se,
is likely minimal. This is curious and unexpected, given
the prodigious daily rate of membrane assembly and
turnover of photoreceptor OS membranes, which re-
quires a continuous supply of lipids (including choles-
terol) and proteins (14, 87). Also, it should be
appreciated that a significant level of lipid (including
cholesterol) synthesis is required during retinal devel-
opment and maturation. Future investigations into
retinal sterol homeostasis during retinal development
may provide important insights into congenital disor-
ders involving defective sterol homeostasis. Such in-
vestigations are now possible because of the recent
development of a transgenic mouse line (mRX-Cre)
that exhibits retina-specific Cre-recombinase expres-
sion (starting at day E8.5), driven by the Rx promoter
(retina and anterior neural fold homeobox (RAX)), the
earliest retinal determinant factor (88). Investigations
into retinal neuronal- and glial-specific inhibition of
the mevalonate pathway, using targeted gene-deletion
methods, also should shed light on neuron-glial in-
teractions in the retina that contribute to maintenance
of retinal cholesterol homeostasis.

Intraretinal cholesterol exchange: role of Müller
glial cells

Intravitreal injection of radiolabeled amino acids,
followed by tracking the fate of newly synthesized
retinal proteins by light and electron microscopy-level
autoradiography, first demonstrated the diurnal pro-
cess of photoreceptor OS renewal and the intimate
involvement of RPE cells in this process (14, 87). A
similar approach was adapted to demonstrate the
continual synthesis and distribution of APO-E, a
signature protein associated with VLDL and IDL par-
ticles, in the rabbit neural retina, and in a primary
Müller glial cell culture model (89). Radiolabeled amino
acids were faithfully incorporated into APO-E within
3–6 h after intravitreal injection. SDS-PAGE autoradi-
ography of immunoprecipitated APO-E showed its
presence mostly in the vitreous and in the neural retina,
with little incorporation in the optic nerve (89). This
agrees with the results of neuron-glia coculture studies,
which showed that cholesterol, but not APO-E, is
required for retinal ganglion cell synaptogenesis (66,
67). Transcriptomic analysis of purified mouse Müller
glial cells and in situ hybridization of mouse retinal
tissue sections also demonstrated APO-E expression in
Müller glia, along with other classic markers, such as
aquaporin-4, RLBP1, and GLUL (90). Additional



evidence shows synthesis and export of APO-E– and
APO-J–containing lipoproteins, varying in density from
1.006 to 1.180 g/cc and diameters of 14–45 nm, in pri-
mary rabbit Müller glia (91). This is consistent with the
results of studies using CNS-derived astrocytes, which
also secrete APO-E and APO-J and are thought to play a
role in retinal sterol homeostasis (89, 91, 92). Thus,
Müller glia have the capacity to assemble and secrete
lipoproteins or lipoprotein-like particles, which then
can be utilized by adjacent cells (e.g., photoreceptors or
inner retinal neurons), and may serve as a local, intra-
retinal source of cholesterol. Retinas from APO-E–null
mice have been reported to have a significant increase
(2.8-fold) in their unesterified cholesterol content, and
this increase was observed despite a compensatory in-
crease in retinal APO-B levels. This suggests an impor-
tant role for retinal APO-E synthesis for tissue sterol
redistribution (93). The requirement of Müller cells in
retinal cholesterol homeostasis could be validated by
cell type–specific ablation of genes coding for post-
squalene pathway enzymes; for example, breeding
mice harboring floxed mevalonate pathway genes with
mice expressing Cre recombinase under the control of
a Müller cell–specific promoter (94, 95).

A study using APO-E knockout mice reported elec-
trophysiological deficits, accompanied by possible
dropout of Müller glial cells, by PN 25 weeks of age (96).
In another study, the lack of APO-E also reportedly
lead to an appreciable (3-fold) increase in retinal
cholesterol content compared with age-matched con-
trols, with the majority of the total retinal cholesterol
being unesterified (93). (We have not been able to
reproduce those findings independently; c.f., Fliesler,
S.J., M.J. Richards, N.S. Peachey, K. Kauser. Hypercho-
lesterolemia does not alter retinal sterol composition or
compromise retinal structure or function in APO-
E–knockout mice. Invest. Ophthalmol. Vis. Sci. (ARVO Abstr.)
2000; 41:S199.) Also, a compensatory increase in the
retinal expression of other lipoproteins, such as APO-
A4 and APO-B, was observed upon APO-E gene abla-
tion (93).

APO receptors also play an important role in retinal
development. Undifferentiated neuronal precursors
express APO-A1 and the SRB-I (97). Rod photoreceptor
differentiation, maturation, and synaptogenesis
temporally coincide with Müller glial development and
their synthesis of APO-E (97). In the CNS, a major re-
ceptor for APO-E is LDL-related particle 1 (LRP1),
which is required for synaptogenesis, oligodendrocyte
progenitor cell differentiation, and myelination (98, 99).
LRP1 is expressed in primary RPE cells (100), as well as
in retinal endothelial and Müller glial cells (101, 102).
However, the specific requirement of LRP1 for sterol
homeostasis in retinal neuronal cell types remains to be
assessed. Taken together, the evidence extant suggests a
role for APO secretion by Müller glia in maintaining
cholesterol homeostasis in the neural retina. In vivo
evaluation of neuronal uptake of Müller glia–derived
sterols by surrounding neurons is not possible using
conventional metabolic approaches. This is due to the
inability to “tag” the de novo–synthesized sterol with a
fluor and follow its trafficking, secretion and uptake
because sterols (unlike proteins) are not coded by genes.
However, an alternative approach might be targeted
deletion of enzymes of the postsqualene pathway in
Müller glia, such as sterol-C5-desaturase, DHCR24, or
DHCR7, and follow-up assessment of uptake and
incorporation of the biogenic cholesterol precursor
into neighboring retinal neurons (e.g., photoreceptor
cells) (see Fig. 3).

Mevalonate pathway activity in the RPE
The above results pertain only to de novo cholesterol

synthesis and uptake in the neural retina. We will now
specifically consider the mevalonate pathway in the
RPE. Although immunohistochemical analysis has
shown the presence of HMGCR in human and murine
RPE cells (62, 81), investigating RPE cholesterol syn-
thesis rates in vivo is extremely challenging because of
the technical difficulties involved in the metabolic ap-
proaches and the need for targeted cell type–specific
inhibition of the mevalonate pathway. As a potentially
more tractable and fruitful alternative, RPE in vitro
models of genetic diseases pertaining to the mevalonate
pathway and related pharmacological models as well as
the conventional metabolic approach may be of utility
to investigate RPE de novo sterol synthesis. Recently, we
generated a human induced pluripotent stem cell
(iPSC)–derived RPE in vitro model of SLOS (point
mutations in DHCR7, leading to hampered reduction of
7DHC to cholesterol), comparing SLOS RPE cells
(generated from iPSCs from fibroblasts isolated from
patients with well-characterized SLOS) with iPSC-
derived RPE cells from normal human controls (77).
SLOS-RPE cells cultured in delipidated serum showed
elevated steady-state levels of 7DHC (∼40% of total
sterol content), unlike the control RPE cells (which had
minimal 7DHC content), indicating an active choles-
terol synthesis pathway (77). Other studies have
demonstrated in vitro incorporation of radiolabeled
acetate into cholesterol in ARPE-19 cells, an immortal-
ized human RPE–derived cell line (103). In vivo study
utilizing RNASeq analysis suggest that diurnal changes
occur in the expression of mevalonate pathway genes,
such as Hmgcr, Dhcr24, and Sqle, in the RPE of 10- to 13-
week-old mice (104). These results qualitatively
demonstrate the ability of RPE cells to synthesize
cholesterol autonomously but do not permit the calcu-
lation of absolute sterol synthetic rates.

