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ABSTRACT - Purpose. Lutein is a carotenoid mainly found in green leafy vegetables and is located in the 
macula lutea in the human eye. It has received much attention recently due to its preventive effect on 
age-related macular degeneration, and it has been consumed as a supplement. However, little information 
about the pharmacokinetic properties of lutein is available. Detailed knowledge of pharmacokinetic 
properties of lutein is needed for the development of pharmaceutics. In this study, we focused on the macular 
accumulation of lutein and investigated the uptake mechanism into human retinal pigment epithelial cells. 
Methods. ARPE-19 cells were used for the study on the accumulation mechanism of lutein. The 
concentration of lutein was determined using an HPLC system. Involvement of scavenger class B type 1 
(SR-B1) in the accumulation of lutein in ARPE-19 cells was suggested from the results of an inhibition 
study using block lipid transport 1 (BLT-1), a selective inhibitor of SR-B1. To investigate the involvement of 
SR-B1 in more detail, small interfering RNA (siRNA) was transfected and the mRNA and protein 
expression levels of SR-B1 were assessed by quantitative real-time reverse transcription polymerase chain 
reaction and Western blotting, respectively. Results. We confirmed a sufficient siRNA knockdown effect in 
both mRNA and protein expression levels of SR-B1. We then found that lutein uptake was significantly 
decreased by siRNA knockdown of SR-B1. Conclusion. The uptake of lutein was significantly decreased by 
40% compared with the control uptake level. This suggested that active transport of lutein into ARPE-19 
cells is mainly via SR-B1, given the result that lutein uptake at 4ºC was about 40% less that that at 37ºC. 
 
This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For 
Readers”) may comment by clicking on ABSTRACT on the issue’s contents page. 
____________________________________________________________________ 
 
INTRODUCTION 
 
Lutein is a major carotenoid that is present in dark 
green leafy vegetables such as spinach and kale and 
in various fruits (1). Chemically, lutein differs from 
other carotenoids. It has two hydroxyl groups, one 
on each side of the molecule. Thus, it is referred to 
as a xanthophyll (2). Lutein is a macular pigment 
that forms yellow spots located in the macula lutea 
in the human eye (3). Lutein has been thought to 
have important roles as a blue light filter and 
powerful oxidant to protect photoreceptors (4). It 
has been reported that high serum carotenoid level 
and high dietary intake level of lutein are associated 
with lower risk of age-related macular degeneration 
(AMD) (5). AMD is a leading cause of irreversible 
blindness in the elderly (6). The pathogenesis of 
AMD is not well understood; however, there is 
some evidence suggesting that oxidative stress, 
particularly that caused by reactive oxygen species, 
contributes to onset of the disease. This is 
consistent with the hypothesis that lutein has a 
preventive effect on AMD. 
 

 
Only two carotenoids, lutein and zeaxanthin, 

are present in and play an important role in the 
macula of the human eye. Retinal pigment 
epithelium (RPE) cells could be an important 
transfer point for lutein and zeaxanthin uptake by 
the neural retina from circulating blood. It is 
therefore meaningful to clarify the retinal transport 
mechanism of lutein and zeaxanthin. During et al. 
reported that a xanthophyll (zeaxanthin) was taken 
up via SR-B1 (scavenger receptor class B type 1) in 
ARPE-19 cells, a human RPE cell line (7). Dunn et 
al. reported that ARPE-19 cells express mRNAs of 
typical RPE markers such as cellular 
retinaldehyde-binding protein (CRALBP) and 
RPE-specific protein RPE65 (8). Since the 
publication of that report, ARPE-19 cells have been 
frequently used as a model of RPE cells (9-11). 
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On the other hand, the intracellular uptake 
mechanism of lutein into RPE cells has not been 
investigated in detail. 

