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Abstract
Cholesteryl ester rich apolipoprotein B100 (apoB100) lipoproteins accumulate in Bruch’s
membrane before the development of age-related macular degeneration. It is not known if these
lipoproteins come from the circulation or local ocular tissue. Emerging, but incomplete evidence
suggests that the retinal pigmented epithelium (RPE) can secrete lipoproteins. The purpose of this
investigation was to determine 1) whether human RPE cells synthesize and secrete apoB100, and
2) whether this secretion is driven by cellular cholesterol, and if so, 3) whether statins inhibit this
response. The established, human derived ARPE-19 cells challenged with 0–0.8mM oleic acid
accumulated cellular cholesterol, but not triglycerides. Oleic acid increased the amount of
apoB100 protein recovered from the medium by both Western blot analysis and 35S-radiolabeled
immunoprecipitation while negative stain electron microscopy showed lipoprotein-like particles.
Of nine statins evaluated, lipophilic statins induced HMG-CoA reductase mRNA expression the
most. The lipophilic Cerivastatin (5µM) reduced cellular cholesterol by 39% and abrogated
apoB100 secretion by 3-fold. In contrast, the hydrophilic statin Pravastatin had minimal effect on
apoB100 secretion. These data suggest that ARPE-19 cells synthesize and secrete apoB100
lipoproteins, that this secretion is driven by cellular cholesterol, and that statins can inhibit
apoB100 secretion by reducing cellular cholesterol.
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Introduction
With aging, there is a striking accumulation of neutral lipids in Bruch’s membrane (BrM)
that continues through adulthood. A significant proportion of this neutral lipid is esterified
cholesterol contained within 60–80 nm diameter lipoprotein particles that has an
apolipoprotein B100 (apoB100) backbone. Due to the presence of apoB100, these
lipoproteins are most similar to very low density lipoproteins (VLDL) and low density
lipoproteins (LDL), and not chylomicrons, which contain apoB48, the product of
Apolipoprotein B mRNA editing, as the backbone of their lipoprotein particles. These
particles also accumulate in basal laminar deposits, basal linear deposits, and drusen, the

Corresponding author: James T. Handa, M.D.; Smith Building Room 3015; 400 N. Broadway; Baltimore, MD 21287; Phone: 410
614-4211; Fax: 410 614-5471; jthanda@jhmi.edu.
*Contributed equally.

Conflict of interest: none.

NIH Public Access
Author Manuscript
J Neurochem. Author manuscript; available in PMC 2013 October 07.

Published in final edited form as:
J Neurochem. 2010 September ; 114(6): 1734–1744. doi:10.1111/j.1471-4159.2010.06884.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pathognomonic histopathologic BrM lesions of age-related macular degeneration (AMD),
the most common cause of blindness among the elderly in the United States (Green et al.
1985; Curcio et al. 2001; Malek et al. 2003; Ruberti et al. 2003; Curcio et al. 2005b; Curcio
et al. 2005a; Li et al. 2005a). The identical topographical location of lipoprotein deposition
within Bruch’s membrane prior to the development of these hallmark lesions suggests that
lipoproteins play a critical role in the pathophysiology of AMD.

The lipoprotein particles recovered from Bruch’s membrane are distinct from plasma
lipoproteins because of their distinct morphology, lipid composition (i.e. cholesteryl ester
rich), and density profile (Li et al. 2005b; Li et al. 2006; Wang et al. 2009). This difference
could result from their local ocular production rather than systemic delivery of plasma
lipoproteins. In fact, there is emerging, but incomplete evidence that the RPE can synthesize
and secrete apoB100 lipoprotein particles. Malek et al identified apoB100 transcripts and
protein in the RPE of human globes, although it is not clear whether the cellular apoB was
synthesized or internalized as a lipoprotein particle (Malek et al. 2003). In monkey eyes,
Tserentsoodol et al reported apoB immunolabeling in the RPE (Tserentsoodol et al. 2006b).
It was not specified however, whether the antibody used was specific for apoB100 or
whether it also recognized apoB48.

The established human ARPE-19 cell line has been found to express mRNA for apoB100
and microsomal triglyceride transfer protein (MTP), which is required for apoB lipoprotein
assembly (Wetterau et al. 1997; Li et al. 2005a). Sterol O-acyltransferase 1, the enzyme that
converts cholesterol to cholesteryl esters to maintain cellular cholesterol availability (Rudel
et al. 2001), was also expressed by ARPE-19 cells (Li et al. 2005a). Neutral lipid and lipid
particles were identified in the cell culture supernatant (Li et al. 2005a). However, this study
did not identify synthesis and secretion of apoB100, which would help to define the specific
lipoprotein particle. Furthermore, sterol O-acyltransferase 2, the isoform that converts
cholesterol to cholesteryl esters specifically for lipoprotein assembly (Rudel et al. 2001),
was not expressed by ARPE-19 cells (Li et al. 2005a). With these subtle inconsistencies, it
remains unclear whether apoB100 lipoproteins are produced by human RPE cells.