Role for RPE in retinal cholesterol uptake
Uptake of blood-borne LDL particles by the RPE was

first demonstrated utilizing tail vein injection of
Rhodamine-labeled LDL particles and subsequent
monitoring of their uptake by the RPE using fluores-
cence microscopy (105). However, fluorescent tags are
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not ideal tracers because their conjugation to LDL may
be unstable in vivo. In vitro experiments utilizing
immortalized ARPE-19 cells demonstrated LDL recep-
tor (LDLR)-mediated uptake of LDL (105). As described
above, RPE-mediated uptake of circulating, LDL-bound
cholesterol was demonstrated in rats using intravenous
injection of human LDL equilibrated with unesterified
cholestatrienol, monitoring the incorporation of the
fluorescent sterol by confocal fluorescence microscopy
(80). In that study, LDL uptake also was monitored by
immunohistochemistry and correlative Western blot
analysis of the neural retina with a monospecific anti-
body against human APO-B (importantly, with no cross-
reactivity against rat APO-B). Immunohistochemistry
confirmed the presence of human APO-B immunore-
activity in the RPE and the neural retina, whereas
Western blot analysis showed an immunoreactive 80-
kDa APO-B peptide (consistent with partially
degraded human APO-B), indicating endocytic uptake
and degradation of LDL particles by the RPE and the
neural retina (80, 106). On the other hand, serum
deprivation of ARPE-19 cells has been shown to result
in transcriptional upregulation of mevalonate pathway
genes, as well as accumulation of cellular free choles-
terol (107). LDLR expression has been observed in the
RPE, as well as in the ganglion cell layer (GCL) and in
the endothelial cells of the retinal vasculature in hu-
man and monkey retinas (62, 80, 81). In another study,
LDLR knockout mice were generated on an ApoB100
background (ApoB100 LDLR−/−), and their retinas
were probed with filipin, a naturally fluorescent mac-
rolide antibiotic molecule that binds to the 3β-hydroxyl
group of sterols, to localize cholesterol in various cell
types (108). ApoB100 LDLR−/− mice exhibited deficits
in scotopic (rod-driven) electroretinogram (ERG) re-
sponses, as well as accumulation of esterified choles-
terol on the basolateral surface of the RPE, consistent
with inefficient uptake of LDL particles (108). The acid
lipase-dependent processing of endocytosed lipopro-
teins in RPE cells is sensitive to buildup of bisretinoid
adducts such as A2E, which displaces cholesterol from
lipid rafts (109). Taken together, the results suggest the
involvement of LDLR-mediated uptake of LDL by the
RPE and the neural retina, the subsequent endolyso-
somal processing of LDL, and ultimate incorporation of
LDL-derived free cholesterol into the neural retina.

Mutations in the NPC-I gene lead to accumulation of
free cholesterol in lysosomes because of deficient NPC-
I–mediated transfer of free cholesterol from lysosomes
to the ER (110). In a genetic mouse model of NPC-I
disease, significant accumulation of free cholesterol
(determined by filipin binding) was observed in the
RPE and in the outer plexiform layer of the retina (111).
Also, retinal degeneration is observed in NPC-
I–modified genetic mouse models, characterized by an
age-dependent decrease in dark-adapted (rod-driven) a-
wave and b-wave ERG responses, as well as by pro-
gressive, irreversible photoreceptor-specific cell death
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(observed as exclusive TUNEL -positive labeling in the
outer nuclear layer) (111, 112). This animal model
further exhibited defective autophagy, accumulation
of membranous and lipid inclusion bodies, aberrant
dendritic arborization, and neurite stratification defects
in retinal neurons, but without increased filipin stain-
ing in retinal neurons (112). Spectral domain-optical
coherence tomography imaging of the neural retina
of NPC-I patients has revealed significant thinning of
the nerve fiber layer and axonal degeneration (113).
Surprisingly, however, patients with LAL deficiency,
which results in accumulation of lysosomal cholesteryl
esters, do not exhibit retinopathies (114). Although LAL
is required for RPE cholesterol homoeostasis (115), the
effect of conditional deletion of LAL in retinal neu-
rons remains to be directly investigated. Overall, these
defects reflect a neuronal requirement for glia-derived
cholesterol in the retina, as discussed earlier.

Cholesterol uptake also occurs through SRB-I and
SRB-II, which are involved in the uptake of HDL and
OxLDL, respectively. Binding studies using [125I]-
labeled LDL and acetylated-LDL particles and bovine
RPE cells have demonstrated that RPE cells possess both
LDLR and scavenger receptor activity (116). When
challenged with excess unlabeled LDL or acetylated
LDL in vitro, cultured bovine RPE cells responded by
downregulating the LDLR, but not scavenger receptors,
which is typical of macrophages and arterial endothe-
lial cells. Primary human RPE cells also have been
shown to express SRBs (117). The transcript and protein
level expression of SRB-I/SRB-II receptors in primary
RPE cells was examined using RT-PCR, and by
analyzing incorporation of radiolabeled amino acids
into newly synthesized SRB-I (117). A comprehensive
study showed the differential expression of APOs and
SRB reporters in the monkey retina. Although both the
RPE and the GCL showed APO-A1, SRB-I, and SRB-II
immunoreactivity, photoreceptors expressed only class
B scavenger reporters (80). These findings suggest a
role for complex intraretinal lipoprotein transport
mechanisms in maintaining sterol homeostasis in the
neural retina and in the RPE (80, 117).

SRB-I is involved in cellular uptake of cholesteryl
esters from HDL particles, as well as lutein uptake by
the RPE (118). SRB-I also participates in cholesterol
efflux from extrahepatic tissues, thereby performing
both uptake and efflux roles (119). Further under-
standing of SRB-I requirement for proper retinal
functioning has been achieved using a global SRB-I
knockout model (120). This model exhibits hypo-
lipoproteinemia and concurrent increase in serum
cholesterol levels, which is further exacerbated by
feeding a high-fat diet. SRB-I knockout mice fed a
normal chow diet exhibited mild decreases in dark-
adapted a-wave and b-wave ERG responses, as
compared with controls, but without any observable
retinal structure abnormalities (120). However, those
mice fed a high-fat diet exhibited photoreceptor layer



disorganization, sparse sub-RPE lipid deposits, ERG
abnormalities, and significant thickening of Bruch's
membrane (the extracellular matrix interface between
the choriocapillaris and the RPE (120)).

Sequestration of cholesterol in storage depots
A key mechanism in cellular cholesterol homeostasis

is the esterification of excess free cholesterol and its
storage in lipid droplets (121, 122). Three enzymes cata-
lyze the esterification of ACAT1 and ACAT2 and
LCAT (123). Both human and macaque retinas express
ACAT1 and LCAT (80, 124). ACAT1 immunolocaliza-
tion also has been reported in the murine retina in the
photoreceptor OS layer, outer plexiform layer, GCL,
and in the RPE (81). However, LCAT appears to localize
to Müller glial cells, rather than to retinal neurons (125).
Also, LCAT ablation does not lead to retinal degener-
ation or dysfunction (126). Inhibition of cholesterol
efflux, such as that observed in CYP27A1/46A1 double-
knockout mice, with resultant increase in the photore-
ceptor cholesterol content, exhibits ACAT1-dependent
esterification of sterols in photoreceptors, notably in
their OSs (125). The latter finding is curious, consid-
ering the fact that, historically, extensive lipid compo-
sition analyses across multiple vertebrate species have
failed to detect such molecules in purified photore-
ceptor OS membrane preparations (12).

