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Abstract
To maintain normal retinal function, retinal pigment epithelial (RPE) cells engulf photoreceptor outer
segments (ROS) enriched in free fatty acids (FFAs). We have previously demonstrated fatty acid-
binding protein 5 (FABP5) down-regulation in the RPE/choroidal complex in a mouse model of
aging and early age-related macular degeneration. FABPs are involved in intracellular transport of
FFAs and their targeting to specific metabolic pathways. To elucidate the role of FABP5 in lipid
metabolism, the production of the FABP5 protein in a human RPE cell line was inhibited using RNA
interference technology. As a result, the levels of cholesterol and cholesterol ester were decreased
by about 40%, whereas FFAs and triglycerides were increased by 18 and 67% after siRNA treatment,
respectively. Some species of phospholipids were decreased in siRNA-treated cells. Cellular lipid
droplets were evident and apoB secretion was decreased by 76% in these cells. Additionally, we
discovered that ARPE-19 cells could synthesize and secrete Apolipoprotein B100 (apoB100), which
may serve as a backbone structure for the formation of lipoprotein particles in these cells. Our results
indicate that FABP5 mRNA knockdown results in the accumulation of cellular triglycerides,
decreased cholesterol levels, and reduced secretion of apoB100 protein and lipoprotein-like particles.
These observations indicated that FABP5 plays a critical role in lipid metabolism in RPE cells,
suggesting that FABP5 down-regulation in the RPE/choroid complex in vivo might contribute to
aging and early age-related macular degeneration.
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INTRODUCTION
To maintain normal retinal function, retinal pigment epithelial (RPE) cells engulf
photoreceptor outer segments (ROS) 1–4 enriched in free fatty acids (FFAs) 5. Fatty acid-
binding proteins (FABPs) are a family of cytosolic 14- to 15-kDa proteins with high binding
affinity for various fatty acids in vitro 6. At least 13 distinct FABPs have been identified, each
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with its own spectrum of binding affinities and tissue distribution 7. FABPs play an important
role in the trafficking of FFAs and other lipids in these tissues 8–14. However, fundamental
questions remain regarding their functional role in lipid metabolism. One of the obstacles to
pursuing these questions is the fact that the deletion of particular FABP genes has not led to
gross phenotypic changes, most likely because of compensatory over-expression of other
members of the FABP family, or even of unrelated fatty acid (FA) transport proteins 15.

FABP5 is expressed most strongly in epidermal cells, but is also present in many other tissues
including mammary gland, brain, liver, kidney, lung, and adipose tissue 15. However, to our
knowledge, there is no information available regarding the functional role of FABP5 in RPE
cells. We have previously observed the down-regulation of FABP5 by transcriptional analysis
in the RPE/choroidal complex in a mouse model of aging and early age-related macular
degeneration (AMD) 16. As part of our ongoing investigation of the factors that affect early
AMD, we hypothesized that FABP5 may play a critical role in lipid metabolism and that its
down-regulation may contribute to lipid accumulation in RPE cells, an early sign of aging in
the eye. To test this hypothesis, we have now used siRNA to inhibit the expression of the
FABP5 gene in an established human RPE cell line, ARPE-19, and to assess the effect of its
knockdown on lipid metabolism in these cells.

In this study, we found that knockdown of FABP5 mRNA expression resulted in 1) decreased
FA uptake, which may result from the decreased production of FABP5 and/or the slowdown
in FFA metabolism, 2) decreased cellular cholesterol and cholesterol ester, 3) increased cellular
FFAs and triglycerides, and 4) decreased secretion of apoB100 in ARPE-19 cells. These
observations indicate that FABP5 plays a critical role in lipid metabolism in ARPE-19 cells,
suggesting that FABP5 down-regulation in the RPE/choroid complex in vivo 16 might
contribute to age-related changes and early AMD.

MATERIALS AND METHODS
Cell culture and FABP5 siRNA transfection

The routine maintenance of the established, immortalized human RPE cell line, ARPE-19, was
carried out as described 17. 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).

A smart pool siRNA or four individual siRNAs from the smart pool (Dharmacon Inc.,
Lafayette, CO) directed against the human FABP5 gene (GenBank Accession No. NM 001444)
were used. Non-targeting siRNA#2 siCONTROL (NTC; Dharmacon) was used as a control.
Transfection experiments were performed according to the manufacturer’s instructions. siRNA
in OptiMEM (Invitrogen) was mixed with Lipofectamine 2000 at room temperature for 15
min. Cells plated in 6-well or 96-well plates were treated with siRNA for 6 h, and the toxicity
of the siRNA treatment was assessed by Hoechst dye staining (Invitrogen) according to the
manufacturer’s protocol.

