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Abstract Effects of serum cholesterol on cholesterol con-
tent in the retina are currently unknown. It is also unclear
how cholesterol levels are controlled in the retina. High-
cholesterol diet and oral administrations of simvastatin
were used to modulate serum cholesterol in mice. These
treatments only modestly affected cholesterol content in the
retina and had no significant effect on retinal expression of
the major cholesterol- and vision-related genes; the sterol-
regulatory element binding protein pathway of transcrip-
tional regulation does not seem to be operative in the retina
under the experimental conditions used. Evidence is ob-
tained that posttranslational mechanisms play a role in the
control of retinal cholesterol. Retinal genes were only up-
regulated by oral administrations of TO901317 activating
liver X receptors. Three of the upregulated genes could be
of particular importance (apoD, Idol, and Rpe65) and have
not yet been considered in the context of cholesterol ho-
meostasis in the retinall Collectively, the data obtained
identify specific features of retinal cholesterol maintenance
and suggest additional therapies for age-related macular de-
generation, a blinding disease characterized by cholesterol
and lipid accumulations in chorioretinal tissues.—Zheng,
W., N. Mast, A. Saadane, and I. A. Pikuleva. Pathways of
cholesterol homeostasis in mouse retina responsive to
dietary and pharmacologic treatments. J. Lipid Res. 2015.
56: 81-97.
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Cholesterol is an important endogenous compound,
whose cellular and tissue levels are normally controlled by
homeostatic mechanisms that balance the pathways of
cholesterol input and output (1). The two most common
sources of cellular cholesterol are in situ biosynthesis and
receptor-mediated uptake of cholesterol-containing lipo-
protein particles such as LDL and, to a lesser extent, VLDL
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(Fig. 1A; supplementary Table I). Pathways of input are
regulated in large part by transcription factors of the sterol-
regulatory element binding protein (SREBP) family,
which stay, when cholesterol levels are high, as precursor
proteins in the endoplasmic reticulum (ER) due to com-
plex formation with cholesterol-sensing protein SCAP
(SREBP cleavage-activating protein) and the ER-retention
protein INSIG (insulin-induced gene) (1, 2). Cholesterol
output is also mainly determined by the two major path-
ways: transporter (ABCAl)-mediated cholesterol efflux
and metabolism to oxysterols by cytochrome P450 (CYP)
enzymes. Once outside the cell or in the systemic circula-
tion, cholesterol and oxysterols become associated with li-
poproteins and are delivered to the liver for further
degradation to bile acids. Depending on the tissue, choles-
terol could be metabolized to 27-hydroxycholesterol or
5-cholestenoic acid by CYP27A1 or 24(S)-hydroxycholesterol
by CYP46A1. In steroidogenic organs, cholesterol is uti-
lized for steroid hormone production and is converted
to pregnenolone by CYP11Al via the intermediate 22 R-
hydroxycholesterol. Oxysterols as well as some of the choles-
terol precursors in the pathway of cholesterol biosynthesis
activate a family of transcription factors of the liver X re-
ceptor (LXR) family, which regulate the expression of the
efflux transporter ABCA1 and apos involved in cholesterol
removal (3-5). In addition, LXRs control the expression
of the SREBP isoform SREBP-1c, which enhances tran-
scription of the genes required for fatty acid synthesis (2).
Thus, there is a coordinated regulation of the pathways of
cholesterol input and output.

Abbreviations: AMD, age-related macular degeneration; BW, body
weight; CA, cholic acid; CYP, cytochrome P450; FXR, farnesoid X re-
ceptor; GCL, ganglion cell layer; HC, high cholesterol; HF, high fat;
IDOL, inducible degrader of the LDL receptor; INL, inner nuclear layer;
HMGCR, 3-hydroxy-3-methyl-glutaryl-CoA reductase; INSIG, insulin-
induced gene; IPL, the inner plexiform layer; IS, inner segments;
LDLR, LDL receptor; LXR, liver X receptor; NR, neural retina; ONL,
outer nuclear layer; OPL, outer plexiform layer; OS, outer segments;
PR, photoreceptor; qRT-PCR, quantitative real-time PCR; RPE, retinal
pigment epithelium; SCAP, SREBP cleavage-activating protein; SREBP,
sterol-regulatory element binding protein; TO9, TO901317.
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Fig. 1. Cholesterol and retina essentials. A: Pathways of cholesterol input and output showing some of the proteins whose genes were in-
vestigated in the present work. SREBP-1a is a potent activator of all SREBP-responsive genes, whereas SREBP-1c preferentially acts on genes
in the pathway of fatty acid synthesis. SREBP-2 preferentially enhances cholesterologenic genes. 22ROH, 22(R)-hydroxycholesterol, the
product of CYP11A1; 270H/COOH, 27-hydroxycholesterol and 5-cholestenoic acid, respectively, the products of CYP27A1; 24SOH, 24(S)-
hydroxycholesterol, the product of CYP46Al. B: Chorioretinal layers and cells. The neurosensory retina has distinct layers (from top to
bottom): ILM, inner limiting membrane; NFL, nerve fiber layer (ganglion cell axons); GCL, ganglion cell layer; IPL, inner plexiform layer;
INL, inner nuclear layer; OPL, outer plexiform layer (synapses); ONL, outer nuclear layer; ELM, external limiting membrane (junctional
complexes); IS, PR inner segments; and OS, PR outer segments. RPE lies outside the neurosensory retina but is considered a part of the
retina. BrM, Bruch’s membrane (vessel wall and RPE substratum); ChC, choriocapillaris (capillary bed for RPE and PRs). Non-PR layers of
the retina are supplied by the retinal circulation (not shown). The major retinal cell types are ganglion cells (G), diffuse amacrine cells (DA),

amacrine cells (Am), Muller cells (M), bipolar cells (B), horizontal cells (H), rods (R), and cones (C). Modified from Zheng et al. (11).