CHOLESTEROL EFFLUX IN THE NEURAL
RETINA AND RPE

Role of ABC transporters in retinal cholesterol
efflux

ABC transporters ABCA1 and ABCG1 generally ac-
count for the majority of cellular sterol efflux,
depending on tissue expression levels (25). ABCA1 and
ABCG1 are expressed widely in most tissues, including
brain, retina, and macrophages (32), whereas ABCG4 is
predominantly expressed in the brain (127). ABCG1
additionally caters to efflux of sterols derived from
OxLDL to HDL particles in macrophages, and plays a
protective role in atherosclerosis (128). ABCG1 is
expressed in the developing and the mature retina (32,
127). Brain tissue from Abcg1-Abcg4 double-knockout
mice show significant accumulation cholesterol and
lathosterol (cholest-7-en-3β-ol), as well as 24-OH-Chol,
25-OH-Chol, and 27-OH-Chol by 8 months of age,
compared with age-matched controls. Therefore,
ABCG1 and ABCG4 play a key role in brain sterol
efflux (127). ABCG1 and ABCG4 are expressed in all
the layers of the neural retina and in the RPE, as well as
in primary cultures of Müller glial cells and ganglion
cells (32, 127, 129). Retinal histological maturation ap-
pears normal in Abcg1-Abcg4 double-knockout mice,
which exhibit mild retinal dysfunction accompanied by
a relatively small increase in lathosterol content (unlike
the accumulation of oxysterols and cholesterol in the
brain) (127).
ABCA1 and ABCG1 expression in the neural retina
increased upon treatment with the LXR-α agonist
T0901317, suggesting a role for both LXR-α regulation
and ABC transporters in retinal sterol efflux (62). Rod
photoreceptor–specific knockout of ABCA1, using Rho-
iCre mice (130), leads to appreciable lipid droplet
accumulation and age-related retinal dysfunction at
around PN 12 months (131). Rod photoreceptor–specific
ABCA1/G1 knockout (unlike ABCG1/G4 knockout)
leads to increased levels of retinal cholesterol, 7KChol,
and 24-, 25-, and 27-OH-Chol by PN 12 months (131).
Maintaining rod-specific ABCA1/G1 knockouts on a
high-fat diet accelerates lipid accumulation and retinal
degeneration (131). Similar age-related retinal dysfunc-
tion and cholesterol accumulation (around PN 10–-
14 months) occur upon LXR-α deletion, with
subsequent reduction in ABC transporter levels (132).
By contrast, LXR-β knockout did not lead to photore-
ceptor dysfunction (even up to PN 10 months). How-
ever, a lack of LXR-α and/or LXR-β leads to lipid
accumulation in the RPE (132). Also, LXR-β knockout
causes slow, progressive loss of ganglion cells over the
course of PN 18 months, accompanied by decreased
retinal aquaporin-4 expression as well as microglial
activation (indicative of neuroinflammation) (133).
Curiously, the onset of retinal dysfunction upon inhi-
bition of cholesterol efflux at the level of LXR-α/β, or
ABC transporters (also CYP hydroxylase knockouts,
discussed later) leads to a slow retinal degeneration
phenotype that manifests by about 1 year. This is unlike
inhibition of retinal de novo cholesterol biosynthesis
either through statin treatment (which most likely is
due to protein prenylation compromise, rather than
blockade of sterol synthesis) or as observed in the
AY9944-induced model of SLOS (see below), which
leads to retinal degeneration on a timescale of weeks
(76, 131–133). In sum, these observations independently
indicate significant differences in the rates of retinal
sterol synthesis and turnover, in agreement with the
results of previous studies (60, 79).

Cholesterol efflux in the RPE
ABCA1 and ABCG1 expression has been reported for

the RPE, in addition to the neural retina (81, 129, 134).
Human and murine RPE/choroid express all of the
known components of the cholesterol efflux mecha-
nism (LXR-α/β, ABC transporters, APO-A1, APO-E,
APO-B) as well as players in intracellular sterol trans-
port (NPC-I, translocator protein 18 kDa [TSPO]) (135).
Native RPE cells and ARPE-19 cells express microsomal
triglyceride transfer protein and APO-B, suggesting
their capability to assemble their own lipoprotein-like
particles (presumably for export) (124). ARPE-19 cells
cultured with [3H]oleate have been show to secrete [3H]-
labeled cholesteryl esters and triglycerides into the
culture medium, and the lipoprotein-like particles iso-
lated from the culture medium had physical charac-
teristics (e.g., d << 1.21 g/ml) comparable with plasma
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lipoproteins (124). APO-A1 expression has been docu-
mented in the human and monkey RPE, as well as in
the neural retina (80, 97, 136, 137). RPE-specific double
knockout of ABCA1 and ABCG1 leads to accumulation
of cholesteryl ester–rich lipid droplets in the RPE,
accompanied by frank degeneration of the neural
retina by PN 6 months (134). Furthermore, RPE-specific
ABCA1 knockout was sufficient to cause lipid droplet
accumulation, suggesting an important role for ABCA1
in RPE cholesterol efflux (134). ABCA1-dependent
cholesterol efflux in the RPE is sensitive to treatment
with probucol (a potent bis-phenol antioxidant that also
inhibits ABCA1) and ABCA1 antibodies (135, 138).
Poorly polarized ARPE-19 cells fail to stimulate baso-
lateral cholesterol efflux to APO-A1, unlike well-
differentiated and polarized human primary RPE
cells (with healthy transepithelial electrical resistance).
Polarized RPE can engage in ABCA1-mediated sterol
transfer to APO-A1 on both the apical and basolateral
sides of the cell (135). Furthermore, RPE cells can suc-
cessfully efflux cholesterol derived from photore-
ceptor OS membranes on both the apical and
basolateral side of polarized RPE in an APO-
A1–dependent manner (135). It is important to meet the
following criteria when using primary, iPSC-derived, or
transformed RPE cells for these kinds of studies: (1) the
cells should be well polarized (i.e., have defined apical
and basolateral compartments); (2) the culture medium
should have a defined lipid content (as well as the
lactate content); (3) cells should have proper trans-
epithelial electrical resistance; (4) the cytoskeleton and
microtubule alignments should be comparable with
those observed in normal RPE cells in vivo; (5) the ge-
notype should be confirmed when using human donor
primary or iPSC-derived cells; and (6) differences in
lipid-related genes should be documented between the
various models used (139, 140).

Conditional ablation of Abca1 and Abcg1 in macro-
phages leads to thickening of Bruch's membrane and
lipid droplet accumulation in the RPE as well as in the
subretinal space (141). Under these conditions, both
esterified and unesterified cholesterol content increase
in the retina and RPE/choroid, as compared with age-
matched controls (141). Using this type of model,
concomitant age-related retinal degeneration was
observed, as characterized by decreased ERG responses
and the appearance of macrophages in the subretinal
space and choroid by PN 12 months. These are common
features observed in several retinal degeneration animal
(primarily mouse) models, as well as in human AMD
(141–144). Collectively, these findings suggest a role for
macrophage interactions with the RPE in efficient
cholesterol efflux across the outer blood-retinal barrier.