Several recent studies using Caco-2 cells as an 
in vitro model of intestinal absorptive cells have 
indicated that the intestinal transport of carotenoids 
is a facilitated process mediated by SR-B1 (12, 13). 
We have also reported that SR-B1 is involved in the 
absorption of lutein in the intestine (14). The 
concentration of lutein is slowly increased by a 
carotenoid-rich diet. Serum concentrations of lutein 
and zeaxanthin in a high lutein+zeaxanthin 
diet-intake group were higher than those in a low 
lutein+zeaxanthin diet-intake group (5). Some 
studies have shown that macular pigment density is 
associated with serum concentrations of lutein and 
zeaxanthin (15, 16). It has been calculated that 
higher levels of the macular pigments range from 
0.3 to 1.3 mM (3, 17). It has also been reported that 
the ratio of lutein and zeaxanthin in serum id about 
4:1 to 5:1 (18, 19). It is therefore important to 
clarify the uptake mechanism of lutein into RPE 
cells in order to clarify the accumulation 
mechanism of lutein and zeaxanthin in the retina. In 
this study, we investigated the uptake mechanism of 
lutein in ARPE-19 cells. 

 
MATERIALS AND METHODS 
 
Chemicals 
The emulsion formulation of lutein was kindly 
supplied by JARD Inc. (Tokyo, Japan) and Koyo 
Mercantile Co., Ltd. (Kyoto, Japan). BLT-1 (Block 
lipid transport-1), 2-hexy-1-cyclopentanone 
thiosemicarbazone, was purchased from 
ChemBridge (San Diego, CA). BLT-1 was 
dissolved in 100% DMSO (dimethyl sulfoxide) to 
form a 10-mM solution as described previously 
(20). All other reagents were of the highest grade 
available and used without further purification. 
 
Cell culture 
ARPE-19 cells were obtained from RIKEN (Ibaraki, 
Japan). The medium used for growth of ARPE-19 
cells was Dulbecco’s modified Eagle’s medium 
(DMEM)/F12 (Sigma, St. Louis, MO) with 10% 
fetal bovine serum and 100 IU-/ml penicillin -100 
μg/ml streptomycin (Sigma). Cell culture was 
performed in an atmosphere of 5% CO2/95% air at 
37ºC. The cells were given fresh growth medium 
every 2 days. When the cells had reached 
confluence after 4-6 days in culture, they were 
harvested with phosphate buffer saline (PBS; 137 
mM NaCl, 2.68 mM KCl, 8.10 mM Na2PO4, 1.47 
mM KH2PO4) containing 0.25 mM trypsin and 

0.2% EDTA. Then the cells were re-suspended in 
the medium and seeded into a new flask. 
 
Uptake study 
ARPE-19 cells were seeded at a density of 1.0-2.0 
× 105 cells/cm2 on a 12-well plastic plate (Corning 
Costar Inc., NY). The cell monolayers were given a 
fresh medium every 2 days and were used at 4-6 
days for the uptake experiments. 

The incubation buffer used for the uptake study 
was HBSS (Hank’s balanced salt saline)-HEPES 
((pH 7.4) buffer (25 mM D-glucose, 137 mM NaCl, 
5.37 mM KCl, 0.3 mM Na2PO4, 0.44 mM KH2PO4, 
1.26 mM CaCl2, 0.8 mM MgSO4 and 10 mM 
HEPES, pH adjusted to 7.4 with 1 M Tris). After 
removal of the medium, 1.0 ml of incubation buffer 
containing a substrate was added. The monolayers 
were incubated for the indicated time at 37 or 4°C. 
For the inhibition of SR-B1, various concentrations 
of BLT-1 (final concentration of DMSO: 1% (v/v) 
in HBSS buffer) were used. Each cell monolayer 
was rapidly washed twice with 1.0 ml ice-cold 
incubation medium at the end of the incubation 
period. The cells were then solubilized with 0.5 ml 
of 0.5 M NaOH and neutralized with 0.5 ml of 0.5 
M HCl. The samples were kept at -80°C until assay. 
The concentration of lutein was determined using 
an HPLC system as described previously (21). 
 