The neural retina (NR) is a light-sensitive tissue in the
back of the eye mediating the transmission of the visual
signal to the brain. This tissue is composed of multiple lay-
ers and cell types and is underlain by the retinal pigment
epithelium (RPE), a polarized monolayer of cells serving
as the interface between the NR and choroidal blood ves-
sels (Fig. 1B). Although different systems, the NR and RPE
are often considered as one structure called the retina be-
cause the RPE is a part of the NR embryologically and is
closely associated with the NR via the strong interdigita-
tion of its apical microvilli with the retinal photoreceptor
(PR) outer segments (OS) (6). Different types and func-
tions of the cells in the NR/RPE complex make under-
standing the overall cholesterol maintenance in the retina
difficult. Nevertheless, progress has been made, and now
we know that the retina obtains cholesterol via local bio-
synthesis and uptake of blood-borne cholesterol and con-
tains all the genes necessary for independent cholesterol
homeostasis (7-12). The means of cholesterol elimination
have also been ascertained and comprise lipoprotein-
mediated transport to the systemic circulation, metabolism
to oxysterols by CYP27A1 and CYP46A1, and PR phagocy-
tosis by the RPE, the retina-specific mechanism (13, 14).
However, the quantitative importance of each of the reti-
nal pathways of cholesterol input and output is currently
unknown, and knowledge of their regulation is limited to
immunohistochemistry studies showing protein expression
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and retinal localization of SREBPs, SCAP, INSIG, and
LXRs in the retina of humans and other species (11, 15).
Because in the retina transcriptional responsiveness of the
SREBP and LXR target genes has not yet been compre-
hensively evaluated, herein, we investigated whether cho-
lesterol content in mouse retina could be modulated by
dietary and pharmacologic treatments and affect retinal
expression of cholesterol-related genes. We used WT mice
as well as Cyp27a17/7 mice (16) lacking the major enzyme,
CYP27A1, metabolizing cholesterol in the retina (17-19).
The Cyp27a17/7 retina has increased cholesterol content
and vascular lesions associated with focal deposits of cho-
lesterol (20). The pathways of cholesterol input and out-
put are uncoupled in the Cyp27al’" retina (20); hence,
Cyp27al”’" mice were investigated as a model having
dysregulated maintenance of retinal cholesterol and to
obtain mechanistic insight(s) into the nature of this dys-
regulation. We established transcriptional responsiveness
of the WT and Cyp27al”’ retina to pharmacologic activa-
tion by LXRs and obtained evidence for the presence of
nontranscriptional mechanisms regulating retinal choles-
terol input. We identified apoD and Idol (inducible de-
grader of the LDL receptor), as potentially important for
cholesterol maintenance in specific retinal cell types. Fi-
nally, we found that the levels of Rpe65 encoding an im-
portant protein of the visual cycle (21-24) are upregulated
by an LXR agonist, TO901317 (TO9).



MATERIALS AND METHODS

Materials

Regular rodent chow (5P75-5P76-Prolab Isopro RMH 3000)
was from LabDiet, and the investigational diets were custom-
made by Research Diets. TO9 and simvastatin were purchased
from Cayman Chemical. Trizol reagent was from Life Technolo-
gies. The source and dilution of primary and secondary antibod-
ies for immunohistochemistry were as described (11) and also
included rabbit polyclonal antibodies against ABCG1 (Novus Bi-
ologicals, diluted 1:100), APOD (LifeSpan BioSciences, diluted
1:100), and IDOL (GeneTex, diluted 1:100). Other chemicals
were from Sigma-Aldrich unless otherwise indicated.

Animals

Cyp27al”” mice on the C57BL/6] background were obtained
from the laboratory of Dr. Sandra Erickson (University of California,
San Francisco) (16) and were bred to generate the Cyp27al_/_
line and Cy[)27a1+/+ littermates (WT). Mice were housed in the
Animal Resource Center at Case Western Reserve University and
maintained in a standard 12 h light (~10 lux)/12 h dark cycle
environment. Water and food were provided ad libitum. All
animal-handling procedures were approved by the Case Western
Reserve University Institutional Animal Care and Use Committee
and conformed to recommendations of the American Veterinary
Association Panel on Euthanasia and the Association for Research
in Vision and Ophthalmology.

Dietary studies

After weaning, WT and Cyp27al /" female mice were put on
four different diets (Table 1) for 3 months. The investigational
diet was a modified rodent chow containing a high content of fat
(HF, 30% energy) and cholesterol (HC, 0.5%, w/w) and a small
amount of cholic acid (CA, 0.05%, w/w). The three control diets
were the regular rodent chow (5P75-5P76-Prolab Isopro RMH
3000) and modified rodent chows containing either 0.05% CA
(CA diet) or HF (30% energy) plus 0.05% CA (HF/CA diet). CA
was necessary because Cyp27al " mice have reduced production
of bile acids, and supplementation with CA improves their de-
creased intestinal absorption of dietary fat and cholesterol (16,
25-27). Accordingly, WT mice were also fed CA-supplemented
diets to enable comparisons between genetic lines. Because CA is
a ligand for the farnesoid X receptor (FXR), a transcription fac-
tor (28), the expression of Plip, apok, and Shp, the three FXR
target genes (29, 30), was also monitored.

Pharmacologic treatments

Simvastatin and TO9 were delivered orally by gavage to
male mice 3 to 6 months of age fed regular chow (5P75-5P76-
Prolab Isopro RMH 3000). Drug solutions were prepared from
stocks in DMSO (187.5 mg/ml) diluted, depending on the

treatment dose, either with PBS or DMSO and then PBS to
have the final concentration of DMSO the same in all the solu-
tions (4%). For all treatment doses, the volumes of adminis-
tered drugs were approximately the same (from 0.28 ml to
0.35 ml) and equal to 10 ml/kg of body weight (BW). Control
animals received the same volumes of 4% DMSO in PBS. Sim-
vastatin, 30 mg/kg BW, was administered once a day for 7 days,
and mice were euthanized 24 h after the administration of the
last dose. TO9 was administered either once at the 4-75 mg/kg
BW dose or daily for 3 consecutive days at the 20 mg/kg BW
and 50 mg/kg BW doses. Mice treated with a single TO9 dose
were euthanized at the indicated time, whereas the multidose
treated mice were euthanized 24 h after the administration of
the last drug dose.