Real-time RT-PCR and Western blot analysis
Total RNA was extracted from cultured ARPE-19 cells using the RNeasy Mini Kit (Qiagen,
Valencia, CA) according to the manufacturer’s protocol. The purity of RNA was estimated by
the absorbance ratio at 260/280 nm. FABP5 expression was determined by real-time RT-PCR
(LightCycler, Roche Diagnostics, Nutley, NJ) as described 18. The following two primer pairs
were used for FABP5: 5′-CCTGTCCAAAGTGATGATGG-3′ (sense) and 5′-
CAGCATCAGGAGTGGGATG-3 (antisense) and FABP4: 5′-
AACCTTAGATGGGGGTGTCC-3′ (sense) and 5′-TGGACCTGACTTCAAGCGTA-3′
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(antisense). To measure the potential non-specific interferon response to siRNA treatment, we
assessed the expression of 2′5′-oligoadenylate synthetase 1 (OAS1) and 2, interferon-inducible
gene myxovirus resistance 1 (Mx1), interferon-stimulated gene factor 3 (ISGF3g), and
interferon-inducible transmembrane proteins (IFITM) by real-time PCR using an Interferon
Response Detection Kit (System Biosciences, Mountain View, CA).

PCR products were quantified using the second derivative maximum values and calculated
with LightCycler analysis software. Controls without template were included in each run.
Expression levels were normalized to the expression level of GAPDH using the primer pair
5′-CGACCACTTTGTCAAGCTCA-3′ (sense) and 5′-AGGGGTCTACATGGCAACTG-3′
(anti-sense). All PCR products were checked by melting point analysis, and reaction specificity
was verified by melting curve analysis. Results are reported as means ± SD. The Student’s
unpaired two-tailed t-test was used for statistical analysis, and P values ≤ 0.05 were considered
to be significant.

To investigate the effect of FABP5 mRNA knockdown on FABP5 protein levels, we performed
Western blot analysis as described 19. Cells were solubilized with RIPA solution (50 mM Tris-
HCl, pH 7.4, with 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40, and 1 mM EDTA)
containing a protease inhibitor cocktail (Complete Mini; Roche). Cell lysates were centrifuged
at 15,000 g for 15 min at 4°C, and the protein concentration of the supernatants was determined
using the Quick Start Bradford Dye reagent (Bio-Rad Laboratories, Hercules, CA). Cell lysates
(10 μg protein per lane) were separated on a 4–20% SDS-PAGE and electrophoretically
transferred to a PVDF membrane (Bio-Red). Membranes were incubated with anti-human
FABP5 or FABP4 polyclonal antibody 20, then with secondary anti-rabbit antibody conjugated
with horseradish peroxidase (GE-Healthcare, Piscataway, NJ). The signal was detected with
an ECL chemiluminescence detection system (GE-Healthcare). Films were scanned with a
Molecular Image FX scanner (Bio-Rad Laboratories).

Fatty acid uptake assays
To determine the effect of FABP5 mRNA knockdown on FA uptake in siRNA- treated cells,
a QBT FA uptake assay (Molecular Devices, Sunnyvale, CA) was performed according to the
manufacturer’s protocol. ARPE-19 cells were seeded into 96-well black-wall/clear-bottom
plates (BD Biosciences, San Diego, CA). When 60% confluent, the cells were treated with 10
nM siRNA for 6 h, then incubated in DMEM/F12 medium with 1% BSA (FA-free) for 24, 48,
and 72 h. The cells were washed twice with Hank’s balanced salt solution (HBSS) with 0.2%
BSA, and the reaction was quenched by adding a Q-Red.1/4,4-difluoro-5-methyl-4-bora-3a,
4a-diaza-S-indacene-3-dodecanoic acid (BODIPY-FA) solution. BODIPY-FA, a palmitic acid
derivative, is taken up by cells, but the Q-Red.1 quench reagent is excluded from cells.
Therefore, the BODIPY-FA that enters the cells is in an unquenched state, and its fluorescence
can be detected. For inhibition and competition experiments, palmitic or oleic acid at 0.15μM
to 150 μM was directly added to the quencher/BODIPY-FA mixture. Kinetic readings were
immediately started, using a Synergy HT microplate reader (Bio-Tek Instruments, Inc.,
Winooski, VT) at 25°C. The mean V value (the value of the mean slope) was calculated using
KC4 software (Bio-Tek).