In rats, neutral lipids and apoB100 protein have been shown to be secreted by RPE cells
(Wang et al. 2006; Wang et al. 2009). However, there are major differences in lipoprotein
biology between rodents and humans. For example, rodents predominantly express the
splice variant apoB48 rather than apoB100, and their plasma cholesterol is typically found in
high density lipoproteins (Hofker et al. 1998). As a result, mice are resistant to
atherosclerosis. These differences suggest that rodent cells are suboptimal for studying
apoB100 lipoprotein secretion by RPE cells, and highlight the importance of fully
characterizing whether human RPE cells are capable of synthesizing and secreting apoB100.

Lipoprotein apoB100 secretion is driven by available cellular lipids, such as triglycerides
and cholesterol. The high cholesteryl ester content of lipoproteins recovered from Bruch’s
membrane points toward cholesterol as an influencing factor in lipoprotein secretion by the
RPE (Wang et al. 2009). The statins are well recognized HMG-CoA reductase (HMG-CoA
R) inhibitors that reduce endogenous cholesterol production that results in the up-regulation
of the low-density lipoprotein receptor (LDLR) and the lowering of plasma LDL cholesterol
(Davidson and Toth 2004; Ito et al. 2006). A diverse group of studies all suggest that
inhibiting cholesterol synthesis by statins decreases the hepatic assembly and secretion of
apolipoprotein B-containing lipoproteins, mainly VLDLs, as reviewed in (Huff and Burnett
1997). A large number of statins are available on the market to treat hypercholesterolemia.
Historically, they have been divided into fungally derived and synthetic statins. However, a
functionally useful classification has defined the statins by their solubility in octanol
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(lipophilicity) or water (hydrophilicity) since the solubility characteristics will influence the
drug’s ability to enter a cell. The impact of statins on RPE cells at this time, is unknown.

Given the differences in lipoprotein biology between species, the subtle inconsistencies
found in previous studies on human RPE cells, and the potential role that local secretion of
apoB100 lipoproteins could have on the accumulation of Bruch’s membrane lipoproteins,
demonstrating definitive apoB100 secretion by human RPE cells would be a significant
contribution that would enable further studies to delineate how lipoproteins accumulate in
Bruch’s membrane from the RPE. In this investigation, we therefore sought to perform a
systematic evaluation to establish definitive evidence of apoB100 secretion by human RPE
cells. Because of the high cholesteryl ester content of lipoproteins recovered from Bruch’s
membrane, we additionally sought to determine whether the lipoprotein secretion is driven
by cellular cholesterol, and if so, to determine if statins can reduce cellular cholesterol and
reduce lipoprotein secretion by human RPE cells.

Materials and Methods
Cell Culture

The routine maintenance of the established, immortalized human RPE cell line, ARPE-19,
was previously described (Handa et al. 1998). ARPE-19 cells were grown in 6-well culture
plates or T75 cm2 culture flasks, and maintained in Dulbecco's modified Eagle's medium /
F12 (DMEM/F12; Invitrogen Corporation, Carlsbad, CA) containing 10% fetal bovine
serum (FBS, Invitrogen), and 2 mM L-glutamine solution (Invitrogen).

Viability
Cell viability was assessed with the CellTiter 96 Aqueous One Solution cell proliferation
assay (Promega Inc., Madison, WI) according to the manufacturer’s directions. ARPE19
cells were treated with statins (0–10 µM) for 1–3 days. The statins that were evaluated
included: Atorvastatin, Lovastatin, Mevastatin, Simvastatin (Molcan Corp., Toronto,
Canada), Cerivastatin (HalloChem Pharma Co, Ltd, Chongging, China), Fluvastatin (Hisoar
Pharm. Co., Ltd, Zhejiang, China), Itavastatin, Pravastatin, and Rosuvastatin (Sequoia
Research Products, Oxford, United Kingdom). Cells were treated with MTS assay solution
for 2 h, and the absorbance was measured at 490 nm.

RNA Extraction
Total RNA was extracted from ARPE-19 cells using the RNeasy Mini Kit (Qiagen, Inc.
Valencia, CA) using the manufacturer’s instructions. The purity of RNA was estimated by
the 260/280 absorbance ratio. Total RNA was treated with DNase I (Qiagen, Inc.) during
RNA purification.

Real-Time RT- qPCR
HMG-CoA reductase expression was determined by RT-qPCR (LightCycler, Roche
Diagnostics, Nutley, NJ) as previously described (Ishibashi et al. 2004). The following
primer pair for HMG-CoA reductase was used: 5’-3' (forward):
CCCAGTTGTGCGTCTTCCA and 5’-3’ (Reverse): CACTGCGAACCCTTCAGATGT
that were designed with Primer 3 (http://fokker.wi.mit.edu/primer3). PCR products were
quantified using the second derivate maximum values calculated with the Light-Cycler
analysis software. Negative controls without template were produced for each run.
Expression levels were normalized to expression levels of GAPDH (5’-
CGACCACTTTGTCAAGCTCA-3’ (sense) 5’-AGGGGTCTACATGGCAACTG-3’ (anti-
sense). All PCR products were checked by melting point analysis, and reaction specificity
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was verified by melting curve analysis. Results are reported as the mean ± SD. P < 0.05 was
considered significant using the Student’s unpaired two-tailed t-test.