Organ isolation

Mouse retina (the NR/RPE complex) was isolated as described
(31), dipped quickly three times in cold PBS, and used either
individually or combined with washed NR/RPE from a compan-
ion eye or eyes of other animals of the same gender and geno-
type. The brain and liver were excised and cut sagittally (the
brain) or to separate the four lobes (the liver). Tissue pieces were
rinsed several times in cold PBS, blotted to remove PBS, and used
for homogenization.

RNA isolation and cDNA synthesis

One NR/RPE, a half of the brain, or combined pieces of the
liver (four total, one ~25 mg piece from each liver lobe) were
used for homogenization in 10 vol (w/v) of Trizol reagent. Sub-
sequent RNA extraction was according to the manufacturer’s
protocol (Life Technologies). Contaminating genomic DNA was
completely eliminated by treatment with the RNase-Free DNase
Set (Qiagen), and RNA was considered DNA-free when 40 cycles
of real-time PCR did not give an amplification signal with the
primers for B-actin (supplementary Table II).

Gene profiling by PCR array

This was carried out as described (11) using the “Mouse Lipo-
protein Signaling and Cholesterol metabolism” PCR array (Qia-
gen) and the ABI PRISM 7000 Sequence Detection System
(Applied Biosystems). Gene expression was normalized to the
mean threshold cycle (Ct) of the five housekeeping genes:
B-glucuronidase (Gusb), hypoxanthine guanine phosphoribosyl
transferase 1 (Hpril), B-heat shock protein 1 (Hspcb), Gapdh, and
B-actin (Actb).

Quantitative real-time PCR (qQRT-PCR)

These experiments were carried out in the ABI PRISM 7000
Sequence Detection System and utilized 1 pg of total RNA and
high-capacity cDNA reverse transcription kit (Life Technolo-
gies) for reverse transcriptase reaction. The primers for gene

TABLE 1. Formulation of the diets used in the present study
Content Regular Chow CA Diet HF/CA Diet HF/HC/CA Diet
g (%) keal (%) g (%) keal (%) g (%) keal (%) g (%) keal (%)

Protein 23 28 19 20 21.5 20 21.4 20
Carbohydrates 64.5 58 67 70 53.8 50 53.5 50
Fat 4.5 14 4 10 14.3 30 14.2 30
Minerals 8 10 0 10 0 10 0
Total 100 100 100 100
kecal/g 4.1 3.84 4.3 4.28

Cholesterol 0 0 0 0 0 0 4.8 0
CA 0 0 0.52 0 0.48 0 0.48 0
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quantifications (supplementary Table II) were designed by the
Primer Express 3.0 software (Applied Biosystems) with the am-
plicon length being <130. The amplification products were ana-
lyzed by agarose gel electrophoresis to ensure that they were of
the right size. Gene expression was normalized to the expres-
sion of Actb.

Immunohistochemistry

The preparation of retinal sections and immunostaining was
as described (11), except that the last step, treatment with Sudan
black to reduce autofluorescence, was omitted. Stained slides
were imaged on a Leica DMI 6000 B inverted microscope (Leica
Microsystems) equipped with a Retiga EXI camera (QImaging).
Image analysis was performed using Metamorph Imaging Soft-
ware (Molecular Devices).

Western blotting

SREBP-1 and SREBP-2 were detected in retinal lysates that
were obtained by shredding a pooled retinal sample (10 NR/
RPEs from five animals) with a 25 G needle in 10 vol (w/v) of
50 mM Tris-Cl buffer, pH 7.4, containing 1 mM EDTA, 0.5 mM
EGTA, 0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40, 150 mM
NaCl, 50 mM sodium fluoride, and a mixture of protease inhibi-
tors (1 mM PMSF and 1x cOmplete EDTA-free from Roche).
After solubilization for 30 min on ice, retinal lysate was sub-
jected to centrifugation at 14,000 g for 15 min at 4°C, and the
supernatant was used for SDS-PAGE (50 wg protein/lane) and
Western blotting. HMGCR was detected in the microsomes
from the retina and liver that were isolated from a pooled sam-
ple of 10 NR/RPEs from five mice or a pooled sample of five
livers. Microsome isolation was as described (32) by differential
centrifugation. After SDS-PAGE (10 ug protein/lane), micro-
somal proteins were transferred to a nitrocellulose membrane
(Thermo Scientific), which was treated as described (33), ex-
cept that the blocking buffer contained 0.25% Tween-20 in-
stead of 0.1% Tween-20. Proteins were visualized with rabbit
polyclonal primary antibodies against SREBP-1 (Santa Cruz Bio-
technology Inc., dilution 1:200), SREBP-2 (Abcam, dilution
1:50), or HMGCR (United States Biological, dilution 1:250)
and goat anti-rabbit secondary antibodies (IRDye 680LT from
Li-Cor, dilution 1:20,000). Membranes were imaged by the
Odyssey infrared imaging system (Li-Cor). Quantifications of
HMGCR were performed by Metamorph software (Molecular
Devices Corp.).

Sterol quantifications

Tissue and serum concentrations of sterols in diet-fed and
simvastatin-treated mice were determined by isotope dilution gas
chromatography-mass spectrometry as described (18) using sa-
ponified samples from animals fasted overnight. Serum total cho-
lesterol, HDL, LDL, and triglycerides in the TO9 treatments were
measured in nonfasting mice by Marshfield Labs (Marshfield
Clinic, Marshfield, WI).

Computational predictions of the transcription factor
binding sites

The analysis of the gene promoter regions was carried out by
the Matlnspector (34) and encompassed the 5 kb region up-
stream of the transcriptional start site.

Statistics
All data represent mean + SD, and the statistics are indicated
in each figure. A two-tailed, unpaired Student’s #test was used to

determine statistical significance, which is defined as * P < 0.05,
# P< (.01, and *** P< 0.001.
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RESULTS

Retinal expression of cholesterol-related genes

Eighty-four major cholesterol-related genes were pro-
filed by PCR array in mouse retina (Fig. 2). These studies
detected the mRNA transcripts for every gene in the array
and showed a comparable, within an order of magnitude,
gene expression in males and females. Significant gender
differences were in the expression of only six genes (Cel,
Lep, Soat2, Shp, Scarfl, and Apoa+), whose levels varied >10-
fold between males and females.