Nile Red staining
Neutral lipid deposits in siRNA-treated cells were detected by Nile Red assays performed as
described 21. Stock solutions of Nile Red (Sigma Chemical; St Louis, MO) (0.5mg/ml in
acetone) were prepared and stored at −20°C. The cells were seeded at 3.0 × 103 cells/cm2 in a
96-well black-wall/clear-bottom plate. For oleic acid challenge, the cells were incubated in
DMEM/F12 medium supplemented with 0.2 and 0.4 mM oleic acid-BSA (Sigma) for 24 h
after they were incubated in DMEM/F12 medium containing 1% BSA for 24 h after siRNA

Wu et al. Page 3

Lab Invest. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



treatment. The cells were then incubated with 100 μl of 1 μM Nile Red with 1% Pluronic F-127
(Sigma) for 4 h at room temperature in the dark, then washed and incubated with HBSS for 16
h. Fluorescence was detected using the Synergy HT microplate reader with the KC4 software.
Neutral lipid deposits in these cells were visualized by Zeiss Axiovert 200 microscopy (Carl
Zeiss, Inc., Thornwood, NY).

Measurement of FFAs, cholesterol, cholesterol esters, and triglycerides
The levels of FFAs, cholesterol, cholesterol esters, and triglycerides were determined with a
FFA quantification kit (BioVision, Mountain View, CA), a cholesterol/cholesteryl ester
quantification kit (Biovision), and a triglyceride colorimetric assay kit (Zen-Bio, Inc., Research
Triangle Park, NC), respectively, according to the manufacturers’ protocols. Cells were seeded
at 1× 105/cm2 into 6-well plates. After siRNA treatment, the cells were cultured in DMEM/
F12 containing 1% BSA for 48 h. The cells were washed with PBS, then lysed and processed
according to the manufacturers’ protocols. The measurements were made with the Synergy
HT microplate reader.

Electrospray tandem mass spectrometry
Total lipids from samples were prepared according to a modified Bligh and Dyer procedure
22. Each sample was homogenized at 25°C in 10 volumes of deionized water, then in 3 volumes
of 100% methanol-containing 30 mM ammonium formate and vortexed. Four volumes of
chloroform were added, and the mixture was vortexed and centrifuged at 1000g for 10 min.
The chloroform layer was removed and analyzed by direct injection into a Sciex 3000 tandem
mass spectrometer (Thornhill, ON, Canada). Shotgun lipidomics analysis was done using
electrospray ionization tandem mass spectrometry (ESI/MS/MS) using methods similar to
those described 22. Samples were injected for 3 min, allowing for the accumulation of mass
counts, and the sum of the total counts under each peak was used to quantify each species
relative to a standard curve. Phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS), and phosphatidylinositol (PI) were purchased from Sigma. All
solvents and chemicals were analytical grade.

Density gradient ultracentrifugation and Negative-stain electron microscopy
Lipoprotein-like particles were prepared from the culture medium as described 23. Cells in
T-75 cm2 flasks were treated with 10 nM of siRNA for 6 h, washed with phosphate-buffered
saline (PBS), and incubated with DMEM/F12 medium containing 1% BSA for 48 h. The
medium was harvested, and cellular debris was pelleted by centrifugation at 5,000rpm for 10
min at 4°C. The density was adjusted to 1.24 g/mlby adding solid KBr (Sigma). Ten-ml samples
were added to a centrifuge tube, overlaid with 2 ml of 1.21g/ml KBr, and centrifuged at 40,000
rpm for 36 h at 10°Cin a Beckman L90 ultracentrifuge using an SW41Ti rotor. Supernatants
(0.2 ml) were drawn from the tube top.

Lipoprotein-like particles in the d ≤ 1.21 g/ml fraction were visualized as described 24. In brief,
the supernatants were dialyzed into a buffer composed of 0.125M ammonium acetate, 2.6 mM
ammonium carbonate, and 0.26 mM EDTA (pH 7.4) overnight at 4°C, and then mixed with
an equal volume of 2% potassium phosphotungstate. For each sample, a 5-μl droplet was placed
onto the center of a freshly discharged 400 mesh copper grid (Ted Pella, Inc., Redding, CA)
with carbon-coated Parlodion support film. After a 5-min absorption, the grids were air-dried.
The 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.
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35S-labeled ApoB Immunoprecipitation
ARPE-19 cells were seeded at 1 ×105 cells/cm2 in 6-well-plates and grown to 60% confluence,
then treated with 10 nM FABP5 siRNA or NTC siRNA for 6 h and incubated in DMEM/F12
medium containing 1% BSA for 24 h. ApoB in the cells and the cultured medium was isolated
as described 25: Cells were pre-incubated for 1 h with methionine- and cysteine-free Dulbecco’s
modified Eagle’s medium (MEM, Sigma), and then for additional 16 h in MEM containing
230 μCi [35S] methionine/cysteine (Amersham Biosciences, Piscataway, NJ). The culture
medium was collected and centrifuged. An anti-apoB100 polyclonal antibody (Abcam,
Cambridge, MA) was added to the medium and incubated for 16 h at 4°C. Protein A/G PLUS-
Agarose (Santa-Cruz Biotechnology, Santa Cruz, CA) was then added, and after 30 min the
mixture was centrifuged at 13,000g for 2 min, and isolated 35S-apoB100 was separated on a
4–20% SDS-PAGE gel. The dried gel was exposed to a phosphorimager screen for 16 h prior
to visualization. The specificity of the anti-apoB100 antibody used for 35S-apoB
immunoprecipitation was verified by Western blot analysis using human apoB100
(USBiological, Swampscott, MA) as a positive control.