CYP enzyme-catalyzed sterol hydroxylation and
oxidation in the neural retina

Two CYP genes are expressed in the neural retina:
CYP27A1 and CYP46A1. The oxidized cholesterol
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derivatives 27-COOH-Chol and 27-OH-Chol (metabo-
lites of CYP27A1) are the predominant oxysterol spe-
cies found in human and bovine retinas, which
stimulate LXRα-dependent cholesterol efflux (145).
CYP27A1 expression was observed in ARPE-19 cells, as
well as photoreceptor ISs, ganglion cells, and RPE of the
monkey retina (146). 27OH-7KCh, a product of
CYP27A1-mediated metabolism of 7KChol, was found
to be significantly less cytotoxic to ARPE-19 cells than
7KChol (146). Under conditions of elevated oxidative
stress and lipid peroxidation, CYP27A1 undergoes
modification by lipid peroxide products, such as iso-
levuglandins, leading to reduced enzymatic activity, in
turn contributing to altered cholesterol homeostasis
(147).

TSPO is a transmembrane protein involved in
translocation of cholesterol from the outer to the inner
mitochondrial membrane (148, 149). Thereby, TSPO
regulates sterol substrate availability to inner mito-
chondrial membrane resident CYP27A1 and plays a
regulatory role in sterol efflux (150). Activating ligands
of TSPO, such as FGIN-1-27, increase RPE cholesterol
efflux and decrease cellular cholesterol and phospho-
lipid levels (103). TSPO knockdown sensitizes ARPE-19
cells to OxLDL challenge, leading to increased reac-
tive oxgen species (ROS) generation and expression of
inflammatory cytokines, such as interleukin-1β and
TNF-α (103). Immunohistochemical analysis suggests
expression of TSPO in the RPE and GCLs of the mouse
retina. RPE TSPO expression levels decline with age
and correlate with accumulation of cholesterol in the
cell (103). The increase in RPE ROS levels also is
accompanied by increase in the GSSG:GSH ratio (an
indicator of oxidative stress), accumulation of free fatty
acids, and decreased cellular ATP and NADH content
(151).

Other CYP enzymes involved in lipid efflux also
affect cellular cholesterol homeostasis. For example,
cholesteryl ester-laden lipid droplet accumulation and
autophagic defects also have been observed in an iPSC-
derived RPE model of Bietti's crystalline dystrophy,
which is caused by mutations in the gene encoding
CYP4V2 (152, 153). CYP4V2 is required for ω-oxidation
of fatty acids, and the RPE lipid accumulation observed
in the Bietti's crystalline dystrophy in vitro model was
partially relieved by cyclodextrin treatment (153). This
finding suggests a role for CYP hydroxylase–mediated
fatty acid oxidation in RPE lipid efflux.

ER-resident cholesterol-24S-hydroxylase (CYP46A1),
which catalyzes the rate-limiting step in brain choles-
terol efflux, metabolizes cholesterol to 24S-hydrox-
ycholesterol (24S-OH-Chol) (154–156). In the retina,
CYP46A1 is expressed predominantly in the inner
retinal layers and in the RPE but is comparatively low
in the photoreceptor layer (157). Intravitreal injection of
albino rats with voriconazole, a CYP46A1 inhibitor, did
not lead to retinal degeneration or altered dark-
adapted ERG responses (158). However,



intraperitoneal injection of voriconazole led to a sig-
nificant decrease in retinal 24S-OH-Chol levels without
concomitant changes in brain or serum levels within
5 days (159). This is very surprising, given that
CYP46A1-synthesized 24S-OH-Chol is the predominant
cholesterol elimination product in the brain, unlike the
retina, which strongly depends on CYP27A1-dependent
metabolism for cholesterol efflux (154, 155, 160, 161). A
global knockout mouse model of CYP46A1 exhibited a
significant, compensatory increase in retinal choles-
tenoic acid (a by-product of 27-OH-Chol oxidation by
CYP27A1), and subsequent activation of LXRα/β and
their gene targets (162). However, no significant
changes in retina cholesterol content or ERG rod- or
cone-driven responses were observed in 6-month-old
CYP46A1 knockout mice compared with age-matched
controls at PN 6 months (162). The retinas of
CYP46A1 knockout mice exhibited leaky vasculature
and microglial activation (162).

CYP27A1/CYP46A1 global double-knockout mice
(CYP27A1−/−-CYP46A1−/−) exhibit elevation in retinal
cholesteryl ester content in lipid droplets. As discussed
above, remarkably, such lipid droplet accumulation was
observed in the OS layer (125). The total cholesteryl
ester and 7KChol content was significantly elevated in
the retina, liver, brain, and lungs of the double-
knockout mice (125, 163), which also exhibited aber-
rant angiogenesis and retinal vasculature defects (163).
The accumulation of retinal cholesteryl esters was fully
inhibited by deletion of Acat1 (required for sterol
esterification) on the double-knockout background
(125). The sterol profile in triple-knockout (CYP27A1−/
−-CYP46A1−/−-ACAT1−/−) mice was comparable with
that of controls. (125, 162). Despite normalization of the
sterol profile, photoreceptor cell death was observed
(using TUNEL labeling) (125, 162). Future investigations
into ABC transporter activity in CYP27A1−/−-CYP46A1−/
−-ACAT1−/− and CYP27A1−/−-CYP46A1−/− models may
provide additional new insights into the retinal choles-
terol efflux mechanism. The accumulation of choles-
teryl esters in the retina and RPE in the above discussed
animal models has been observed using Oil Red O
staining, filipin labeling, and fluorescence imaging of
retinal tissue sections (plus and minus cholesteryl
esterase treatment), as well as transmission electron
microscopy (125, 134, 163). These methods along with
lipidomic analysis of retinal tissue to quantify total and
free sterol (and, by difference, esterified cholesterol)
have provided compelling validation of retinal sterol
esterification (163).

OX-LDL AND OXYSTEROLS ON THE NEURAL
RETINA AND THE RPE

We have previously discussed the critical role oxy-
sterols play as LXR agonists, thus facilitating ABC
transporter–mediated cellular cholesterol efflux.
Therefore, oxysterols act as regulators of cholesterol
biosynthesis and metabolism (164, 165). Elevated oxy-
sterol levels in membranes lead to organelle dysfunc-
tions such as mitochondrial dysfunction, ER stress, and
lysosomal membrane permeabilization (166). High-
intensity light exposure leads to nonenzymatic lipid
peroxidation and generation of 4-hydroxynonenal (4-
HNE, a by-product of oxidation of omega-6 PUFAs)
and, subsequently, oxidatively modified retinal proteins
(167). Similar conditions can promote the nonenzymatic
oxidation of cholesterol and other sterols, generating
cytotoxic oxysterols (168–172). In addition to conditions
that cause photo-oxidative stress, alterations in iron
homeostasis also have been shown to promote lipid
peroxidation (173, 174), including in the retina (175, 176).
The chemistry of oxysterols and their biophysical ef-
fects on the plasma membrane have been discussed
above, as well as in other reviews (177, 178). We will now
discuss the uptake mechanisms of OxLDL and the
biological effects of oxysterols and OxLDL in the RPE
and the retina.

OxLDL and oxysterols in the RPE
The RPE cell is a unique epithelial cell type because it

is a postmitotic, long-lived professional, stationary
phagocyte, while also possessing the classic character-
istics of a polarized epithelial cell and participating in
barrier functions like other epithelial cells. Key insights
into RPE cholesterol homeostasis have arisen from
studies performed using in vitro models, given the ease
of establishment and long-term maintenance of pri-
mary RPE cultures, availability of transformed RPE-
derived cell lines (RPE-J, ARPE-19, etc.), and recent ad-
vancements in iPSC-derived RPE in vitro cell models
(140, 179, 180). However, it should be kept in mind that
ARPE-19 cells, in addition to be immortalized, are not
fully differentiated and have some distinct differences
from primary RPE cells that may limit the direct
applicability of results obtained with their use to the
normal biology of the RPE (140, 180). However, in vitro
oxysterol treatment leads to direct free oxysterol
incorporation into the plasma membrane or entry into
the cell, by-passing the canonical endocytic uptake
pathway.