The transcript amounts for 28 genes were then quan-
tified by qRT-PCR. These genes encoded the master regu-
lators of cellular cholesterol and fatty acid/triglyceride
content (LXRa, LXRB, SREBP-1a, SREBP-1c, and SREBP-2)
and proteins that are under transcriptional regulation of
LXRs and SREBPs, or their partners in the SREBP-SCAP-
INSIG complex (Fig. 3A, B). Mice of only one gender
(males) were used, and the retina was compared with the
brain as an example of another neural organ and the liver
as the organ playing a central role in the maintenance of
whole body cholesterol homeostasis. The measurements
by qRT-PCR confirmed retinal expression of the selected
genes and revealed that, in the brain, the expression of
these genes was comparable, within an order of magni-
tude, to that in the retina. In the liver, however, only about
two-thirds of the studied genes showed expression compa-
rable to that in the retina including LxB (expressed in
almost all tissues and organs), Srebp-1a (a potent activator
of all SREBP-responsive genes), Srebp-2 (activates Ldlr
encoding the receptor for LDL and many cholesterogenic
genes), Hmger (the rate-limiting enzyme in cholesterol
biosynthesis), and Scap (the escort protein for SREBPs).
The expression of the remaining one-third of the genes
was from 100- to 1,000-fold higher in the liver than in the
retina (Fig. 3B), and these genes pertained to cellular cho-
lesterol efflux (Abcg5 and Abcgs8), lipoprotein-mediated
cholesterol transport (apoCl, apoC2, and apokE), and pro-
cesses unrelated to cholesterol maintenance (Angptl3,
AIM, and Spot14).

Immunohistochemistry was used next to evaluate reti-
nal expression and localization of SREBPs, LXRs, and re-
lated proteins (Fig. 3B). Overall, SREBP-2 and SREBP-1
had a similar pattern of retinal expression, which was
mainly confined to the layers of the inner retina: the GCL,
IPL, and INL. The GCL, IPL, and INL also seemed to ex-
press the SREBP partner protein SCAP and either INSIG1
(GCL and INL) or INSIG2 (GCL and to a lesser extent
INL). In addition, signals for the individual proteins from
the SREBP-SCAP-INSIG complex were detected in the
OPL, which showed immunostaining for SCAP; ONL,
which had immunofluorescence for INSIGs; PR IS, which
had a very faint staining for SCAP; and the RPE containing
immunosignals for SREBP-1, SCAP, and INSIG2. The sig-
nal for the SREBP-2 target HMGCR was present through-
out the retina, except the PR IS and OS, suggesting that in
the layers where SREBP, SCAP, and INSIG do not colocal-
ize with HMGCR (ONL, IS, and OS), HMGCR could be
regulated by the mechanisms other than gene transcription.
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Fig. 2. Retinal expression of cholesterol-related genes in WT mice as assessed by PCR array. Each bar rep-
resents the mean of duplicate measurements in a pooled sample of three NR/RPEs from three WT mice 3
to 6 months of age. The Ct number reflects the gene expression level with the lower number corresponding
to the higher gene expression. Genes in bold red are those whose expression varies >10-fold between males

and females.

The expression pattern of LDLR, another SPEBP-2 target,
was more restricted and was mainly associated with the lay-
ers expressing the proteins of the SREBP-SCAP-INSIG
complex. The signal for transcription factor LXRa was not
detectable, in agreement with expression of this isoform
mostly in visceral organs (3), whereas that for LXRB was
seen in almost every retinal layer, although at different in-
tensities. Thus, most of the studied genes seem to be ex-
pressed as proteins in the retina. Mouse retina can now be
compared with human retina (11), the retina of other spe-
cies (10, 14), and immunohistochemistry characteriza-
tions by others (35). Quantitative methodologies should
be used to confirm immunolocalizations.

Gene expression in mice in response to altered
cholesterol content

Feeding the WT mice the HF/HC/CA diet for 3 months
led to a 1.4-fold increase in serum cholesterol and a
smaller 1.2-fold increase in retinal cholesterol as com-
pared with the control CA diet (Fig. 4A). There was also
a decrease in retinal levels of cholesterol precursor