Statistical analysis
Statistical analysis was performed using Student’s t-test or analysis of variance (ANOVA),
and p ≤ 0.05 was considered significant. Results are presented as means ± SD.

RESULTS
Knockdown of FABP5 mRNA by siRNA

To inhibit the expression of the FABP5 gene, we transfected ARPE-19 cells with the smart
pool siRNA at 0.001 to 100 nM. The inhibition of FABP5 gene expression produced by siRNA
was dose-dependent from 0.001 to 10 nM at 48 h after siRNA treatment; 10 nM siRNA was
the most effective concentration, producing ~80 % inhibition of FABP5 expression relative to
NTC controls (Data not shown). When we compared the four individual siRNAs (designated
I-IV) to the smart pool siRNA, we found that siRNA III had an efficacy similar to that of the
smart pool siRNA (Data not shown), and its inhibitory effect was maintained for at least 96 h
(Fig 1A). In addition, the siRNA treatment had no effect on cell viability (data not shown). In
order to decrease the level of off-target effects that can be induced by siRNA, we used 10 nM
siRNA III for the remaining studies.

Since FABP4 is very similar in structure and its binding properties to FABP5 20, we determined
the mRNA and protein levels of FABP4 at 24 and 48 h after siRNA treatment. FABP4 mRNA
and protein levels were not affected by FABP5 mRNA knockdown (Fig. 1B and Fig. 2B).
Western blot analysis conducted in parallel shows that FABP5 protein was significantly
decreased by 31% at 24 h and by 72% at 48 h after FABP5 siRNA treatment when compared
to NTC control (p<0.05; Fig 2A). In contrast, the mRNA (Fig. 1C) and protein levels (Fig. 2B)
of FABP4 at 24 and 48 h after siRNA treatment were not affected.

siRNA activates a double-stranded RNA activated protein kinase (PKR), causing upregulation
of interferon-stimulated genes that may result in non-specific effects 26. We therefore,
determined whether siRNA treatment induced a non-specific interferon response with real-
time RT-PCR to detect the following markers of a nonspecific immune response:
oligoadenylate synthetase 1 (OAS1), interferon-stimulated transcription factor 3, gamma 48
kDa (ISGF3g) 27, and interferon-induced transmembrane protein (IFITM) 28. The expression
levels of these genes were unaffected at 24 h and 48 h after FABP5 siRNA treatment when
compared to NTC controls. Two other markers, myxovirus resistance 1(Mx1), and OAS2 were
not detectable (data not shown), perhaps because of their low expression levels. These results
indicate that there was no evidence of siRNA-induced interferon responses in ARPE-19 cells.
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Decreased BODIPY-FA uptake
Liao et al reported that BODIPY-FA uptake is closely correlated with the uptake of radiolabeled
FAs 29. To determine the effect of FABP5 mRNA knockdown on the influx of FAs into siRNA-
treated cells, we performed BODIPY-FA uptake assays and found that the mean V values for
BODIPY-FA uptake at 24, 48, and 72 h after FABP siRNA treatment were decreased by 5%,
8% (P < 0.05), and 6 % (P < 0.05), respectively (Fig 3), indicating that FABP5 mRNA
knockdown partially inhibited BODIPY-FA influx into the cells. Furthermore, to examine the
specificity of the BODIPY-FA assay, we added palmitic and oleic acids to the assay mixture.
As expected, BODIPY-FA uptake was inhibited by both palmitic and oleic acids in a dose-
dependent manner, with apparent IC50 (the half maximal [50%] inhibitory concentrations for
oleic and palmitic acids of 1.5 μM and 11.4 μM, respectively (). These results suggest that
BODIPY-FA uptake is mediated by the same mechanism that facilitates the uptake of naturally
occurring FAs such as oleic and palmitic acids.

Increased cellular lipid deposits
FABPs transport FAs to the endoplasmic reticulum for triglyceride and cholesterol synthesis
and for lipoprotein assembly 30, we further investigated the effect of FABP5 knockdown on
the lipid composition of ARPE-19 cells by measuring cellular cholesterol, cholesterol esters,
FFAs, and triglycerides with enzymatic fluorimetric assays after FABP5 mRNA knockdown.
We next investigated the effect of FABP5 knockdown on neutral lipid accumulation in siRNA-
treated cells by performing the Nile Red binding assay. Although no significant difference in
the intensity of Nile Red signal was found between FABP5 siRNA-treated cells and NTC
siRNA-treated cells, a slight and reproducible increase in the intensity of the Nile Red staining
was seen in FABP5 siRNA-treated cells compared to NTC siRNA-treated controls (Fig. 4A).
The cells treated with FABP5 siRNA developed large Nile Red-stained lipid deposits compared
to NTC control (data not shown).