Nile Red Histochemistry
A Nile red assay was performed to visualize cellular neutral lipid accumulation in ARPE- 19
cells treated with 0–0.8mM oleic acid (Complexed to fatty acid free BSA, Sigma Aldrich,
Inc. St. Louis, MO), as previously described (McMillian et al. 2001). Cells were seeded at 3
× 103 cells/cm2 in 96 well, clear-bottomed plates using DMEM/F12+10%FBS for 24 h and
switched to DMEM/F12 + 1% BSA for 48 h. Cells were incubated in 100 µl of 1 µM Nile
Red (Sigma Aldrich, Inc) with 1% Pluronic F-127 (Sigma Aldrich, Inc) and 0.1% DMSO.
Incubation was carried for 4 h at room temperature in the dark, and cells were washed and
then incubated with Hanks' balanced salt solution (HBSS; Invitrogen, Inc.) for 16 h.
Fluorescence was read with an epifluorescence microscope (Ellipse, TE 2000-U; Nikon,
Tokyo, Japan) integrated with a digital camera and accompanying software (Spot RT and
software ver. 3.5; Diagnostic Imaging, Sterling Heights, MI). Background fluorescence was
read at emission wavelength 590 nm with the excitation wavelength at 544 nm.

Filipin Histochemistry
Filipin is a polyene macrolide antibiotic that is fluorescent and specifically binds to free
non-esterified 3beta-hydroxy sterols, such as cholesterol, in a one-to-one molar
stoichiometry, and that filipin fluorescence intensity is proportional to the amount of sterol
bound (Severs and Simons 1986). ARPE-19 cells were seeded at 3 × 103 cells/cm2 in 96
well, clear-bottomed plates in DMEM+10%FBS for 24 h and switched to DMEM/F12 + 1%
BSA for 48 h. Cells were fixed with 4% paraformaldehyde. Cells were preincubated with
1.5 mg/ml glycine in PBS for 30 minutes, then incubated with filipin (125 µg/ml; Sigma
Aldrich, Inc.) in PBS for 1 hour at room temperature, as previously published (Sugii et al.
2003). Staining was imaged with a Zeiss Axiovert 200M microscope (Zeiss Microimaging,
Inc., Thornwood, NY. Fluorescence was read at (excitation 355 nm, emission 420 nm).

Cellular Cholesterol and Triglyceride
Cells were seeded at 1 × 105/cm2 into T-75 cm2 flasks. After statin treatment, cells were
cultured in DMEM containing 1% BSA for 48 h. The cells were washed with PBS and
lysed. Total and free cellular cholesterol were determined using a colorimetric assay kit
(Biovision Inc., Mountain View, CA) according to the manufacturer’s recommendations.
Cellular triglyceride levels were quantified using a colorimetric assay kit (Zen-Bio, Inc.,
Research Triangle Park, NC), according to the manufacturer’s protocol. Measurements were
made with a Synergy HT microplate reader (BioTek, Inc, Winooski, VT). The quantity of
lipid was normalized to cellular protein by the Bradford method.

Measurement of Apolipoprotein B100 (apoB100) Secretion
ARPE-19 cells were seeded at 1 ×105 cells/cm2 in 6-well-plates and grown to near
confluence in DMEM+10% FBS, DMEM/F12+1%BSA (fatty acid free) for 24 h, and then
incubated with DMEM/F12 plus 0–0.8mM oleic acid-BSA (fatty acid free; Sigma Aldrich,
Inc.) for 24h . ApoB100 protein secreted into the culture medium was measured using a
previously published protocol (Boren et al. 1994). Briefly, cells were pre-incubated for 1 h
with incubation medium (methionine- and cysteine-free DMEM/F12 with 2.0mM
GlutaMAX1 (Invitrogen, Inc.), and 2.0mM Na Pyruvate, then for 6 h in 1.0ml of incubation
medium with protease inhibitors (Complete Mini; Roche) containing 230µCi 35S-
methionine/cysteine (GE Healthcare Biosciences, Inc. Piscataway, NJ ). The supernatant
was collected and cells were lysed in RIPA buffer (Upstate Biotechnology Inc, Lake Placid,
NY). Each sample was incubated with 20µl of Protein A/G PLUS-Agarose (Santa Cruz
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Biotechnology, Inc. Santa Cruz, CA) for 30 min and centrifuged for 2 min at 13,000xg. A
polyclonal human apoB antibody (1:1000; Abcam Inc, Cambridge, MA) was added to the
supernatant for 16 h at 4°C, precipitated with Protein A/G Plus-Agarose (Sigma) for 2 h, and
centrifuged for 2 min at 13,000×g. The 35S-labeled immunoprecipitated proteins were
separated by SDS-PAGE with Novex 4–20% tris-glycine gels (Invitrogen), fixed, dried, and
exposed to a phosphorimager plate to visualize labeled apoB100.