Uptake of OxLDL occurs primarily via a receptor-
mediated endocytic uptake pathway dependent on
either SRB CD36 or the lectin-like LOX-1 (105). In the
retina, a primary function of SRB-II is its role in the
uptake of shed photoreceptor OS tips by the RPE
during the daily process of photoreceptor membrane
turnover (181). Expression of SRB-II has been
observed in primary RPE cells, ARPE-19 cells, and in
animal models (80, 105, 117). Both CD36 and internalize
various cargoes, such as cholesteryl esters and
phosphatidylserine-rich membranes. RPE cells exhibit
CD36-dependent phagocytic uptake of OS phospho-
lipids (181–183). On the other hand, the lipid peroxide
species generated by photo-oxidation of OS mem-
branes (e.g., of their constituent PUFA-containing
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phospholipids, as well as sterols) serve as potent ligands
for the CD36-mediated diurnal uptake of OS by the
RPE (184). Furthermore, OxLDL and lipid peroxide
products competitively inhibit CD36-mediated uptake
of OS by RPE cells (184), and uptake of OxLDL medi-
ated by CD36 is also blocked by antibodies against CD36
(185).

Treatment of RPE-J cells with OxLDL or oxidized OS
membranes significantly decreased the degradation of
phagocytosed OS by RPE cells (186). This was due to
inefficient phagosome maturation observed as a lack of
co-compartmentalization of opsin (the visual pigment
apoprotein) with markers of the endolysosomal system,
such as Cathepsin-D or Rab5 (186–188).

Primary RPE and transformed ARPE-19 cells chal-
lenged with OxLDL (100 μg/ml) undergo cell death,
with transformed RPE cells exhibiting sensitivity at
lower concentrations (189). RPE cell death was accom-
panied by elevated expression of vascular endothelial
growth factor (VEGF), proapoptotic mediators like Bax
(causes cell death upon mitochondrial membrane per-
meabilization), and generation of ROS (190–197). Up-
take of OxLDL by CD36 causes disruption of RPE
barrier function, activation of the NRLP3 inflamma-
some complex, increased cellular cholesterol level, and
accumulation of cholesteryl esters (138, 185). Similar to
OxLDL, treatment of transformed and primary RPE
cells with 7KChol and 25-OH-Chol led to cell death
because of ROS generation (193, 194, 198, 199). Oxysterol
treatment also caused upregulation of proin-
flammatory cytokine expression (i.e., IL-1B, IL-6, IL-8,
and IL-18) and increased ABCA1-dependent efflux
(194, 196, 198, 200–203). Sterculic acid, a naturally
occurring monounsaturated fatty acid, alleviated
7KChol-induced VEGF and interleukin expression
(197). Oxysterols such as 7KChol trigger inflammatory
responses and may therefore contribute to RPE and
retinal pathology (198, 204).

Cholesterol homeostasis of the outer retina, espe-
cially as pertains to sterol and lipid uptake and efflux
across the RPE, plays a critical role in the pathogenesis
of AMD (86, 205). While rodent models serve as excel-
lent biochemical systems to investigate sterol homeo-
stasis and related monogenic disorders, the notable lack
of a cone-rich fovea in rodents and other nonprimate
species presents a challenge in reliable modeling AMD
in laboratory animals. Key insights into the pathogen-
esis of AMD arises from lipidomic and proteomic
analysis of drusen deposits obtained from human AMD
patient donor eyes (206). The major lipid constituents of
sub-RPE drusen deposits include esterified cholesterol,
sphingomyelin, and phosphatidylcholine (206, 207). The
fatty acid profile of lipoproteins isolated from drusen is
rich in linoleate (a signature of blood-borne lipopro-
teins, influenced by diet), rather than DHA (a fatty acid
highly enriched in photoreceptor OS membranes, but
typically found in low levels in plasma), suggesting
predominantly an extraretinal (systemic) origin (208).
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Furthermore, recent in vitro studies involving long-
term primary porcine or human RPE cell cultures
have shown the presence of drusen-like basolateral
deposits, highlighting the endogenous capacity of RPE
cells to generate and export such lipid-rich material
(139, 209). These results are consistent with the proposed
role for RPE sterol efflux in AMD pathogenesis.
7KChol levels in RPE-choroid of primates and humans
increase with age and is the major oxysterol constituent
of drusen (196, 210). Understanding the origins of the
drusen lipid content has been aided by analysis of the
accompanying proteome (206). Major peptide constitu-
ents of drusen include APO-E, APO-B, serum albumin
(arising from blood), and also proteins possibly of RPE/
retinal origin, such as complement factors (CFH, C3,
C5), TIMP3, crystallins, and APO-A1 (206, 211). These
lipidomic and proteomic findings suggest that serum
LDL and outer retina sterol efflux both contribute to
the formation of drusen deposits. The drusen proteome
also was found to contain lipid peroxide adducts, sug-
gesting the involvement of oxidative stress in drusen
formation (211–213). Although a recent large-scale study
suggests a lack of correlation between serum OxLDL
levels of patients with AMD and drusen formation
(214), this cannot rule out a critical role for retinal
oxidative biology in AMD pathogenesis. This is because
simple ELISA assays to quantify serum OxLDL levels
do not detect individual oxysterol species synthesized
locally due to chronic oxidative stress in the retina (213,
215). The latter is clearly evidenced by the accumulation
of 7KChol and lipid peroxide adducts detected in
drusen, and from the described biological effects of
oxysterols on the RPE in vivo. These findings suggest
that the oxysterols observed in drusen may arise from
lipid peroxidation of already-formed drusen, rather
than deposition of OxLDL.

RPE cells challenged with A2E (a bisretinoid by-
product of the visual cycle) formed by condensation
of phosphatidylethanolamine with two molecules of
all-trans retinaldehyde derived from OS membranes
(216) exhibit elevated levels of cholesterol oxidation.
A2E displaces cholesterol from lipid rafts, thereby dis-
rupting lipid rafts in RPE cells (109). A2E-induced
accumulation of free cholesterol in the RPE endolyso-
somal system inhibits autophagic flux in the RPE (217).
A2E and OxLDL treatment leads to increased tubulin
acetylation, inhibiting retrograde phagosome traf-
ficking (217, 218). Stimulation of RPE cholesterol efflux
by transcriptional upregulation of ABCA1 and ABCG1
(using the LXR agonist T0901317) relieved A2E-induced
deficits in phagosome maturation (217). Cholesterol is
required for phagosome retrograde trafficking (219,
220). Phagosome maturation defects were observed in
an iPSC-derived RPE in vitro model of SLOS, charac-
terized by increase in cellular 7DHC levels (77). The
sluggish degradation of phagocytized OS observed in
the SLOS RPE model is also seen in genetic and phar-
macological animal models of SLOS (77). The RPE in



SLOS animal models also accumulates undigested OS
and lipid droplets and exhibits increased lipofuscin and
A2E content (76, 77). It should be noted that in SLOS
in vivo models, sterol homeostasis in the RPE is altered
both by the de novo synthesis of 7DHC and 7DHC-
derived oxysterols and their uptake via receptor-
mediated endocytosis of LDL and OxLDL. However,
rodent and in vitro experiments investigating the ef-
fects of A2E on RPE have made two fundamental as-
sumptions (1) that the RPE is homogeneous across the
eye and (2) that A2E is homogeneously distributed
across the eye, hence the presumption that data ob-
tained from whole-eyecup cell isolations and lipid ex-
tractions are meaningful. These conditions may be true
for rodents (221), but likely not for human and other
foveated species (221–224). Recently, foveal RPE cells
isolated from human eyes have been determined to
have unique properties compared with nonfoveal RPE
cells (225, 226).