Quantitative real-time PCR 
Total RNA was prepared from ARPE-19 cells using 
RNAiso (Takara). Single-strand cDNA was made 
from 2 μg total RNA by reverse transcription (RT) 
using a ReverTra Ace® (TOYOBO). Quantitative 
real-time PCR was performed using an Mx3005TM 
Real-time PCR System (STRATAGENE) with 
SYBR® Premix Ex TaqTM II (Takara) according to 
the manufacturer’s protocol. PCR was performed 
using hGAPDH (glyceraldehyde 3-phosphate 
dehydrogenase)-specific primers through 40 cycles 
of 94ºC for 30 sec, 54.8ºC for 30 sec and 68ºC for 
30 sec and hSR-B1-specific primers through 40 
cycles of 94ºC for 30 sec, 60ºC for 30 sec and 68ºC 
for 30 sec. The sequences of the specific primers 
were the same as those described previously (10). 
The PCR products were normalized to amplified 
GAPDH, which was the internal reference gene 
(housekeeping gene), and standard curves were 
established between the threshold cycles (Ct) and 
Log10 (copy number) as described previously (22). 
 
SR-B1 small interfering RNA (siRNA) and 
siRNA transfection 
 
Specific siRNA (Hs_SCARB1_6763) targeted to 
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the hSR-B1 gene and nontargeting siRNA as a 
negative control (Mission_SIC-001) were 
purchased from Sigma. Delivery of siRNAs into 
ARPE-19 cells was performed according to the 
manufacturer’s protocol. Five microliters of 
hSR-B1 siRNA or nontargeting siRNA (2 μM) and 
195 μl of OPTI-MEM® I Reduced Serum Medium 
(Gibco, Grand Island, NY) were mixed in 12-well 
plastic plates and incubated at room temperature for 
20 min after addition of 2 μl of LipofectamineTM 
RNAiMAX (Invitrogen, Carlsbad, CA). Then 0.8 
ml of suspended ARPE-19 cells (1.5 × 105 cells) in 
growth medium without antibiotics was added. 
Following siRNA transfection for 24 h, the medium 
was replaced with fresh normal growth medium 
and the the cells were used for analysis. 
 
Western blot analysis 
The cells were scraped and centrifuged at 1,300×g 
for 5 min at 4ºC. The resulting pellet was 
suspended in 100 μl of lysis buffer (0.25 mM 
sucrose, 20 mM HEPES, pH 7.5). Total cell lysate 
was obtained by crushing the cells using an 
ultrasonic homogenizer (IKA) three times for 3 sec 
each time. The protein concentrations of these 
samples were determined by the method of Lowry 
et al. (23). Each sample was denatured at 100ºC for 
3 min in a loading buffer containing 58.5 mM 
Tri-HCl, 2% SDS, 10% 2-mercaptoethanol, 25% 
glycerol and 0.04% bromophenol blue and 
separated on 4.5% stacking and 10% SDS 
polyacrylamide gels. Proteins were transferred 
electrophoretically onto polyvinylidene difluoride 
membranes (BIO-RAD) at 15 V for 90 min. The 
membranes were blocked with PBS containing 
0.05% Tween20 (T-PBS) and 5% skim milk powder 
for 1 h at room temperature. After being washed 
with T-PBS, the membranes were incubated with 
mouse anti-α-tubulin and anti-SR-B1 (each diluted 
1:500) for 24 h at room temperature and washed 
five times with T-PBS for 10 min each time. The 
membranes were subsequently incubated for 1 h at 
room temperature with horseradish 
peroxidase-conjugated goat anti-rabbit secondary 
antibody (Santa Cruz Biochemistry) at a dilution of 
1:500 (SR-B1) or 1:1000 (α-tubulin) and washed 
five times with T-PBS for 10 min each time. The 
bands were visualized by ECL Western Blotting 
detection reagents (GE Healthcare, UK) according 
to the manufacturer’s protocol. 
 