Density Gradient Ultracentrifugation
Lipoprotein particles were prepared from the culture medium according to a previously
published method (Li et al. 2005a). ARPE-19 cells in T-75 cm2 flasks were treated with 0.4
mM oleic acid. After cells were washed twice with PBS, 10 ml of serum-free DMEM/F12
containing 1% BSA was added and incubated for 48h. The medium was harvested and
cellular debris was pelleted by centrifugation at 2, 000 rpm for 20 min at 4°C. Density was
adjusted to 1.24 g/ml by adding solid KBr (Sigma Aldrich Inc). Ten ml of sample was added
to a centrifuge tube, overlaid with 2 ml of 1.21 g/ml KBr, and centrifuged at 40,000 rpm for
36 h at 10°C in a Beckman L90 ultracentrifuge using a SW41Ti rotor. Supernatant (0.2 ml)
was drawn from the tube top.

Negative Stain Electron Microscopy
Lipoprotein-like particles in the d≤1.21 g/ml fraction were visualized as described (Forte
and Nordhausen 1986) with modification. Supernatant (0.2 ml) was drawn from the tube top
and dialyzed overnight in 0.125 M ammonium acetate, 2.6 mM ammonium carbonate, and
0.26 mM tetrasodium EDTA (pH 7.4, 4°C) and then mixed with an equal volume of 2%
potassium phosphotungstate. A 5 µl droplet was placed onto the center of freshly discharged
400 mesh copper grids (Ted Pella, Inc. Redding, CA) with carbon coated parlodion support
film. After 5 min absorption, samples were air dried. Specimens were viewed with a Hitachi
H-7600 TEM operating at 80 Kv and images were digitally captured with an AMT 2K
camera. The dialysis buffer was examined as a negative control.

H2DCFA assay
To quantify the degree of cellular oxidative stress, we used a fluorometric microplate assay
to measure reactive oxygen intermediates (ROI). ARPE-19 cells were seeded in 96-well
plates and maintained in culture for 7 days to confluence. The medium was removed, and
cells were washed with HBSS plus calcium and magnesium, and loaded with 10µM 2’,7’-
dichlorodihydrofluorescein diacetate (H2DCFDA; Invitrogen Inc.) diluted in HBSS plus
calcium and magnesium. After cells were incubated for 30 minutes at 37°C, the dye was
removed and cells were washed with HBSS. Various doses of tert-butyl hydroperoxide
(tBOOH) and statins were added to the cells for 30 minutes. The intracellular ROI
production was measured and quantified using a plate reader (SpectraMax plate reader,
MDS Analytical Technologies, Sunnyvale, CA; excitation wavelength=485 nm; emission
wavelength=535 nm.)

Results
ARPE-19 cells accumulate lipids after fatty acid loading

Oleic acid increases cellular cholesterol, stimulates apoB100 lipoprotein secretion in some
cell types (Goh and Heimberg 1973; Fungwe et al. 1994; Zhang et al. 2004), and is a
relevant fatty acid for study of RPE cells because it is a significant component of
photoreceptor outer segment tips (Futterman and Andrews 1964; Martinez et al. 1988; van
Kuijk and Buck 1992). ARPE-19 cells were grown to near confluence in DMEM/F12 +10%
FBS, medium with 1%BSA (fatty acid free) for 24h, and loaded with oleic acid-BSA (fatty
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acid free) containing medium devoid of lipoprotein for 24h. These doses of oIeic acid did
not affect cell viability (data not shown). Figure 1 shows a dose dependent accumulation of
neutral lipids by Nile Red fluorescence microscopy 24 hours after stimulating cells with
oleic acid (ANOVA, p<0.001). Figure 2 shows by Filipin histochemistry, that cellular
cholesterol accumulates within ARPE-19 cells after oleic acid loading (ANOVA, p<0.001
for each dose compared to control; p<0.01 for 0.4 vs. 0.8mM). As expected, much of the
labeling localized to the cell membrane, but at higher doses, the labeling appeared within
cells. Using a biochemical assay, 0.4–0.8mM oleic acid treatment did not raise cellular
triglycerides (n=3; p=0.3). The same oleic acid treatment increased total cholesterol (31%
increase at 0.4mM and 51% increase at 0.8mM oleic acid; n=3; p<0.05) and cholesterol
ester (33% increase at 0.4mM and 83% increase at 0.8mM oleic acid; n=3; p<0.05) in a dose
dependent fashion.