OxLDL and oxysterols in the neural retina
Lipid peroxidation in rod OS membranes occurs

nonenzymatically by formation of free radicals
through Fe2+-mediated Fenton reaction (227). In vitro
assays have demonstrated that light-induced lipid per-
oxidation of OS membranes may be inhibited by iron
chelators, suggesting a role for Fe2+ (e.g., as derived
from ferritin, in vivo) in such oxidation (228). In vivo
administration of iron chelators significantly dimin-
ished retinal degeneration observed under conditions
of intense light exposure in the “retinal light damage”
model (229), as well as in some genetic models of reti-
nopathies (230–233). The role of iron homeostasis in the
neural retina and in retinal pathologies has been dis-
cussed in depth elsewhere (234). Peroxidation and
cyclo-oxidation of n-PUFAs (such as DHA and arach-
idonic acid) generate highly reactive α,β-unsaturated
aldehydes (such as 4-HNE and carboxyethylpyrrole)
and γ-ketoaldehydes (e.g., isolevuglandins and levu-
glandins) (147, 167, 235–237). These reactive aldehydes
further form adducts with lysine, cysteine, and histidine
residues of proteins in animal models of retinal light
damage (235, 238). Transducin-α, a key component of
the phototransduction cascade in photoreceptors, has
been found to be adducted with 4-HNE in light damage
model, implicating lipid peroxidation–mediated
disruption of phototransduction in the observed
retinal degeneration (235). Also, 4-HNE–modified pro-
teins have been identified in retinas from a rat model
of SLOS (239). Isolevuglandin modification of
CYP27A1 also has been observed in a mouse model of
retinal light damage (147), which was inhibited by pre-
treatment with pyridoxamine (a scavenger for
γ-ketoaldehydes) (240). The structural and functional
rescue of the photodamaged retina upon pyridox-
amine treatment remains to be determined. The above
studies together demonstrate that iron-mediated lipid
peroxide modification of proteins is a critical
component of the retinal pathology induced by bright
light exposure. These findings underscore a role for
lipid peroxidation in the retina upon elevated photo-
oxidative stress, such as that observed in rodent
models of retinal degeneration (241–243). However,
such rodent model studies have not addressed the po-
tential role of chronic normal (ambient) light exposure
or how retinal photo-oxidative stress leads to AMD
progression in humans (244–247).

7KChol has been implicated in several age-related
disorders (45, 165, 248). The predominant oxysterol
found in the OxLDL formed in vivo (generated by
copper- or iron-catalyzed oxidation of LDL) is 7KChol;
other significant oxysterols include 7αβ-OH-Chol and
5,6α/β-epoxy-Chol (249). In vitro studies on the effects of
exogenous OxLDL use copper- or iron-catalyzed
oxidation of LDL to generate OxLDL. The types of
oxysterols found in the neural retina of albino rats
subjected to bright light conditions suggest involvement
of the Fenton reaction in their formation (249). By
contrast, oxysterol levels are minimal in control animals
(not subjected to intense light exposure) and are
attributable to basal levels of enzymatic (e.g., CYP27A1)
and/or nonenzymatic sterol oxidation. The immuno-
localization of 7KChol in photodamaged retinas is
qualitatively comparable to that of H- and L-ferritin (a
local, endogenous source of ferrous ions) in the neural
retina, that is, the IS, inner plexiform, and the GCLs
(249–252). The lack of 7KChol metabolites in photo-
damaged retinas (at 48 h) may be due to the relatively
rapid rate of mitochondrial and extramitochondrial
generation of 7KChol compared with the rate of its
mitochondrial metabolism by CYP27A1, consistent with
the relatively slow retinal sterol turnover rate, and the
rate of cholesterol accumulation in the CYP27A1
knockout mouse (204, 249, 250, 253). Elevated 7KChol
levels have been observed in the RPE-choroid of rats
with laser-induced choroidal neovascularization (CNV);
the CNV was dramatically prevented by pretreatment
with sterculic acid (197). In a knockout mouse model of
hemochromatosis (a recessive human “iron-overload”
disease), cholesterol and oxysterol accumulation has
been attributed to decreased ABCA1 expression in the
retina (129). The effects of in vivo administration of
iron chelators on retinal oxysterol generation upon
photodamage remain to be investigated.

The effects of oxysterols on retinal cells have been
widely investigated in vitro using immortalized retina-
derived cell lines and primary retinal cell. Although
such treatments model the effects of an acute increase
in membrane oxysterol levels, the approach is hindered
by two significant drawbacks. First, the concentrations
of oxysterols used to treat cells in culture may not
faithfully mimic those generated under conditions of
oxidative stress in the in vivo setting (see below). Sec-
ond, the approach does not accurately model the ef-
fects of cellular enzymatic and nonenzymatic
generation of oxysterols. A more physiologically
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relevant in vitro approach involves OxLDL treatment
of cells, relying on the endocytic uptake of esterified
oxysterols.

Cell death induced by 7KChol in R28 cells (an
immortalized retinal progenitor cell line) was due to the
activation of caspases 3, 8, and 12 (254, 255). Treatment
of 661W cells (an immortalized mouse cone
photoreceptor–derived cell line), rMC1 cells (an
immortalized rat Müller glia–derived cell line), and
primary monkey RPE cells with 7KChol demonstrated
that 661W and rMC1 cell lines are significantly more
sensitive to 7KChol cytotoxicity than are primary RPE
cells (256). These in vitro assays suggest differential
sensitivities of retinal cell types to 7KChol. (The effects
of other highly cytotoxic, 7DHC-derived oxysterols on
these retinal cell lines will be discussed later; see below.)
OxLDL treatment was shown to induce PARP1-
mediated cell death, Bax-mediated mitochondrial
membrane permeabilization, and increased cellular
ROS levels in cultured MIO-M1 human Müller glial
cells (257). The increase in cellular ROS levels was
accompanied by upregulation of NOX4 (a constitu-
tively active member of the NADPH oxidase family of
enzymes) and was reduced significantly by treatment
with N-acetyl-cysteine (257).

Age-dependent accumulation of 7KChol in murine
and monkey ocular tissues has been observed pre-
dominantly in Bruch's membrane and choroid and in-
duces VEGF formation through nuclear factor kappa-
B–mediated pathway (196, 210, 258). The 7KChol in
Bruch's membrane serves as a chemoattractant, pro-
moting microglial/macrophage migration, infiltration,
and activation (198, 204, 258). Retinal microglias un-
dergo cell death at the same dose range of 7KChol as
other retinal cell types (256, 258). 7KChol induces lipid
droplet accumulation in microglia, as well as their po-
larization to the pro-inflammatory M1 state (258). In vitro
studies suggest that CD36-mediated 7KChol and
OxLDL uptake induces inflammasome formation in
endothelial cells and in retinal pericytes, the cellular
components of the inner blood-retinal barrier (258,
259). LOX1 OxLDL receptor is expressed in endothelial
cells and is involved in leukocyte-vascular interaction in
various retinal inflammatory conditions (260).