lathosterol (Fig. 4B). Retinal expression of cholestero-
genic genes (Hmgces, Cyp51, Fpps, and Hmger) and Srebp-2
regulating the expression of these genes was, neverthe-
less, unchanged in WT mice on the HF/HC/CA versus
the CA diet (Fig. 5A) indicating a nontranscriptional
mechanism of downregulation of cholesterol biosynthe-
sis. Transcriptional response was observed in a different
pathway of cholesterol input, cellular uptake of LDL-
bound cholesterol, as the HF/HC/CA diet decreased
retinal levels of Ldlr (Fig. 5A). An increase in retinal cho-
lesterol in WT mice on the HF/HC/CA diet versus the
CA diet did not seem lead to a compensatory upregula-
tion of a pathway of cholesterol output as the levels of
retinal genes controlling lipoprotein-mediated choles-
terol elimination (Lxra and Lxn3) and their targets in
this pathways (Abcal, Abcgl, Lpl, Abcg5, Abcg8, and apok)
were not altered, except the upregulation of apoD. This is
in contrast to the liver, where transcriptional regulation
was fully operative on the HF/HC/CA and HF/CA diets
as compared with the CA diet affecting most of the genes
involved in the pathways of cholesterol input (Srebp-2,
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Hmges1, Cyp51, Fpps, Srebp-1a, Idol, Hmgcer, Ldlr, and Srebp-
Ic) and some of the genes mediating cholesterol output
(Lpl, apoD, and Pltp). Despite this regulation, cholesterol
accumulation was more significant in the WT liver than
in the WT retina of mice on the HF/HC/CA diet versus
the CA diet (2.3-fold versus 1.2-fold) (Fig. 4A). The WT
liver was also the organ sensitive to the supplementation
with CA as compared with the regular chow as the tran-
scription of the FXR/LXR target Pltp and some of the
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LXR targets (Srebp-1c, Abcal, Abcgl, Lpl, apoD, and Abcg8)
was altered in mice on the CA diet as compared with the
regular chow (Fig. 5A). Conversely, in the WT retina, the
CA diet did not affect the expression of any of the studied
FXR targets and most other genes, except Abcgl, as com-
pared with the regular chow. Despite differential effects
on the gene transcription, the CA diet had similar effects
on retinal and hepatic cholesterol levels, which were lower
than those in WT mice on the regular chow (Fig. 4A).
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Nutritional studies on Cyp27a1”’~ mice, which have a
dysregulated maintenance of retinal cholesterol (20),
led to unexpected results. Retinal cholesterol was de-
creased on the HF/HC/CA diet 2.4-fold as compared
with the CA diet (Fig. 4A), and this decrease was ob-
served under essentially unchanged serum cholesterol
levels (Fig. 4A). Retinal lathosterol was decreased as well
(2.9-fold) on the HF/HC/CA diet versus the CA diet
with changes being larger than those in WT mice on the
same diets (Fig. 4B). In addition, there was a decrease in
retinal desmosterol in Cyp27a1 ' mice on the HF/HC/
CA diet versus the CA diet. Lathosterol and desmosterol
may reflect changes in cholesterol biosynthesis in differ-
ent cell types in the retina because in the brain the two
sterols are considered to be the markers for cholesterol
biosynthesis in neurons (lathosterol) and astrocytes
(desmosterol) (36). Despite significant decreases in the

levels of retinal sterols (cholesterol, lanosterol, desmo-
sterol, and lathosterol) in Cyp27a17/7 mice on the HF/
HC/CA diet versus the CA diet, retinal expression of
cholesterol-related genes was not affected in this line
(Fig. 5B). The Cyp27al”’" retina, however, showed some
sensitivity to dietary CA as the retinal (and hepatic) ex-
pression of Shp was increased, while the levels of apoD
and apolwere up- and downregulated, respectively (Fig. 5B),
in mice on the CA diet versus the regular chow. In the
Cyp27a17/7 liver, the levels of cholesterol and lathosterol
were not changed significantly on the HF/HC/CA diet
versus the CA diet (Fig. 4B), possibly because of the
compensatory changes in the expression of Hmgcr, Ldlr,
Lpl, and apoD.

Nutritional studies on WT and Cyp27al ~~ mice suggested
that altered levels of retinal cholesterol do not signifi-
cantly affect the transcription of retinal cholesterol-related
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genes. These studies also showed that the expression of
Srebp-2 and Hmger, the two key players in cholesterol bio-
synthesis, is similar between the WT and Cyp27a1_/_ mice
when they are fed regular chow (Fig. 6A), despite retinal
cholesterol biosynthesis in Cyp27a17/7 mice being upregu-
lated as indicated by an increase in retinal lathosterol.
Hence, we evaluated protein expression of SREBPs and
HMGCR in WT and Cyp27al’~ mice on regular chow
(Fig. 6B-D). In the retina, protein levels of the SREBP pre-
cursors (125 kDa) and active forms (~50 kDa) were similar
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in WT and Cyp27a17/7 mice, whereas the protein expres-
sion of HMGCR was higher in the Cyp27a1 /"~ retina than
in the WT retina (12.0-fold) consistent with an increase in
retinal lathosterol. An increase in protein levels of
HMGCR was also observed in the Cyp27a1"’ liver as com-
pared with the WT liver (2.3-fold), although it was smaller
than in the retina. Thus, posttranslational regulation of
HMGCR (37-39) seems to contribute to cholesterol bio-
synthesis in the retina and plays a larger role in the retina
than in the liver.
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To confirm that a decrease in retinal cholesterol does
not lead to changes in retinal expression of cholesterol
related-genes as indicated by Cyp27al”’" mice on the HF/
HC/CA diet versus the CA diet, we treated WT mice on a
regular chow with a cholesterol-lowering drug simvastatin,
which inhibits enzymatic activity of HMGCR. At a daily
drug dose of 30 mg/kg body BW and drug administration
for 7 days, mice showed a 1.3-fold decrease in serum cho-
lesterol and a 1.4-fold decrease in retinal cholesterol; how-
ever, their retinal expression of the tested genes was
unchanged (Fig. 7). Hepatic expression of these genes
was not affected as well, but unlike the retina, the liver
cholesterol was not altered as a result of the simvastatin
treatment.

Relative protein
expression

0
WT KO WT KO

Gene expression in mice in response to the
TO9 treatment

Because the transcription of retinal cholesterol-related
genes was not significantly affected by the changes in the
levels of retinal cholesterol, we next tested whether the
retina is transcriptionally responsive to mouse treatment
with TO9, a potent synthetic agonist of LXRs and modula-
tor of the LXR target genes in nonocular tissues (40).
Mice were first given by gavage a single dose of TO9
(50 mg/kg BW), and transcriptional response was assessed
at different time points (3-24 h posttreatment) in the ret-
ina, brain, and liver (Fig. 8A). The retina was the primary
organ of investigation, whereas the liver served as a posi-
tive control, and the brain as an indicator of the ability of
TO9 to cross the barriers separating the brain (and retina)
from the systemic circulation. Four LXR target genes were
analyzed: three (Abcal, Srebp-1c, and Abcgl) regulated pri-
marily by LXRs and one (Vegf) regulated by multiple tran-
scription factors including LXRs (28, 41). Vegfwas selected
because of its deleterious contribution to the progression
of several eye diseases such as neovascular age-related
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Fig. 6. Gene (A) and protein (B-E) expression of
SREBPs and HMGCR in the retina or liver of mice
on regular chow. A: Relative mRNA expression as as-
sessed by qRT-PCR. Bars represent mean + SD of in-
dividual measurements in five mice. B-D: protein
detection by Western blot. Retinal lysates (B and C)
or microsomes (D) were individually prepared from
the four different samples (WT;, WT,, KO,, and
KOy), each representing a pooled sample of the
NR/RPE or liver from 5 mice, a total of 10 mice per
genotype. Black arrow in D corresponds to the mo-
lecular weight of HMGCR. E: The quantification of
HMGCR expression in D. Results are the mean of
the signal intensity of the two WT samples (WT; and
WT,) and two KO (Cy[)27a1_/_, KO, and KO,) sam-
ples. Male mice 3 to 6 months of age were used in all
experiments.
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macular degeneration (AMD) and diabetic retinopathy
(42, 43). After the TO9 treatment, we also analyzed mouse
serum (Fig. 9C) because hypertriglyceridemia is a known
side effect of LXR agonists including TO9 (40).