In order to amplify the effect of the knockdown of FABP5 mRNA on neutral lipid deposition,
we challenged siRNA-treated cells with oleic acid, which increases the synthesis of
triglycerides 30. As a result, the intensity of Nile Red staining was increased in FABP5 siRNA-
treated cells (Fig. 4A) when incubated in medium supplemented with 0.2 and 0.4 mM oleic
acid, compared to that of NTC siRNA-treated cells. Significant increases of Nile Red staining
were found in FABP5 siRNA-treated cells challenged with 0.2 and 0.4 mM oleic acid (P<0.05).
No dose dependence from 0 to 0.4 mM oleic acid was found. This could be because OA was
thought to reach a maximal effect on cellular lipid accumulation at a concentration of 0.2 mM.
In parallel, we also saw a marked increase in the size of lipid deposits in FABP5 siRNA-treated
cells compared to NTC control (data not shown). Assessment of cell viability after the Nile
Red binding assays showed no significant difference between the cells treated with FABP5
siRNA/oleic acid and NTC siRNA-treated cells (Fig 4B), suggesting that the increase in Nile
Red binding in FABP5 siRNA/oleic acid-treated cells was not associated with cell death, and
thus reflected a true increase in lipid deposits 31.

Changes in lipid composition of FABP5 siRNA-treated cells
Since FABPs transport FAs to the endoplasmic reticulum for triglyceride and cholesterol
synthesis and for lipoprotein assembly 30, we further investigated the effects of FABP5
knockdown on the lipid composition of ARPE-19 cells by measuring cellular cholesterol,
cholesterol esters, FFAs, and triglycerides with enzymatic fluorimetric assays after FABP5
mRNA knockdown. We found that FFAs and triglycerides were significantly increased by 18%
and 67%, respectively, when compared to the values in NTC control (Table 1). In contrast,
cellular cholesterol and cholesterol esters decreased significantly by 41% and 38%,
respectively (Table 1).

Wu et al. Page 6

Lab Invest. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Since FAs are a component of individual phospholipids, we next asked whether FABP5 mRNA
knockdown alters the composition of individual phospholipids due to the disruption in
trafficking of FFA in FABP5 siRNA-treated cells. Cellular phospholipids were analyzed using
electrospray tandem mass spectroscopy after FABP5 mRNA knockdown. In general, the levels
of phospholipids were decreased in FABP5 siRNA-treated cells compared to NTC control.
Among them, the analysis of C20:0 of PE and C16:1 of PS showed significant decreases by
19% and 65%, respectively (Table 2).

Lipoprotein-like particles isolated from the culture medium of FABP5 siRNA-treated cells
To explore whether ARPE-19 cells can produce lipoprotein-like particles and to assess the
effect of changes in lipid composition on the size of such particles, we used negative-stain
electronic microscopy to visualize particles isolated from the cultured medium. The results of
this examination confirmed that ARPE-19 cells could indeed produce lipoprotein-like particles.
The particles recovered from the in the d ≤ 1.21 g/ml fraction of the culture medium of siRNA-
treated cells were heterogeneous in size and electron density. While some particles were large
and solidly electron-lucent, others were small and only slightly electron-lucent (Data not
shown). Particles in the medium in the d ≤ 1.21 g/ml fraction of the medium from NTC siRNA-
treated controls were more homogeneous and had an average diameter of 79 nm (range, 44 –
130 nm, whereas those from FABP5 siRNA-treated cells had an average diameter of 59 nm
(range, 33 –98 nm). Since the variation in the size of the particles was large and the number
of particles in the medium was low, we were not able to draw a firm conclusion that the size
of the particles was decreased in the medium from FABP5 siRNA-treated cells.

Decreased secretion of apoB100
The supply of cholesterol available for incorporation into nascent lipoprotein particles may
affect apoB secretion by the liver 32–34. In order to assess the effect of changes in lipid
composition on the secretion of apoB in ARPE-19 cells, we isolated 35S-labeled apoB100 at
520 kDA and its degraded products with apparent molecular M.Ws. of 250 and 75 kDa from
the cultured medium by immunoprecipitation. We found that the level of newly synthesized
apoB in the culture medium from FABP5 siRNA-treated cells was decreased by 76% (p < 0.05)
than that from NTC siRNA-treated cells (Fig. 5).