We have thus far limited our discussion to the effects
of three common oxysterols, that is, 24S-OH-Chol, 25S-
OH-Chol, and 7KChol, on the RPE and the neural
retina, or cells derived therefrom. Investigation of the
effects of oxysterols and OxLDL in the neural retina is
challenging because of the technical limitation of
relevant animal models. Very few in vivo models
exhibit chronic elevation in tissue and serum OxLDL,
lipid hydroperoxide, and oxysterol levels. Exposure of
the RPE and retina to lipid hydroperoxides by sub-
retinal injection leads to accumulation of lipid droplets
in the RPE, as well as CNV (261). Acute approaches, such
as intravitreal injection of free 7KChol, result in direct
incorporation of this cytotoxic oxysterol into all retinal
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cell types, which leads to panretinal degeneration and
rapid retinal necrosis (within 1 week after injection)
(262). Intravitreal injection of 7KChol also has been
shown to cause lipid droplet accumulation, inflamma-
tion, and phagocytic defects in the RPE (263). Rapid
increase in cellular 7KChol levels may overwhelm the
rates of CYP27A1-mediated hydroxylation of 7KChol
and the retinal cholesterol efflux rate, thereby leading
to downstream cytotoxic effects (264). The protective
role of CYP27A1-dependent metabolism of cytotoxic
oxysterols is relevant in animal models where elevated
retinal oxysterol levels have been demonstrated.
Achieving chronic elevation of serum OxLDL levels,
however, for example, by tail vein injection, may be
difficult to achieve because of the rapid metabolism of
serum OxLDL (265). Intravenous injection of mice with
OxLDL only leads to transient increases (for less than
ca. 15 min) in serum OxLDL levels, with the majority of
the OxLDL ending up in the liver (265). Therefore,
such approaches are of limited, if any, utility for
studying the chronic effects of oxysterols or OxLDL on
the neural retinal and the RPE in vivo.

Lessons learned from animal models with
pharmacological disruption of cholesterol synthesis

To date, only few animal models exhibit altered
cholesterol homeostasis with chronic elevation of oxy-
sterol and OxLDL levels. Serum OxLDL levels (specif-
ically as involves 7KChol) are elevated in Ldlr−/− and
ApoE−/− mice, which offer tractable animal models for
studying atherosclerosis (266, 267). Elevated intraocular
pressure (modeling glaucoma) induces increased retinal
CYP46A1 activity, with resultant increase in 24-OH-
Chol levels (268). However, none of these models ex-
hibits chronic elevation of oxysterol levels, as is
observed in diseases such as SLOS. The AY9944-
induced rat model of SLOS has provided some key
insights into the role of oxysterols (and possibly, by
inference, OxLDL) in retinal degeneration (76). A
unique feature of 7DHC, which accumulates in all
bodily tissues and fluids of human patients with SLOS
and in animal models with SLOS, is that it is the most
readily oxidizable organic molecule known (75). 7DHC
undergoes enzymatic and nonenzymatic (free radical-
–induced) oxidation, at rates 200-fold faster than
cholesterol, and even seven-fold faster than DHA
oxidation (75). This explains the formation and buildup
of lipid peroxides and 7DHC-derived oxysterols in
various tissue, including the retina, brain, liver, and
blood, the rat model with SLOS, and patient samples
(69, 262, 269). The observed retinal degeneration in the
rat model with SLOS has been ascribed to two signifi-
cant contributors: decreased cellular cholesterol con-
tent and increased 7DHC-derived, cytotoxic oxysterol
levels. The cytotoxicity of 7DHC-derived oxysterols has
been demonstrated in vitro using Neuro2a cell line, the
661W photoreceptor-derived cell line, the rMC-1 glial
cell line, and in primary monkey RPE cells (256, 270).



The lipidomic signatures of the SLOS rat retina in-
cludes elevated levels of 7DHC-derived oxysterols
(which are minimal in age-matched controls), such as
7KChol, 4α-hydroxy-cholesta-5,7-dien-3β-ol, 4β-hy-
droxy-cholesta-5,7-dien-3β-ol, 24-hydroxy- cholesta-5,7-
dien-3β-ol, and 3β,5α-dihydroxycholest-7-en-6-one. In
fact, the 7KChol level in the retina of AY9944-treated
rats is more than 50-fold higher than in age-matched
controls (262, 269). The severity of the retinal degenera-
tion observed in the SLOS rat model (at PN 5 weeks) was
exacerbated by exposure to intense, constant light (1,700
lux, 24 h, at 480 nm), as compared with control rats sub-
jected to the same conditions (271); however, the severity
of the retinal degeneration was reduced by systemic
administration of hydroxyl radical scavenger (dime-
thylthiourea), in agreement with previous studies sug-
gesting protective effect upon light damage regimen
(271–273). In addition, light damage also resulted in the
marked elevation of lipid hydroperoxides in the retina
AY9944-treated rats, compared with controls (274).
Collectively, these observations strongly suggest a role
for nonenzymatic oxidation of 7DHC in SLOS retinop-
athy. Hence, if one could block or substantially reduce
the formation and accumulation of those oxysterols, the
retinal degeneration might be avoided or the severity
markedly reduced. This hypothesis was directly tested by
evaluating the protective role of antioxidant supple-
mentation, in addition to a high-cholesterol diet, in the
AY9944-induced SLOS rat model. In an earlier study, a
high-cholesterol diet (2%, by wt.) alone offered partial
rescue of retinal degeneration; the severity was reduced
but not fully prevented (79). On the other hand, supple-
mentation of that same high-cholesterol diet with an
antioxidant mixture (vitamins C and E, plus selenium)
provided full protection against the retinal degenera-
tion, and marked reduction in 7DHC-derived oxysterol
levels in the retina andother tissues (275). The efficacy of
antioxidant treatment is due to two important factors.
First, although antioxidant supplementation did not
fully inhibit oxysterol formation, it led to a significant
decrease in the levels of 4β-hydroxy-cholesta-5,7-dien-
3β-ol and 7KChol, compared with the diet supplemented
with cholesterol alone. Hence, antioxidant-mediated
protection in the SLOS model may be due to decreases
in specific, cytotoxic oxysterol species. Second, the anti-
oxidants used in the study function primarily through
scavenging of a spectrum of cellular ROS species,
thereby possibly also more broadly inhibiting lipid and
protein peroxidation (not directly tested in the study),
which have deleterious effects on the retina (discussed
above). These observations provide compelling evidence
for the key role for oxysterols in the observed retinal
pathology (178, 276). Adapting similar pharmacological
strategies, such as iron chelators or NADPH-oxidase in-
hibitors, in the SLOS model may further point to the
contribution of cellular ROS, lipid peroxidation, protein
peroxidation, and oxysterol formation in SLOS reti-
nopathy. The retinal degeneration induced by distal
inhibition of the mevalonate pathway (as observed in
SLOS) and the rescue observed in the SLOS animal
model upon cholesterol-antioxidant supplementation
broadly demonstrate the importance of retinal choles-
terol homeostasis to, and the deleterious effects of oxy-
sterol formation on, the structure and function of the
retina. It is worth noting that the rat model with SLOS
develops a profound retinopathy starting at about 4–6
PN weeks of age, which is decidedly different from the
slow, age-related onset (on the order of severalmonths to
a year) of retinal pathology in rodent models where
cholesterol efflux has been disrupted (e.g., in ABC
transporter/CYP enzyme knockout mouse models).