A single TO9 dose (50 mg/kg BW) upregulated Abcal,
Srebp-1c, and Abcgl in all studied tissues and during all
posttreatment times (Fig. 8A). Vegf was upregulated only
in the liver and only 12 h and 24 h posttreatment. The ki-
netics of the TO9-induced upregulation were gene- and
tissue-specific and were either of a parabolic or hyperbolic
shape for Abcal, Srebp-1c, and Abcgl or linear for Vegf. At
~6 h posttreatment, the upregulation of Abcal, Srebp-Ic,
and Abcgl was maximal (or close to maximal), and the el-
evation of serum cholesterol and triglycerides was modest
(<25%). Hence, this time point was selected for the next
experiment evaluating gene responses to different doses
of TO9 (Fig. 8B). At 6 h posttreatment, retinal upregula-
tion of Abcal, Srebp-1c, and Abcgl was dose dependent at
the 4-25 mg/kg BW TO9 doses, reached the plateau
(Abcal and Srebp-Ic) or further increased (Abcgl) at the
25-50 mg/kg BW doses, and leveled off (Abcal) or began
to decline (Abcgl and Srebp-1c) at the 75 mg/kg BW dose.
Hepatic upregulation of Abcal, Srebp-Ic, and Abcgl was also
dose dependent at the 4-25 mg/kg BW doses, started to
decline (Srebp-1c) or plateaued (Spebp-Ic and Abcgl) after
the 25 mg/kg BW dose, and showed no change (Srebp-Ic),
an increase (Abcal), or decrease (Abcgal) in gene expres-
sion at the 75 mg/kg BW dose.

We then expanded the number of the analyzed genes in
WT mice and added gene analysis in Cyp27a1’ mice
(Fig. 9A, B). Animals received a single 50 mg/kg BW TO9
dose and were euthanized 6 h and 24 h posttreatment.
The 24 h time point was used to test the genes (Fasn, Accl,
and Acc2) that are regulated by LXRs indirectly through
the LXR target SREBP-1c and hence may require a longer
time for transcriptional response. In addition, we assessed
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Fig. 7. Effects of the simvastatin treatment on sterol content (A) and gene expression (B) in mouse retina
and liver. Male mice 3 to 6 months of age were euthanized 24 h after the administration of the last drug dose.
Bars represent mean + SD of individual measurements in six mice. The measurements, bar color code, and
abbreviations are as in Fig. 4. Red asterisks are significant changes versus control mice that received the ve-

hicle (DMSO). * P< 0.05. Tx, treatment.

the key genes of cholesterol input (Srebp-2, Hmgcr, Ldlr,
Vldr, Insigl, and Insig 2) that are not regulated by LXRs
because serum cholesterol was increased significantly 24 h
post TO9 treatment (Fig. 9C). Most of the LXR targets,
direct and indirect, were upregulated in the retina and
liver of WT mice at least at one postadministration time
point. The intertissue differences were only in the expres-
sion of Idol upregulated in the retina but not the liver.
Conversely, Lpl was upregulated in the liver but not the
retina. Retinal expression of the genes of cholesterol input
(Srebp-2, Hmger, Ldlr, Insigl, and Insig 2) was not altered at
either 6 h or 24 h time points with the exception of Vidir.
In contrast, in the liver, some of the genes of cholesterol
input were upregulated either slightly (Hmgcr, up to 1.8-
fold) or more significantly (Ldlr, up to 4-fold). Because of
the role in posttranslational regulation of receptor-mediated
cholesterol input (44-46) and upregulation by TO9 in the
retina, we attempted to immunolocalize IDOL. Effective
anti-IDOL antibodies have not yet been reported (47),
and the assessment of new commercial antibodies is a chal-
lenge because IDOL is a rare and unstable protein (47).
We used the retina from Idol ’~ mice (Hong et al., unpub-
lished observations) as an additional control and obtained
a staining pattern similar to that in the WT retina, while
control sections treated with nonimmune serum showed
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no signal (not shown). Thus, of all anti-IDOL antibodies
that are currently on the market, none are of a good qual-
ity as tested by others (47) and us.

Similar to the WT retina, the Cyp27al”’~ retina was also
responsive to TO9 treatments (Fig. 9B) but had several dif-
ferences as compared with the response of the WT retina.
The expression of the Srebp-1c targets Fasn, Accl, and Acc2
was unchanged at both posttreatment times, and the ex-
pression of Hmger and Lpl was upregulated at least one
posttreatment time. Remarkably, there was up to a 25-fold
upregulation of apoD encoding a lipoprotein responsible
for transport of lipids and other small hydrophobic mole-
cules in several tissues including the brain and liver (48).
Little is currently known about APOD in the retina. There-
fore, retinal immunolocalization of APOD was carried out
(Fig. 9D). The protein was found to be mainly localized in
the inner retina and OPL but not in Miiller cells spanning
these layers as indicated by staining with glutamine synthe-
tase, a marker of Miiller cells.

To test whether multiple TO9 treatments lead to stable
upregulation of retinal genes, we assessed gene expression
after a daily treatment of WT mice either with 20 mg/kg
BW or 50 mg/kg BW TO9 dose for 3 consecutive days
(Fig. 10A). Six of 10 LXR targets and one of three SREBP-1c
targets showed upregulation in this treatment paradigm.
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Importantly, the expression of Vegfwas not upregulated as
was the expression of Srebp-2 and target cholesterogenic
genes.