ARPE-19 cells secrete ApoB100 protein
We next performed Western blot analysis to determine if apoB100 protein was produced by
ARPE-19 cells and secreted into the culture medium. Unstimulated cells secreted low levels
of apoB100 protein. With oleic acid, a dose dependent increase in apoB100 protein was
observed in the culture medium (p<0.001 vs. control, n=3 exp), as shown in Figure 3.
ApoB100 is found in bovine serum, and therefore, could be a contaminant in Western blot
analysis (Sakamoto et al. 2007). To demonstrate that apoB100 is not from lipoproteins
contained in bovine serum, ARPE- 19 cells were treated with 0–0.8 mM oleic acid-BSA
and 35S-methionine/cysteine for 24h. 35S-apoB100 from the medium was
immunoprecipitated with an anti-apoB100 antibody, separated on a 5% SDS-PAGE gel, and
quantified by phosphorimager analysis. Figure 4 shows a typical autoradiogram of a dose
dependent increase in radiolabeled apoB100 protein that was synthesized by ARPE-19 cells,
and secreted into the culture medium after oleic acid challenge. The assay was repeated
twice more, and the increase in apoB100 protein was increased by an average of 3-fold at
0.4mM and 6.7-fold at 0.8mM oleic acid stimulation, above controls (p<0.001). These
results indicate that apoB100 is synthesized and secreted by ARPE-19 cells. Finally, we
used negative stain electron microscopy to determine whether intact lipoprotein-like
particles were secreted by ARPE-19 cells. Figure 5 shows the secreted lipoprotein-like
particles after ARPE-19 cells were treated with 0.4mM oleic acid for 24h. Particles in the
d≤1.21 g/ml fraction of conditioned medium had an average diameter of 79nm, with a range
in diameter from 44–130nm.

Selection of a statin for treatment on ARPE-19 cells
The statins are well known HMG-CoA R inhibitors, which reduce cellular cholesterol (Ito et
al. 2006). The response of each statin is cell type specific (Soma et al. 1992). First,
ARPE-19 cells were treated with 9 different statins, and assessed for cell viability by MTT
assay after 24 hours of exposure. Figure 6 shows that most of the statins showed no toxicity
up to and including 5µM, but all were cytotoxic at 10µM (p<0.05 at 10µM for all statins
except Simvastatin (p=0.07), versus control).

Statins that reach the endoplasmic reticulum cause an early mRNA induction of HMGCoA
reductase as a compensatory response (Thelen et al. 2006). We used this response as a
biomarker of whether statins penetrated ARPE-19 cells and exerted a functional response.
Cells were treated with 2µM statins for 24h in serum-free media, and HMG-CoA R mRNA
was determined by RT-qPCR. Figure 7 shows the variability in induction of HMG-CoA R
expression by the different statins. Since the lipophilic Cerivastatin showed the highest
induction of HMGCoA R expression, a follow-up set of dose response experiments were
conducted using Cerivastatin.
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Cerivastatin reduces cellular cholesterol
Since it was the most potent inducer of HMG-CoA reductase expression in our system, the
remaining experiments focused on Cerivastatin. We next evaluated changes in cellular lipid
and apoB100 secretion as two indicators of a pharmacologic effect by Cerivastatin. When
challenged with oleic acid, ARPE-19 cells showed a dose dependent increase in filipin
staining. While 5µM Cerivastatin had no effect on cellular cholesterol after a 24h incubation,
filipin staining was reduced up to 20% (p<0.001) after 3 days compared to controls (Figure
8). Using a biochemical assay, after 0.4mM oleic acid treatment, 3 days of Cerivastatin 5
µM reduced total cholesterol levels by 39% (p<0.05). Cerivastatin did not have an effect on
cellular triglyceride content after ARPE-19 cells were treated with oleic acid (data not
shown).

Cerivastatin inhibits apoB100 protein secretion
Cerivastatin inhibited the synthesis and secretion of apoB100 protein into the culture
medium. Figure 9A shows that oleic acid caused a 3.3-fold increase in radiolabeled apoB100
protein secreted into the medium while incubation with Cerivastatin (2.5–5µM) significantly
reduced apoB100 secretion (p<0.01). The experiment was repeated twice with similar
results, as summarized in Figure 9B. Most statins enter cells through passive diffusion,
which is dependent upon their lipophilicity (Thelen et al. 2006). To demonstrate that the
suppressive effect on ApoB100 secretion is not unique to Cerivastatin, we next evaluated the
effect of Fluvastatin, another lipophilic statin. A dose response experiment with Fluvastatin
1–5µM showed up to a 1.8-fold reduction in secretion of radiolabeled apoB100 protein at a
dose of 2.5µM (p<0.05; Figure 10). The experiment was repeated with a similar reduction of
1.6-fold with 2.5µM (p<0.05). On the other hand, Pravastatin, a highly hydrophilic statin,
showed no effect on ApoB100 secretion (data not shown).

Antioxidant effect of Cerivastatin
Oxidative stress is an important factor in AMD development. The statins have been reported
to display a number of effects other than cholesterol lowering, including anti-oxidant effects
(Ramasubbu et al. 2008). To explore this possible benefit of statins, ARPE-19 cells were
treated with 1mM tBOOH and assessed for ROI by the H2DCF assay. A trend toward an
antioxidant effect was observed with increasing dose, with similar protection at 5µM
Cerivastatin compared to the antioxidant Trolox (Figure 11).