STATISTICAL ANALYSIS 
 
Student’s t-test was used to determine the 
significance of differences between two group 

means. Statistical significance among means of 
more than two groups was determined by one-way 
analysis of variance (ANOVA). Statistical 
significance was defined as p<0.05.  
 
RESULTS 
 
Temperature-dependent difference in uptake of 
lutein by ARPE-19 cells 
In the first part of study, we investigated the effect 
of temperature on the uptake of lutein by ARPE-19 
cells for up to 60 min (Fig. 1). The uptake of lutein 
by ARPE-19 cells was increased up to 60 min 
time-dependently. The uptake of lutein for 60 min 
and for 30 min at 37ºC was significantly increased 
compared with that at 4ºC. On the other hand, there 
was no significant difference between uptake levels 
of lutein at 4ºC and those at 37ºC at any other time 
points. Uptake time was set at 30 min after this 
study for evaluation of sufficient difference. 

 
Figure. 1. Temperature-dependence of cellular uptake of 
lutein by ARPE-19 cells. The uptake of lutein (35 μM) 
was measured at pH 7.4 at 37ºC (closed symbol) or 4ºC 
(open symbol). The concentration of lutein was 
determined using an HPLC system. Each column 
represents the mean with S.D. of 6 measurements. *; 
significantly different from the uptake at 4ºC at p<0.05. 
**; at p<0.01. 
 
 
Effect of a selective inhibitor of the transporter 
SR-B1 on uptake of lutein by ARPE-19 cells 
We then investigated the effect of BLT-1, which is a 
selective inhibitor of SR-B1 (Fig. 2-A). Lutein 
uptake was almost completely inhibited by BLT-1 
at concentrations from 0.01 to 20 μM compared 
with the effect of 0 μM of BLT-1 (control). These 
results suggested that SR-B1 is involved in lutein 
uptake by ARPE-19 cells. 
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Figure. 2. Inhibitory effect of BLT-1 on uptake of lutein 
by ARPE-19 cells. The uptake of lutein (35 μM) was 
measured at pH 7.4 at 37ºC in the presence and absence 
(control) of BLT-1 (block lipid transport-1) for 30 min. 
The concentration of lutein was determined using an 
HPLC system. Each column represents the mean with 
S.D. of 4 measurements. *; significantly different from 
the control at p<0.05. 
 
 

Effect of SR-B1 siRNA knockdown in ARPE-19 
cells  
To clarify whether SR-B1 is associated with lutein 
uptake in ARPE-19 cells, we investigated the effect 
of SR-B1 siRNA knockdown in ARPE-19 cells. 
First, quantitative real-time RT-PCR was performed 
to quantify SR-B1 mRNA levels at 24 h after 
transfection of ARPE-19 cells with siRNA. In this 
study, an siRNA (#6763) construct targeting the 
SR-B1 gene was used.  

The siRNA transfection for SR-B1 significantly 
decreased SR-B1 mRNA level in ARPE-19 cells at 
24 h after transfection (Fig. 3-A). The negative 
control siRNA (Mission_SIC-001) did not affect 
SR-B1 mRNA level at 24 h after transfection 
compared with that in cells not transfected with 
siRNA. We also investigated the protein level of 
knockdown of SR-B1 in ARPE-19 cells at 24 h 
after transfection (Fig. 3-B). We confirmed a 
decreased level of SR-B1 by siRNA transfection in 
ARPE-19 cells. On the other hand, the negative 
control did not affect SR-B1 protein level at 24 h 
after transfection compared with that in cells not 
transfected with siRNA. This result correlated well 
with the mRNA expression level (Fig. 3-B). We 
also confirmed that the viability of ARPE-19 cells 
was not decreased at 24 h after siRNA transfection 
(supplemental figure). We considered that these 
conditions were sufficient for knockdown of SR-B1 
by siRNA transfection. 