Here, it also should be noted that not all examples of
disrupted cholesterol synthesis necessarily result in pa-
thology, and also that certain animal models of human
diseases may not faithfully recapitulate the human
phenotype. An example of this is desmosterolosis, a
severe, typically lethal, rare human genetic disorder
caused by mutations in the gene encoding DHCR24
(OMIM #602398; EC 1.3.1.72) (277, 278), the enzyme that
catalyzes the penultimate step in the mevalonate
pathway whereby desmosterol (cholesta-5,24,-dien-
3β–ol) is converted to cholesterol. A model of desmos-
terolosis was generated by treating rats with U18666A
(3β-[2-(diethylamino)ethoxy]androst-5-en-17-one hydro-
chloride) (279–281), which has dual effects on both 2,3-
oxidosqualene cyclase (EC 5.4.99.7) and (more promi-
nently) DHCR24 (282, 283). Subsequently, this model
was used to examine the effects of inhibiting DHCR24
on retinal structure and function (281, 284). Contrary to
expectations, although rats treated with U18666A uni-
formly developed cataracts and had markedly elevated
levels of desmosterol and reduced levels cholesterol in
their serum and retinas (and, notably, in their rod OS
membranes) compared with controls, the structure and
function of the retina were remarkably normal (279,
284). Many years after the initial studies with U18666A
were performed, an additional effect of the drug was
discovered, that is, the allosteric inhibition of NPC-I (111,
281, 284–286). (See the prior discussion, above,
regarding NPC-I–related retinopathy.)

TECHNICAL ADVANCEMENTS IN STUDYING
CELLULAR CHOLESTEROL AND OXYSTEROL

DISTRIBUTION

Early investigations of tissues, including the retina,
utilized freeze-fracture electron microscopic analysis of
filipin-induced “pit” formation in cell membranes to
determine the distribution of spatially distinct,
cholesterol-rich membrane domains (subsequently
thought to equate to “lipid rafts”) (287–289). In addition,
the ability of digitonin to form one-to-one molecular
complexes with cholesterol, followed by treatment with
electron-dense contrast reagents, was leveraged to
enable observation of sterol distribution by electron
microscopy (290, 291). Filipin is also an endogenously
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fluorescent molecule (λexc = 360 nm, λem = 480 nm)
(292), which has prompted its use as a probe to study
cellular cholesterol distribution using fluorescence mi-
croscopy, although its utility is somewhat limited by its
susceptibility to rapid photobleaching. Alternatively,
fluorescent analogs of cholesterol, such as cholesta-
trienol or BODIPY-derivatized cholesterol, can be uti-
lized to study cholesterol trafficking and distribution
but require exogenous addition of the fluorescent
analog. Similarly, fluor-tagged cholera toxin-B, which
binds to GM1 (a ganglioside enriched, along with
cholesterol, in lipid rafts) may be used to analyze lipid
raft distribution (292). However, these strategies cannot
be used for live-cell imaging because of the cytotoxic
effects of these reagents. Hence, the information ob-
tained from the more classical approaches mentioned
above is limited to spatiotemporal snapshots of choles-
terol distribution in cells and tissues at a given point in
time, rather than affording dynamic monitoring of
cholesterol trafficking and distribution in real time.

Perfringolysin O (PFO) is a membrane pore-forming
bacterial Ɵ-toxin that binds to membrane cholesterol
through its carboxy terminal D4 domain (293). Bio-
tinylated PFO, in conjunction with streptavidin-gold, has
been used tomonitor cellular cholesterol distribution by
electronmicroscopy (294). Fluor-tagged PFOD4 peptide
also allows for monitoring of cholesterol distribution on
the exofacial leaflet of cell membranes (295). Recently
engineered chimeric D4-based probe (mutant D4
domain of PFO, D4H, tagged with mCherry) is available
as expressible, noncytotoxic probe, which recognizes
cholesterol on the cytosolic face of the membrane
(295–297). Sterol distribution in cells also may be inves-
tigated using biorthogonal analogs of cholesterol, that is,
analogs which can be integrated into a biological system
without altering its natural biology, and allows moni-
toring of esterified and free cholesterol without choles-
teryl esterase treatment, unlike filipin or mCherry-D4H.
An alkyne analog of cholesterol, C19-alkyne cholesterol
(or simply “eCholesterol”), is amenable to high-
resolution microscopy imaging upon derivatization
with a fluorescent azide using copper(I)-catalyzed
alkyne-azide cycloaddition (298). Similar biorthogonal
oxysterols, such as 25-OH-[C19-alkyne]-cholesterol (or
simply, 25-OH-eCholesterol), have been developed,
allowing for monitoring cellular distribution of oxy-
sterols of interest (298, 299). Adaptation of such engi-
neered probes or “click chemistry” in vitro in primary
RPE and retinal neurons provides insights into the role
of cholesterol in specialized cellular processes, such as
RPE phagocytosis and neuronal synaptogenesis.

CONCLUDING REMARKS

To date, the fundamental processes involved in
establishing and maintaining cholesterol homeostasis in
the vertebrate retina appear to be fairlywell understood,
particularly under normal physiological conditions (see
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Fig. 3). However, there are a number of basic questions
that still remain to be answered. Although studies using
mice have suggested that at least 70% of the total
cholesterol pool in the neural retina arises from endog-
enous de novo synthesis in the retina, it is not clear if that
is generalizable to other animal species, including
humans (60). Transcriptomic, RNASeq, in silico, and
immunohistochemical studies of mevalonate pathway
enzymes indicate that they predominantly are expressed
in the RPE and inner retinal cells, rather than in the rod
and cone photoreceptors, which would suggest that the
photoreceptors cannot provide sufficient amounts of
their own cholesterol via de novo synthesis to meet the
demands of the cell even for new OS membrane
biogenesis, let alone any other of the cell's myriad re-
quirements for cholesterol (81, 82, 86, 104). Of the
possible extracellular sources of cholesterol available to
the photoreceptors, per se, it's still not clear what per-
centage comes from blood-borne lipoproteins, versus de
novo synthesis by and secretion fromRPEorMüller glial
cells. OS disk membranes, which contain cholesterol, are
assembled at the base of the OS, whereas an equivalent
amount of “old” disk membranes is shed daily from the
distal tips of the photoreceptors and then phagocytized
and degraded by the RPE. Is some portion of the
cholesterol that comprises those degraded disk mem-
branes then recycled back to the photoreceptor cells? If
so, what is the mechanism by which that occurs? What
are the individual contributions of each neuronal cell
type to the total de novo–synthesized pool of cholesterol
found in the retina? Do those contributions vary
depending upon physiological conditions, and, if so, how
is that regulated? What is the turnover rate of de
novo–synthesized cholesterol in the various cells types in
the retina, and does this vary as a function of cell type?
Although cholesterol appears to be the biologically
preferred sterol in the vertebrate retina, why is it that
some other sterols (e.g., desmosterol) appear to be simi-
larly accommodated, whereas others (e.g., 7DHC) are
not? Why are photoreceptor cells substantially more
sensitive to the cytotoxic effects of certain
oxysterols than other cells in the retina (e.g., RPE cells,
Müller glia)? What determines the threshold concentra-
tion of various oxysterols, above which retinal cells
degenerate and die? These and many other questions
remain to be answered. With the advent of new tools,
reagents, and techniques available now, which hereto-
fore were either not developed or not validated, further
research will address and answer these questions, thus
filling in the remaining knowledge gaps concerning
cholesterol homeostasis in the retina. As a prior publi-
cation pertinent to the topic of cholesterol homeostasis
in the retina proclaimed, “the best is yet to come” (9).
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