We used Western blot analysis to validate the apoB secretion data obtained from 35S-labeled
apoB100 experiments. We found that secreted apoB in the cultured medium was significantly
decreased by 56% in the FABP5 siRNA-treated cells when compared to that of NTC control.
This result was consistent with the data obtained from 35S-labeled apoB100 experiments. In
addition, the amount of total secreted protein in the cultured medium from FABP5 siRNA-
treated cells and in that from NTC-siRNA treated cells is comparable under our experimental
conditions.

DISCUSSION
In the present studies, we achieved significant knockdown of FABP5 mRNA and protein (Fig.
1 and 2), and verified no changes in the mRNA and protein levels of FABP4, a FABP that is
also expressed by ARPE-19 cells, and has functional and structural similarities to FABP5. The
specificity of knockdown on the FABP5 mRNA provided an opportunity to identify some of
the specific roles of FABP5 in lipid metabolism in ARE-19 cells. This observation is consistent
with a report on heterozygous FABP5 knockdown mice, where the expression levels of FABP5
mRNA and protein are decreased by 50% in the brain, skin, and liver without affecting the
expression of FABP 1, 3, 4, 6, and 7 35.
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This study has demonstrated that knockdown of the FABP5 mRNA results in several significant
changes in ARPE-19 cells: 1) an inhibition of FA uptake, which may result from the decreased
production of FABP5 and/or the slowdown in FFA metabolism, 2) altered cellular lipid
composition and an increase in cellular lipid droplets, and 3) decreased secretion of apoB100.
Since a principal function of FABP5 is to transport FAs in the cytoplasm to organelles, such
as the endoplasmic reticulum, the lack of FABP5 protein may disrupt the intracellular transport
of FAs, resulting in an 18 % increase in cellular levels of FFA in FABP5 siRNA-treated cells
compared to that in NTC siRNA-treated cells (Table 1). Such a cellular accumulation of FAs
can potentially alter lipolysis and lipogenesis in FABP5 siRNA-treated cells. Since most
triglycerides are found in lipid droplets within the cytosol and are not associated with the
endoplasmic reticulum, triglycerides must be mobilized by lipolysis, followed by re-
esterification, in order for triglycerides to be reassembled on the endoplasmic reticulum before
being incorporated into lipoprotein particles 36, 37. These processes may have been interrupted
by the lack of FABP5, causing a decrease in the efficacy of FA release or blocking the re-
esterification of liberated FAs in the endoplasmic reticulum. In contrast, over-expression of
FABP5 has been reported to increase lipolysis in adipose cells 38.

The presence of lipid droplets is an indicator of neutral lipid accumulation, such as FFAs,
cholesterol, cholesterol esters, and triglycerides in cells 39. In order to characterize the nature
of the lipid droplets in siRNA-treated cells, we determined cellular levels of FFAs, cholesterol,
cholesterol esters, and triglycerides. The significant increase in FFAs and triglycerides and
decrease in cholesterol and cholesterol esters, which we observed in FABP5 siRNA-treated
cells (Table 1), suggests that cellular lipid droplets in these cells are composed of the increased
FFAs and triglycerides. Triglycerides are particularly likely to be involved because they are a
major component of cellular neutral lipids, and they were increased by 67% after the
knockdown of the FABP5 mRNA. This interpretation is further supported by our observation
that the size of the lipid droplets in siRNA-treated cells increased after challenge with oleic
acid, which promotes the production of triglycerides 30. The decreased levels of phospholipids
in siRNA-treated cells may be caused by the disruption of FAs to be incorporated into
phospholipids in the endoplasmic reticulum, resulting from the lack of FABP5. It would be
important to investigate the long-term effect of FABP5 mRNA knockdown on RPE lipid
metabolism in vivo. Newberry et al reported that liver fatty acid-binding protein (L-FABP)
regulates murine hepatic fatty acid trafficking in response to fasting. Their study showed that
L-FABP knockout mice fed a high-fat Western diet for up to 18 weeks are less obese and
accumulate less hepatic triglyceride than C57BL/6J controls 40.