 

Figure. 3A. siRNA-mediated silencing of SR-B1 mRNA in ARPE-19 cells. ARPE-19 cells were transfected with 
negative control (nontargeting) or SR-B1 siRNA (10 nM) for 24 h. A double volume was mixed in 6-well plastic plates 
for analysis of mRNA level as described in Materials and methods. mRNA level after siRNA transfection was assessed 
by quantitative real-time RT-PCR. Control column represents the mRNA level of cells not transfected with siRNA. 
Each column represents the mean with S.D. of 3 measurements. **; significantly different from the control at p<0.01.  
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Figure. 3B. siRNA-mediated silencing of SR-B1 protein expression in ARPE-19 cells. ARPE-19 cells were transfected 
with negative control (nontargeting) or SR-B1 siRNA (10 nM) for 24 h. A double volume was mixed in 6-well plastic 
plates for analysis of protein expression level as described in Materials and methods. Western blotting (25 μg total 
protein) was used for analysis of protein expression level after siRNA transfection. Data shown are typical results of 3 
independent experiments. 
 
 
Effect of SR-B1 siRNA on uptake of lutein by 
ARPE-19 cells  
We then investigated the difference in lutein uptake 
with siRNA knockdown of SR-B1 in ARPE-19 
cells. Uptake of lutein was significantly decreased 
by 40% compared with the control uptake level 
(Fig. 4). These results strongly suggested that 
SR-B1 is involved in lutein uptake by ARPE-19 
cells. 
 

 
Fig. 4. Inhibitory effect of SR-B1 siRNA knockdown 
on uptake of lutein by ARPE-19 cells. 
ARPE-19 cells were transfected with negative control 
(nontargeting) or SR-B1 siRNA (10 nM) for 24 h. The 
uptake of lutein (35 μM) was measured at pH 7.4 at 37ºC 
for 30 min. The concentration of lutein was determined 
using an HPLC system. Each column represents the 
mean with S.D. of 3-4 measurements. *; significantly 
different from the control at p<0.05. 
 
 

DISCUSSION 
 
Lutein is a macular pigment that forms yellow spots 
located in the macula lutea in the human eye and 
plays a very important role in prevention of AMD. 
However, the mechanism by which lutein 
accumulates in the retina has not been fully 
clarified. We investigated the uptake mechanism of 
lutein in ARPE-19 cells. Based on some previous 
reports, we focused on the role of SR-B1 in the 
intracellular uptake of lutein. 