Studies with TO9 were concluded by the computational
analysis of the vision-related genes for the presence in
their promoter regions of LXRE, the LXR binding se-
quence. Such genes were found (supplementary Table
III) and evaluated for retinal expression after a onetime

administration of TO9 (50 mg/kg BW) to WT mice (Fig. 10B).
Only one gene (Rpe65) was upregulated, and this upregu-
lation was confirmed in subsequent studies in TO9 dose
dependence (Fig. 10C). Because LXRs are sensors of in-
tracellular cholesterol/oxysterols, the expression of vision-
related genes was then assessed in mice on different diets.
Consistent with the upregulation by TO9, Rpe65 was
among the four genes (Rpe65, Maff, Cfhrl, and Pax6) that
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showed a trend toward upregulation in response to the
HF/HC/CA diet versus the CA diet (Fig. 10D).

DISCUSSION

The present work is a part of the ongoing investigation
in this laboratory aimed at the identification of the major
mechanisms that control cholesterol levels in the retina,
a tissue of unique functions and cell types. These studies
are necessary for development of therapeutics for AMD,

a complex blinding disease linked, among other risk fac-
tors, to disturbances in chorioretinal cholesterol (13).
Previously, we studied spatial distribution of the pathways
of cholesterol input, output, and homeostatic regulation
in human retina (11). Herein we used mice and assessed
the sensitivity of these pathways to dietary and pharmaco-
logic treatments. Our most important findings are as
follows.

First, the diet-induced changes in the levels of serum
cholesterol were larger than the changes in the levels
of retinal cholesterol: WT mice on the HF/HC/CA diet
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versus the CA diet had a 1.4-fold increase in serum choles-
terol and only a 1.2-fold increase in retinal cholesterol
(Fig. 4A). A possible explanation for this difference is that
the blood-retina barrier protects in part the retina from
the fluctuations of serum cholesterol. Animal studies,
however, do not support this mechanism: when fluores-
cently labeled lipoprotein particles were injected into the
systemic circulation of monkeys and rats, they were taken
up by the retina rapidly and avidly (9, 10). A more plausi-
ble scenario is that the retina has the means to counteract
and diminish the effects of systemic circulation on retinal
cholesterol. This scenario is in agreement with human
studies showing inconsistent associations between serum
cholesterol and the incidence of AMD (49). Conversely,
the sterol profile of Cyp27al '~ mice on the HF/HC/CA
diet, which had unchanged serum cholesterol but a 2.4-
fold reduction in retinal cholesterol (Fig. 4A), indicates
that serum cholesterol could be normal but that retinal
cholesterol maintenance is dysregulated.

Second, only lowering serum cholesterol by the simvas-
tatin treatment (a 1.3-fold decrease) led to a similar (1.4-
fold) decrease in retinal cholesterol (Fig. 7A). There was
also a decrease in the retina in the levels of lathosterol
(1.3-fold), a general marker of cholesterol biosynthesis
and the activity of HMGCR, the rate-limiting enzyme in
this pathway (50-52). Retinal lathosterol, however, has not
yet been proved to be a suitable marker of cholesterol bio-
synthesis and the activity of HMGCR in the retina. Also, it
is unclear whether simvastatin crosses the blood-retina
barrier as it does the blood-brain barrier (53, 54). Accord-
ingly, a 1.3-fold decrease in retinal lathosterol suggests but
does not unambiguously prove that systemic administra-
tion of simvastatin directly inhibits retinal HMGCR and
retinal biosynthesis of cholesterol. It is also possible that
retinal cholesterol is decreased due to a decrease of serum
cholesterol without the inhibition of retinal HMGCR. Re-
gardless of the mechanism, the most important outcome
of these studies is the demonstration that simavastatin
treatment does decrease retinal cholesterol when the drug
is delivered through the systemic circulation. Perhaps sim-
vastatin and other lipophilic statins should be considered
for the effect on the formation, reduction, or removal of
drusen, cholesterol-containing deposits (>40%, v/v) ap-
pearing with age under the RPE and being a pathologic
hallmark of AMD (55). Combined with the recent investi-
gation showing significant improvements in the ultrastruc-
ture and function of the PR/RPE/Bruch’s membrane
region in the simvastatin-treated mice fed high-fat athero-
genic diet (56), the present work supports the idea of re-
visiting statins for the treatment or prevention of AMD
(13, 56, 57). Testing of statins is also warranted by their
cholesterol-independent effects (58, 59), some of which
(e.g., improvement of endothelial function, reduction of
inflammation and angiogenesis) could be of therapeutic
value for AMD (57).

Third, unexpectedly, the modulations of retinal choles-
terol achieved by dietary and simvastatin treatments did
not affect (with the two exceptions, Ldlrand apoD; Fig. bA)
retinal expression of the key cholesterol-related genes
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(Figs. 5, 7). This lack of transcriptional responsiveness in-
dicates that either changes in retinal cholesterol were not
large enough to activate SREBPs and LXRs or that non-
transcriptional mechanisms play a role in the regulation of
cholesterol homeostasis in the retina. The latter was inves-
tigated and supported by a 12-fold increase in })rotein, but
not mRNA, levels of HMGCR in the Cyp27al ' retina ver-
sus WT retina (Fig. 6A, D, E). Indeed, the Cyp27a17/7 ret-
ina lacks the CYP27A1 metabolite 27-hydroxycholesterol
shown to bind to INSIG and accelerate through this bind-
ing the degradation of HMGCR (60). Also, the difference
in the HMGCR protein levels is larger between the
Cyp27al’"- WT retina (12.0-fold) and the Cyp27al -
WT liver (2.3-fold) likely reflecting substrate availability
for CYP27A1 in the two organs: cholesterol in the retina
and mostly bile acid intermediates in the liver (17, 18, 61).
Thus, of transcriptional, translational, and posttransla-
tional mechanisms controlling the levels of HMGCR in
nonocular organs (38), the oxysterol-dependent HMGCR
degradation seems to be of particular importance in the
retina. Such a regulation of retinal HMGCR provides an
explanation for a paradoxical increase of cholesterol bio-
synthesis in the Cyp27al ~/" retina and the dysregulation in
this line of the retinal cholesterol maintenance (20). Be-
sides the degradation of HMGCR, the retina seems to have
another mechanism of posttranslational regulation of cho-
lesterol input. IDOL is an E3 ubiquitin ligase mediating
the ubiquitination and degradation of the cell surface re-
ceptors for LDL, VLDL, and apoE and leading to rapid
receptor elimination from the cell surface (44-46). Idol
was not upregulated by TO9 in the liver but showed an
increased expression in the retina (Fig. 9A) consistent
with previous studies demonstrating that the mechanism
governing IDOL responsiveness to LXR is tissue specific
and present in the intestine, macrophages, and fat but not
the liver (44). The retina appears to be another organ with
the active LXR-IDOL axis.