In contrast to the increased levels of FFAs and triglycerides that we observed with FABP5
mRNA knockdown, the levels of cholesterol and cholesterol esters were substantially
decreased. One possible explanation for the deceased cellular levels of cholesterol and
cholesterol esters is that FAs are important for a variety of cellular processes, including
mitochondrial β-oxidation 41. FABPs are thought to transport FAs to the mitochodria for s-
oxidation 42. Because of the disruption of intracellular transport caused by FABP5 mRNA
knockdown, FAs may not have been transported to the mitochondria for s-oxidation; under
these circumstances, the levels of acetyl CoA derived from s-oxidation for cholesterol synthesis
would have been expected to decrease, resulting in decreased levels of cholesterol because
cholesterol is primarily synthesized from acetyl CoA through the HMG-CoA reductase pathway
43. It has been reported that short-chain FAs (acetic, propionic, and butyric acids) suppress
cholesterol synthesis in vivo 44. Therefore, it is possible that some species of the excess FAs
that accumulate might inhibit cholesterol synthesis by a mechanism that involves at least in
part, the down-regulation of either the activity or expression of the HMG-CoA reductase, a key
regulatory enzyme of cholesterol synthesis.
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The decreased cholesterol and cholesterol ester composition that we observed as a result of
FABP5 mRNA knockdown, led us to examine the secretion of apoB100 in FABP5 siRNA-
treated cells. The apoB-containing lipoprotein assembly/secretion pathway is dependent upon
1) the production of apoB, which is necessary for the assembly of lipoprotein particles
containing a neutral lipid core; 2) the availability of phospholipids (mainly PC), free cholesterol
to form the monolayer surface and triglycerides and cholesterol ester to form the core of the
particles; and 3) the availability of microsomal triglyceride transfer protein (MTP) 45. In the
absence of any one or more of these factors, apoB is diverted from the lipoprotein particle
assemble/secretion pathway and is degraded. In HepG2 liver cells, cholesterol ester reduction
has been shown to significantly reduce the secretion of apoB-containing lipoproteins 46. Both
heparin and lactoferrin were independently able to block the very low density lipoprotein
(VLDL)-mediated increases in intracellular cholesteryl ester mass (−56% and −46%) without
decreasing triglyceride mass, the also reduced apoB-100 secretion by 53% and 72%,
respectively 46. Consistent with these findings, our data suggest that the decreased secretion
of apoB100 (Fig. 5) could have been caused by a disruption in the formation of apoB100-
containing lipoprotein-like particles as a result of a substantial decrease in cholesterol and
cholesterol esters after FABP5 knockdown. The lower levels of some species of phospholipids
might also contribute the decreased secretion of apoB in siRNA-treated cells (Table 2). In
addition, it has been observed that ARPE-19 cells secrete lipoprotein particles in oleic acid-
supplemented medium. However, it is not clear that these lipoprotein particles contained
apoB47. In our study, we discovered that ARPE-19 cells could synthesize and secrete apoB100,
which may serve as a backbone structure for these lipoprotein particles. We also found that
ARPE-19 cells could secrete these lipoprotein particles in physiologic medium. Since the
variation in the size of the particles was large and the number of particles in the medium was
very low, we were not able to draw a firm conclusion that the size of the particles was decreased
in the medium from FABP5 siRNA-treated cells.

Our experiments suggest that FABP5 mRNA knockdown may interrupt fatty acid s-oxidation,
resulting in decreased cellular cholesterol, cholesterol ester, and some species of phospholipids,
the main constituents of lipoprotein-like particles. As a consequence, it may also reduce the
production of apoB-containing lipoproteins and lead to decreased secretion of apoB as well as
the accumulation of cellular FFAs and triglycerides. One of the obstacles to studies in this area
has been the fact that deletion of specific FABP genes has not resulted in gross phenotypic
changes, most likely as a result of compensatory over-expression of other members of the
FABP family, or even of unrelated FA transport proteins 15. However, using RNA interference
technology, we have been able to observe dramatic and unexpected phenotypic changes in
FABP5 siRNA-treated ARPE-19 cells. These observations suggest that FABP5 may be a key
FA transporter and play a critical role in lipid metabolism in human ARPE-19 retinal pigment
epithelial cells. This in turn implies a possible scenario in which the down-regulation of FABP5
in the RPE/choroid complex in vivo 16 might contribute to aging and early AMD.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. Duration of FABP5 mRNA knockdown by siRNA. ARPE-19 cells were transfected with
siRNA at 10 nM FABP5 siRNA, and RNAs were isolated from the samples at 24, 48, 72, or
96 h after siRNA treatment. The expression of the FABP5 gene was determined by real-time
RT-PCR. B. Expression of the FABP4 gene in FABP5 siRNA-treated cells. ARPE-19 cells
were transfected with FABP5 siRNA at 10 nM, and RNAs were isolated from the samples at
24 or 48 h after siRNA treatment. All experiments shown in A and B were repeated at least
three times. Bar graphs represent the average of triplicate samples and are presented as means
± SD. The Student’s unpaired t-test was used to compare the differential gene expression
between FABP5- and NTC-siRNA-treated cells. *P < 0.05.