Uptake was studied for 30 min and the 
concentration of lutein was under 35 μM (data not 
shown). Lutein uptake in ARPE-19 cells at 37ºC 
and that at 4ºC were different (Fig. 1), suggesting 
some specific uptake mechanisms in ARPE-19 cells. 
We previously found by using an intestinal model 
cell line that SR-B1 and NPC1L1 (Niemann Pick 
C1-like 1) were involved in the uptake of lutein 
(14). NPC1L1 is an intestinal cholesterol uptake 
transporter and is expressed in the apical membrane 
of the small intestine, particularly in the jejunum, 
where most of the absorption of lipophilic 
compounds occurs (24, 25). We confirmed by 
RT-PCR that NPC1L1 in ARPE-19 cells was not 
expressed at the mRNA level (data not shown). We 
therefore speculated that SR-B1 is associated with 
the uptake of lutein by ARPE-19 cells. Lutein 
uptake by ARPE-19 cells was significantly 
inhibited by BLT-1, a selective inhibitor of SR-B1 
(Fig. 2). At 20 μM of BLT-1, lutein uptake was 
decreased by 25%. To further clarify whether 
SR-B1 is associated with the intracellular uptake of 
lutein, we examined the effect of SR-B1 
knockdown. First, quantitative real-time RT-PCR 
was performed to quantify SR-B1 mRNA level at 
24 h after siRNA transfection (Fig. 3-A). Negative 
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control siRNA did not affect SR-B1 mRNA level at 
24 h after transfection compared with that in cells 
not transfected with siRNA. The siRNA for SR-B1 
significantly decreased SR-B1 mRNA level in 
ARPE-19 cells at 24 h after transfection, and 
negative control siRNA had no effect on the level in 
cells (Fig. 3-A). The most effective concentration 
of siRNA was 10 nM (data not shown). This 
concentration had little effect on the viability of 
ARPE-19 cells (supplemental figure). We also 
investigated whether SR-B1 protein expression 
correlated with mRNA expression. SR-B1 
knockdown by siRNA transfection correlated with a 
decrease in protein level in ARPE-19 cells at 24 h 
after transfection (Fig. 3-B). On the other hand, 
negative control siRNA did not affect the mRNA 
level or protein level of SR-B1. The expression of 
SR-B1 at the mRNA level correlated well with that 
of SR-B1 at the protein level. We considered these 
conditions of siRNA knockdown to be sufficient for 
assaying the contribution of SR-B1 to the uptake in 
ARPE-19 cells. We then investigated the effect of 
siRNA knockdown on the intracellular uptake of 
lutein in ARPE-19 cells. The uptake of lutein was 
significantly decreased by 40% compared with the 
control uptake level (Fig. 4). This suggested that 
active transport of lutein into ARPE-19 cells is 
mainly via SR-B1, given the results showing that 
lutein uptake at 4ºC was about 40% less than that at 
37ºC (Fig. 1). We speculate that uptake of lutein 
into ARPE-19 cells, other than that via SR-B1, is 
through passive diffusion due to the high 
lipophilicity of lutein.  

Two carotenoids, lutein and zeaxanthin, have 
protective effects against oxidative stress in the 
macula. Zeaxanthin is located in the fovea centralis 
in the macula and lutein is located in outer spots. 
Bhosale et al. characterized a zeaxanthin-binding 
protein Pi isoform of human glutathione 
S-transferase (GSTP1) (26). Steroidogenic acute 
regulatory domain 3 (stARD3) was identified as a 
lutein-binding protein (27, 28). stARD was shown 
to be expressed in mitochondria (29). The human 
genome has 15 genes encoding stARD proteins that 
can be divided into six subfamilies (30). stARD 
proteins bind and transport hydrophobic ligands. 
Vachali et al. reported that they identified stARD3 
(also known as MLN64) as the lutein-binding 
protein in the human retina (31). MLN64 is a 
cholesterol-specific stAR-related lipid transfer 
protein (30). Based on the results of those studies 
and our study, we speculate that lutein, a high 
lipiphilic compound like cholesterol, is taken up via 
SR-B1 into RPE cells and accumulates by binding 
to this protein in the macula. Further study is 

needed to clarify the relation between this protein 
expression and functions of lutein in order to 
establish some strategies for prevention of AMD.  

 

  
Supplemental Figure. Effect of SR-B1 siRNA 
knockdown on the viability of ARPE-19 cells.  
ARPE-19 cells were transfected in 96-well micro plates 
with negative control (nontargeting) or SR-B1 siRNA 
(10 nM) for 24 h. Cell viability was measured by WST-8 
assay. After transfection, WST-8 reagent was added to 
each well, and the cells were incubated at 37ºC for 3 h. 
The absorbance of each well was measured at 450 nm 
with a microplate reader. The absorbance was expressed 
as percent of the control (defined as 100%). Each 
column represents the mean with S.D. of 3-4 
measurements. 
 
CONCLUSION 
 
In summary, we found that almost all of the 
intracellular uptake of lutein by active transport into 
ARPE-19 cells was via SR-B1. There has been 
some evidence regarding the accumulation 
mechanism (binding proteins) of the two macular 
carotenoids. However, it remains unclear how these 
binding proteins influence the protective effect on 
oxidative stress in the macula. Further studies are 
needed to clarify these issues in order to establish 
more effective and more efficient prophylaxis for 
AMD. 
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