Fourth, in the retina, not only /do/but also 10 other cho-
lesterol-related genes were upregulated by TO9 (Figs. 9A,
B and 10A). These were eight direct LXR targets (Srebp-Ic,
Srebp-1a, Idol, Abcal, Abegl, apokE, apoD, and Scdl) and three
indirect targets regulated via SREBP-1c (Fasn, Accl, and
Acc2). Only two of these genes (Abcal and Abcgl) were
shown to be responsive to TO9 previously (62, 63). When
combined, the data on gene responsiveness to dietary and
pharmacologic treatments enable two conclusions. First,
of the two major pathways controlling the transcription of
cholesterol-related genes in nonocular organs (SREBP
and LXR dependent) and operative in the liver, only one
(LXR dependent) is of regulatory importance for the ret-
ina. Second, to compensate for a weak transcriptional con-
trol of cholesterol biosynthesis by the SREBP pathway, the
retina seemed to develop strong reliance on posttransla-
tional regulation of cholesterol input, both biosynthesis
(HMGCR) and receptor-mediated uptake of cholesterol-
containing lipoproteins (IDOL).

LXR agonists were suggested for the treatment of AMD
and diabetic retinopathy (62, 63). Our results support this
approach by demonstrating that while a number of LXR



targets were upregulated by TO9 in the retina, Vegf
and cholesterogenic genes were not among these genes
(Figs. 8-10). Agonists of LXRs are currently not in clinical
use because of their side effects including a marked in-
crease in hepatic and serum triglyceride content (40).
Therefore, partial, isoform- (LXRa or LXR), tissue-, pro-
moter-, or pathway-specific LXR modulators are in devel-
opment to address the undesired effects of the pan LXR
agonists such as TO9 (64, 65). Our work justifies further
investigation of synthetic LXR agonists for retinal diseases
and their testing in humans once safer compounds are
developed. Of drugs that are already on the market and
therefore are available for immediate testing are those
that increase the levels of endogenous LXR ligands. For
example, the levels of 24-hydroxycholesterol, a high-af-
finity LXR ligand (66), could be increased pharmacolog-
ically (67) by stimulating the activity of CYP46Al, the
brain- and retina-specific enzyme, which produces this
oxysterol (17, 68, 69).

Fifth, the present work suggested new proteins that
should be evaluated for retinal significance. Besides Idol,
our study highlighted apoD, the only gene upregulated in
the WT retina when mice were fed the HF/HC/CA diet
(Fig. 5B) or treated with TO9 (Figs. 9A, 10A). ApoD was
also the retinal gene showing the highest level of modula-
tion, >10-fold upregulation, upon the TO9 treatment of
Cy/)27a17/7 mice (Fig. 9B). APOD is a member of the li-
pocalin superfamily of proteins known to facilitate extra-
and intercellular transfer of fatty acids and retinoids (70,
71), and an atypical lipoprotein present in the systemic
circulation mainly in the HDL. Unlike other lipopro-
teins, APOD is expressed not only in the liver and intes-
tine but also in a variety of other tissues including the
brain, where it is normally found in the glial cells and the
wall of blood vessels. Of importance for the retina could
be the finding that systemic ablation of apoE leads to up-
regulation of APOD in the brain (72, 73). We did not
detect APOD expression in Miller cells (Fig. 9D), the
major glial cells of the retina and cells that express APOE
(74=77). It is conceivable that the function of APOD in
the retina is similar to and complements that of APOE.
Both apos could be the constituents of the HDL-like lipo-
protein particles proposed to circulate in the intraretinal
space and facilitate lipid exchange between different cell
types (78).

Finally, we found that the expression of Rpe65 catalyzing
the rate-limiting step in the visual cycle (79) could be en-
hanced by TO9 in vivo (Fig. 10B, C). The Rpe65 upregu-
lation, however, required high doses of TO9 (50 and
75 mg/kg BW) suggesting indirect regulation by LXRs.
Because LXRs serve as cholesterol/oxysterol sensors, and
increased cholesterol content is known to inhibit the
activation of rhodopsin, another essential protein in the
visual cycle (80, 81), the TO9 upregulation of Rpe65 could
be a mechanism protecting the function of rhodopsin in
response to the elevation of retinal cholesterol. Indeed,
cholesterol inhibits rhodopsin indirectly by ordering the
lipid bilayer and limiting the ability of this membrane-
bound enzyme to undergo conformational changes in the

lipid bilayer (80). Accordingly, when retinal cholesterol
homeostasis is disturbed and cholesterol content is ele-
vated throughout the retina including the OS and RPE,
increased production of a bulky 11-cis retinal by RPE65
could reduce increased ordering of the lipid bilayer due to
the increased cholesterol content and thereby rescue rho-
dopsin inhibition.

In summary, the evaluation of transcriptional respon-
siveness of cholesterol- and vision-related genes in mouse
retina to modulations of retinal cholesterol provided in-
sights of relevance both clinically and to basic science,
identified new proteins of potential importance to retinal
cholesterol maintenance, and suggested that cholesterol
could regulate the expression of an important protein of
the visual cycle H
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