Wu et al. Page 13

Lab Invest. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Wu et al. Page 14

Lab Invest. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Effect of FABP5 mRNA knockdown on protein levels of FABP 4 and 5. ARPE-19 cells were
treated with 10 nM siRNA and harvested at 24 h and 48 h after siRNA treatment. The protein
levels of FABP5 and FABP4 were analyzed by Western blotting. Bands corresponding to
FABP 4 and 5 were scanned, and the intensity was determined by optical density. The data
were normalized by the optical density of GABDH immunostaining in the blots. Representative
Western blots show the protein levels of FABP5 from NTC- and FABP5-siRNA-treated cells
at 24 h and 48 h with FABP4 protein as positive control (A), and the protein levels of FABP4
from NTC- and FABP5-siRNA-treated cells at 24 and 48 h with FABP4 protein as positive
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control (B). The graphs show the means ± SD, n = 3 independent experiments, *p < 0.05. Equal
loading of samples was normalized by the intensity of GAPDH-immunostaining (C).
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Figure 3.
Effect of FABP5 mRNA knockdown on BODIPY-FA uptake. Comparison of kinetic readings
of BODIPY-FA uptake by cells was performed at 24 (A), 48 (B), and 72 h (C) after FABP5
siRNA treatment (◆) or NTC siRNA treatment (■). Changes in fluorescence intensity/area
were then plotted over the 60-min time course. The results are given in mini fluorescence units
(mFu)/min. Measurements were done in 24-replicate and a Student’s t-test was performed.
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Figure 4.
The levels of neutral lipids measured by Nile Red staining. A. After treated with siRNA for 6
h, the cells were incubated in the medium containing 1% BSA for 24 h. Nile Red assay was
performed after cells incubated in medium supplemented with 0–0.4mM oleic acid for an
additional 24 h. B. Cytotoxicity assays. The cells were incubated with 10 μM of resazurin in
HBSS. The background fluorescence was read twice, with the fluorescence being recorded at
560/590 nm: immediately and after 1 h of incubation at room temperature. Data shown are
means ± SD from four replicates of one representative experiment from three independent
experiments. *p < 0.05 relative to controls.
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Figure 5.
Secreted apoB in the medium from siRNA-treated cells. 35S-labeled apoB100 in the medium
was isolated by immunoprecipitation, separated on SDS-PAGE, and analyzed by Molecular
Image FX. A band with appearant M.W. of ~520-kD corresponding to apoB100, and 250-kDa
and 75-kDa bands corresponding to degraded apoB100 were detected. The intensity of ~520-
kDa band corresponding to apoB100 was measured. A representative autoradiogram from three
independent experiments is shown. * p < 0.05.
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Table 1

Cellular lipid composition in siRNA-treated and NTC cells

Lipids FABP5 NTC P value % of control

Total Cholesterol (μg/mg cell protein) 10.3 ± 0.9 17.3 ± 2.4 0.04 −40%

Cholesterol 9.5 ± 1.2 16.3 ± 2.0 0.048 −41%

Cholesterol Ester 0.8 ± 0.4 1.3 ± 0.6 0.42 −38%

FFA (nmol/mg protein) 351.6 ± 6.9 298.4 ± 14.0 0.046 18%

Triglycerides (nmol/mg protein) 2912.9 ± 557.8 1741.9 ± 227.7 0.031 67%
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Table 2

Effect of FABP5 siRNA on cellular phospholipid composition

Phospholipids

NTC FABP5

% of NTCMean ± SD Mean ± SD

PE C16:1 1.60E+05 ± 3.34E+04 1.62E+05 ± 2.96E+04 1.6

PE C16:0 4.24E+05 ± 6.83E+04 4.60E+05 ± 7.09E+04 8.6

PC C16:1 7.76E+04 ± 1.08E+04 7.17E+04 ± 9.11E+03 ** −7.5

PC C16:0 7.76E+04 ± 1.08E+04 7.17E+04 ± 9.11E+03 ** −7.5

PE C18:1 1.49E+06 ± 7.95E+04 1.38E+06 ± 6.07E+04 −12.1

PE C18:0 1.49E+06 ± 7.95E+04 1.38E+06 ± 6.07E+04 −12.1

PC C18:1 9.42E+04 ± 1.74E+04 8.47E+04 ± 4.17E+03 −25.7

PC C18:0 2.28E+05 ± 3.81E+04 2.12E+05 ± 3.42E+04 −12.3

PE C20:1 4.61E+05 ± 7.39E+04 4.57E+05 ± 6.48E+04 −8.6

PE C20:0 6.49E+05 ± 9.54E+04 5.10E+05 ± 9.85E+04 −18.9

PS C16:1 1.72E+05 ± 6.99E+04 7.54E+04 ± 1.65E+04 * −65.0

PS C16:0 1.58E+05 ± 1.22E+04 1.24E+05 ± 2.18E+04 ** −2.2

PC C20:1 9.55E+05 ± 1.68E+05 7.73E+05 ± 6.02E+04 −32.8

PC C20:0 2.07E+06 ± 4.56E+05 1.62E+06 ± 2.61E+05 −32.2

PE C22:1 1.50E+05 ± 5.16E+04 1.19E+05 ± 6.77E+04 −19.7

*
p ≤ 0.05 and

**
p ≤ 0.01 vs. NTC control
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