Discussion
Herein, we provide strong evidence that human RPE cells synthesize and secrete apoB100
lipoproteins, and that this secretion is driven by cellular cholesterol content. Unstimulated
human ARPE-19 cells neither accumulated lipid nor synthesized and secreted apoB100
protein. On the other hand, after oleic acid stimulation, we first demonstrated that ARPE-19
cells contained increased cellular cholesterol, as assessed by Filipin histochemical staining
and an enzymatic assay, while triglycerides, a principal cellular neutral lipid, were
unchanged by oleic acid treatment. Several different assays were then used to show that
apoB100 lipoprotein particle secretion, including increased apoB100 protein in the culture
medium by Western blot analysis, and immunoprecipitation of 35S-radiolabeled apoB100
protein in the medium. This result indicates definitively, that ARPE-19 cells synthesize and
secrete apoB100 protein, and removes doubt that apoB100 could be a contaminant from
serum in the culture medium (Sakamoto et al. 2007). Using negative stain electron
microscopy, we visualized lipoprotein-like particles in the culture medium of ARPE-19
cells. These data show that oleic acid loading of ARPE-19 cells induces increased cellular
cholesterol which stimulates the secretion of apoB100 lipoprotein particles. In contrast,
reducing cellular cholesterol by statin treatment reduced ApoB100 synthesis and secretion.
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Taken together, these data support the emerging hypothesis that human RPE cells secrete
apoB100 lipoproteins. Due to significant differences in lipoprotein biology across species
such as rodents and humans, our findings will help to facilitate future studies addressing
why human RPE cells secrete lipoproteins, and if their secretion contributes to AMD.

Why would the RPE secrete lipoproteins? The RPE has tremendous lipid processing
responsibilities due to the constant recycling of 30,000 lipid rich photoreceptor outer
segments per day (Gulcan et al. 1993; Ershov and Bazan 2000). The ingestion of
systemically derived LDLs via LDL receptors by the RPE (Tserentsoodol et al. 2006b), is an
additional potential lipid burden, especially if hyperlipidemia resulting from western diets
would increase LDL ingestion. With aging, there is a reduction in energy metabolism, and a
commensurate reduced utilization of lipids (Lee et al. 2002; Tian et al. 2005). Collectively,
these factors would promote cellular lipid accumulation. Since lipid overload is extremely
toxic to the cell and capable of inducing lipoapoptosis (Listenberger and Schaffer 2002),
cells must compensate by excreting unwanted lipid. The RPE can transport cholesterol out
of the cell by reverse cholesterol transport to high density lipoproteins (HDLs)
(Tserentsoodol et al. 2006a). However, HDLs are an inefficient method for eliminating lipid
(Yokoyama et al. 2004). In addition, the accumulation of the lipofuscin fluorofluore A2E
that is seen in AMD, can inhibit the reverse cholesterol pathway, and result in the
accumulation of cholesteryl esters in RPE cells (Lakkaraju et al. 2007). The most efficient
mechanism to remove unwanted cellular lipid is with apoB100 lipoproteins (Yokoyama et
al. 2004). The increase in cholesteryl esters resulting from A2E, would drive apoB100
lipoprotein secretion by the RPE, as suggested by our studies. This scenario would be
analogous to the secretion of apoB100 lipoproteins by lipid overloaded cardiac myocytes as
a protective response to prevent lipotoxic cardiomyopathy (Yokoyama et al. 2004). A
schematic of our current working hypothesis is outlined in Figure 12. While apoB100
lipoprotein secretion may be designed to protect against lipotoxicity to the RPE, chronic
lipoprotein secretion could cause lipoproteins to accumulate in Bruch’s membrane,
especially if their clearance to the choriocapillaris is impaired. With the high oxidative stress
environment of the fundus, retained lipoproteins would be at risk for becoming oxidized, as
we have previously shown in early AMD specimens (Yamada et al. 2008). Oxidized
lipoproteins are potent activators of complement mediated inflammation (Bhakdi et al. 1995;
Bhakdi et al. 1999; Kislinger et al. 1999; Kalousova et al. 2003; Miller et al. 2003; Uesugi et
al. 2004). Given the role of complement in AMD, future studies aimed at further
understanding the factors regulating RPE lipoprotein secretion would be worthwhile.

The statins are well known inhibitors of HMG-CoA reductase, the rate limiting step in
cholesterol synthesis. We investigated the statins as a tool to study apoB100 secretion
because of the known high content of cholesteryl ester in lipoproteins recovered from
Bruch’s membrane. A significant factor in the efficacy of any drug at the cellular level is its
ability to penetrate into the cell. Since statins enter cells passively, a lipophilic statin is
expected to enter a cell easier than a hydrophilic one (Pasha et al. 2006). In our survey of
statins, we found that lipophilic statins, such as Cerivastatin, Atorvastatin, Itavastatin, and
Fluvastatin, induced HMG-CoA reductase, as an acute marker of cellular internalization,
better than hydrophilic statins such as Pravastatin and Rosuvastatin. With focused studies
using Cerivastatin, cellular cholesterol and apoB100 secretion were reduced after cells were
stimulated with oleic acid. We presume that the reduced cellular cholesterol was the lipid
substrate that influenced reduced apoB100 secretion since triglyceride content was
unchanged after oleic acid stimulation. We hypothesize that reduced apoB100 lipoprotein
secretion would reduce lipoprotein accumulation in Bruch’s membrane, and thereby reduce
drusen formation. At present, it is unclear how the overall lipid composition of the RPE is
influenced by statins. It is possible that inhibiting apoB100 lipoprotein secretion might
increase the overall cellular lipid content, and drive the cell into lipoapoptosis. The cytotoxic
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effects would depend upon how the cellular lipid composition is altered with the most toxic
effects resulting from excessive free fatty acids. While somewhat cell type specific, HMG-
CoA R inhibition has been shown to alter cellular triglycerides, fatty acids, and
phospholipids (Hrboticky et al. 1997; Rise et al. 2005; Leszczynska et al. 2009). Within the
concentration of statins that we tested, there was no cytoxicity, which suggests that any
changes in lipid composition were not toxic. Further delineation of the specific cellular lipid
composition through mass spectroscopic analysis induced by statins would be helpful in
future studies, so we could determine in more detail, whether the changes in lipid
composition are potentially cytotoxic.

We recognize that there are considerable data on apoB100 secretion by statins, and the
results appear to be variable and cell type dependent (Huff and Burnett 1997; Mohammadi
et al. 1998; Wilcox et al. 1999; Twisk et al. 2000). The other principal mechanism of statins
is upregulation of LDL receptors, which causes both increased uptake at the cell membrane
as well as potential presecretory degradation (Twisk et al. 2000). Using flow cytometry, in
preliminary data, we found that LDLR density was increased in a dose dependent manner
with both LDL and oxLDL treatment. However, LDLR density did not change after a 24
hour incubation with Cerivastatin. This suggests that LDLR density change is not a
significant factor in reducing apoB100 secretion in RPE cells. We recognize that
intracellular LDLR, which would be missed by flow cytometry, could affect apoB100
secretion. Further work will be necessary to delineate the exact mechanism of action by
statins in human RPE cells. We have outlined in Figure 12, our current understanding of
how statins influence apoB100 lipoprotein secretion.

How do the results of our study influence interpretation of the studies that have shown no
treatment benefit for AMD after systemic administration of statins (McGwin et al. 2003;
McGwin et al. 2005; Smeeth et al. 2005; McGwin et al. 2006; Klein et al. 2007; Tan et al.
2007)? Efficacy from systemically administered statins assumes that Bruch’s membrane
lipoproteins are either derived from the systemic circulation via their production in the liver,
or that the statins exert a local effect on lipoprotein production after penetrating the blood
retinal barrier. Clearly, the statins reduce plasma LDL-cholesterol by inhibiting cholesterol
synthesis in the liver. If the systemic circulation is the predominant source of Bruch’s
membrane lipoproteins, then systemic administration of statins would likely have shown
some benefit.

The ineffectiveness by the statins does not eliminate them as a potential treatment if
lipoproteins are locally secreted by the RPE. An ocular effect by the statins would depend
largely upon their ability to penetrate the blood retinal barrier, and in particular, the outer
blood retinal barrier, which is comprised mainly of the RPE. At present, the only available
pharmacokinetic clues must be extrapolated from studies evaluating penetration of the blood
brain barrier, an analogous structure to the blood retinal barrier. Penetration of the blood
brain barrier is dependent upon the statin’s lipophilicity. For example, when given
systemically, the lipophilic Simvastatin, penetrates the blood brain barrier well, and inhibits
brain cholesterol synthesis (Thelen et al. 2006; Vuletic et al. 2006). On the other hand, high
doses of the hydrophilic Pravastatin are required to achieve a similar biologic effect (Thelen
et al. 2006). All of the studies evaluating the statins on AMD published to date, have lumped
all statins together so an assessment of a local ocular effect is not possible.

While commonly used to simulate RPE cell function, we recognize that the results obtained
in ARPE-19 cells may not represent the behavior of RPE cells in vivo. Nevertheless, the
data from our study support the secretion of apoB100 protein and lipoprotein-like particles
by human RPE cells, which will enable us to study why RPE cells secrete lipoproteins.
Treatment with the statins inhibited apoB100 secretion. Locally administered statins,
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particularly with the emergence of several different sustained released intraocular platforms,
could be an intriguing avenue to pursue in an attempt to reduce lipoprotein accumulation
since this appears to be an important, early event in the development of AMD.
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Figure 1.
Nile Red fluorescence microscopy after 0–0.8mM oleic acid treatment. A) ARPE-19 cells
show progressive increased fluorescence with increasing doses of oleic acid. Bar = 15µm. B)
Graph of the net fluorescence of cells treated with oleic acid (0–0.8mM) after background
absorbance (control cells) was subtracted (n=4 exp). P<0.001 for each dose compared to
control, and between 0.4mM and 0.8mM oleic acid.
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Figure 2.
Filipin fluorescence microscopy after 0–0.8 mM oleic acid treatment. A) ARPE-19 cells
demonstrate increasing fluorescence with increasing doses of oleic acid. Note how cell
membranes are predominantly labeled with 0.4mM oleic acid treatment, but fluorescence
becomes intracellular at 0.8mM oleic acid. Bar = 15µm. B) Graph of the net fluorescence of
cells treated with oleic acid after background absorbance was subtracted (n=4 exp). p<0.001
for each dose compared to control; p<0.05 0.4mM vs. 0.8mM oleic acid.
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Figure 3.
Western blot analysis of ApoB100 protein in the culture medium. A) Western blot showing
increased labeling for ApoB100 protein at 512KDa. B) Graph of increasing apoB100 protein
with increasing dose of oleic acid. p<0.001 vs. control, and for 0.4mM vs. 0.8mM oleic acid;
n=3 exp.
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Figure 4.
Secretion of radiolabeled ApoB100 protein into the culture medium. A) Typical
autoradiogram of a dose dependent increase in 35S-radiolabeled apoB100 protein that was
synthesized by ARPE-19 cells and secreted into the culture medium after oleic acid
challenge. B) Graph showing increasing radiolabeled apoB100 protein that was measured in
the culture medium. P<0.001 vs. control, and for 0.4mM vs. 0.8mM oleic acid. n=3 exp.
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Figure 5.
Negative stain electron microscopy of presumed lipoprotein particles. Particles in the d ≤
1.21 g/ml fraction of conditioned medium had an average diameter of 79nm, with a range in
diameter from 44–130 nm. Bar = 50nm.
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Figure 6.
Viability of ARPE-19 cells after treatment with 9 statins. ARPE-19 cells were treated with
statins (0–10µM) for 24h. Toxicity was observed at 10µM doses for all nine statins. p<0.05
at 10µM for all statins except Simvastatin (p=0.07), versus control.
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Figure 7.
Induction of HMG-CoA reductase mRNA after Statin Treatment. A) ARPE-19 cells were
treated with 9 statins (2µM) for 24h, and induction of HMG-CoA reductase mRNA was
measured by RT-qPCR analysis and normalized to GAPDH expression. Variable expression
is seen among the statins. Full growth control indicates cells grown in DMEM+10%FBS
while starved indicates cells grown in DMEM+1% BSA. P<0.01 for all statins vs. each
control. (n=3 exp). B) Induction of HMG-CoA reductase by Cerivastatin 0.1–5µM after 24h.
P<0.01 for all doses vs. each control. (n=3 exp).
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Figure 8.
The effect of Cerivastatin on Filipin fluorescence labeling. ARPE-19 cells were treated with
oleic acid 0–0.8mM for show a dose dependent increase in Filipin labeling. Treatment with
Cerivastatin 5µM caused a marked reduction in Filipin labeling at each dose.
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Figure 9.
Reduction in 35S-radiolabeled ApoB100 protein secreted into the culture medium by
Cerivastatin after oleic acid stimulation. A) Autoradiogram of 35S-radiolabeled ApoB100
protein secreted in the culture medium by ARPE-19 cells. Treatment with Cerivastatin 1–
5µM reduced the 512KDa band. B) Graph showing reduced 35S-radiolabeled apoB100
protein recovered from the culture medium after Cerivastatin treatment.
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Figure 10.
Reduction in 35S-radiolabeled ApoB100 protein secreted into the culture medium after
treatment with Fluvastatin after oleic acid stimulation. A similar decrease in 35S-
radiolabeled apoB100 protein recovered from the culture medium after Fluvastatin 1–5µM.
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Figure 11.
Cerivastatin reduces Reactive oxygen intermediates after Tert-butyl hydroperoxide
(tBOOH) using H2DCFDA labeling. A significant decrease (p<0.01 vs. other doses of
Cerivastatin) was seen at Cerivastatin (5µM), and was similar to the antioxidant Trolox
(p=0.17, Cerivastatin 5µM vs. Trolox).
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Figure 12.
Diagram of ApoB100 secretion by the RPE and its potential consequences consequences.
Lipids accumulation in part, from incompletely digested photoreceptor outer segments
(POS) that are transported to the endoplasmic reticulum (ER) where free fatty acids (FFA)
are synthesized into cholesterol. ApoB100 is constitutively produced, and cholesterol
reduces ApoB100 protein degradation, and thereby promotes the formation of apoB100
lipoprotein particles, which are secreted and pass through Bruch’s membrane (BrM) to the
choriocapillaris (CC). The statins inhibit HMG-CoA R, reduce cholesterol synthesis, and
reduce apoB100 lipoprotein (LP) formation.
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