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Comparative effects of fatty acids on
proinflammatory gene cyclooxygenase 2 and
inducible nitric oxide synthase expression in retinal
pigment epithelial cells
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Dietary fat modification is a promising approach to prevent age-related macular degeneration
(AMD). However, which types of fatty acids carry a greater risk for AMD remains unclear. In this
study, we compared the effects of 18-carbon fatty acids with different degrees of unsaturation on the
expression of the proinflammatory genes cyclooxygenase (COX)-2 and inducible nitric oxide syn-
thase (iNOS) in human retinal pigment epithelium (RPE). Additionally, we investigated whether
lutein could modulate these genes induced by fatty acids in RPE. Treatment with oleic acid, linoleic
acid (LA), or linolenic acid increased the expression of iNOS and COX-2 genes and the production
of prostaglandin E, and nitric oxide (NO) in RPE, whereas the saturated fatty acid stearic acid had
little effect on these genes. Of the fatty acids studied, LA had the greatest effects on the induction of
these genes. Furthermore, LA also induced NF-«xB transcriptional activation the most. Lutein inhib-
ited LA-induced expression of COX-2 and iNOS in a dose-dependent manner. These data suggested
that specific unsaturated fatty acids, particularly LA, can stimulate RPE cells to express proinflamma-
tory genes, which may contribute to the pathogenesis of AMD. Lutein inhibited the expression of
these genes induced by LA through blockade of NF-kB activation.
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1 Introduction

Age-related macular degeneration (AMD) is the leading
cause of blindness in developed countries [1]. Most severe
visual loss cases in wet AMD are caused by abnormal
growth of choroidal new vessels (CNV) under the retinal
pigment epithelium (RPE) and the retina, with secondary
exudative retinal detachment, subretinal hemorrhage, and
outer retinal degeneration [2]. Dietary fat is a kind of behav-
iorally modifiable risk factor for AMD and thus modifica-
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tion of dietary fat intake could be a promising approach to
prevent AMD. However, epidemiological data regarding
the type of fatty acids associated with a greater risk for
AMD are inconsistent. Some studies suggested that greater
intake of vegetable, polyunsaturated fats increased the risk
of AMD, whereas other studies have reported the harmful
effects of monounsaturated and saturated fatty acids on
AMD [3-5].

One commonly believed pathogenic mechanism of AMD
involves age-related changes to the RPE. Previous studies
of the roles of fatty acids in developing AMD have primar-
ily focused on their atherogenic effects [6]. However, one of
the cardinal functions of the RPE is phagocytosis and intra-
cellular lysosomal degradation of the aged photoreceptor
outer segment membrane [7]. Since the photoreceptor outer
segment membrane is rich in polyunsaturated fatty acids,
this phagocytosis function directly exposes the RPE to vari-
ous kinds of fatty acids. Furthermore, retinal concentrations
of fatty acid are dependent on and modifiable by diet [8],
indicating that the composition of fatty acids consumed in
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the diet may influence the concentrations of fatty acids
exposure to RPE.

CNV development is a complex multistep process that
involves a variety of biologically active substances. Of
them, prostaglandin E, (PGE,) and nitric oxide (NO), syn-
thesized by cyclooxygenase (COX) and NO synthase
(NOS), respectively, are not only inflammatory mediators,
but also angiogenic modulators [9, 10], and are thought to
correlate with neovascular formation in AMD. COX exists
in two isoforms, COX-1 and COX-2, whereas NOS exists in
three isoforms: inducible NOS (iNOS), endothelial NOS
(eNOS), and neuronal NOS (nNOS). Both COX-2 and
iNOS are identifiable only in the presence of certain stim-
uli. In an animal model, selective inhibition of COX-2
effectively suppressed the growth of CNV [11]. Similarly,
selective deficiency of iNOS resulted in a significant
decrease in CNV development in a mouse model [12].
These studies indicated that COX-2 and iNOS are actively
involved in CNV formation in AMD.

Dietary fatty acids can be divided into four major groups:
saturated fatty acids, monounsaturated fatty acids, ®-6 pol-
yunsaturated fatty acids, and ®-3 polyunsaturated fatty
acids [13]. Several lines of evidence indicated that dietary
fatty acids can modulate inflammation and signal transduc-
tion pathways related to cell proliferation, apoptosis, and
angiogenesis [14, 15]. In an in vivo model, subretinal injec-
tions of linoleic acid (LA) hyperoxide induced a cascade of
angiogenic processes and resulted in CNV [16]. We have
previously shown that LA induces the activation of NF-kB
and increases the expression of COX-2 and iNOS in human
RPE, which may contribute to CNV in AMD [17]. How-
ever, the effects of other types of fatty acids, especially
different degrees of unsaturation, on the expression of these
proinflammatory genes remain unclear.

Lutein is a member of the xanthophylls family of carote-
noids, which are present in abundance in dark, leafy green
vegetables [18]. Currently, lutein is widely used as a supple-
ment for eye-protective nutrition, and epidemiological stud-
ies have demonstrated its beneficial role in the prevention
of AMD [19, 20]. It has been hypothesized that lutein pro-
tects the macula against photo-oxidative damage by func-
tioning as an antioxidant and optical filter [21]. Lutein also
has anti-inflammatory effects [22]; however, the molecular
mechanism of its anti-inflammatory effects remains
unknown.

In this study, we attempted to investigate the influence of
different unsaturated degrees of dietary fatty acids on the
expression of proinflammatory genes that may contribute to
AMD. Therefore, we compared the effects of fatty acids of
18-carbon in length with different degree of unsaturation on
the expression of COX-2 and iNOS genes as well as their
transcriptional activation in human RPE. Furthermore, we
investigated the effects of lutein on fatty acids-induced
proinflammatory events in RPE, and whether these effects
are mediated through the regulation of NF-kB activation.
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2 Materials and methods

2.1 Reagents

Stearic acid (SA) (18:0), oleic acid (OA) (18:1n-9), LA
(18:2n-6), linolenic acid (LnA) (18:3n-3), vitamin E
(a-tocopherol) and lutein were obtained from Sigma-
Aldrich (St. Louis, MO, USA). The human anti-iNOS
mAb was purchased from Upstate (Charlottesville, VA,
USA), and human anti-COX-2 mAb was obtained from
Calbiochem (San Diego, CA, USA).

2.2 Cell culture and treatment

ARPE-19 cells were purchased from the American Type
Culture Collection (Manassas, VA, USA) and cultured in
Dulbecco's modified Eagle medium/F-12 human amniotic
membrane nutrient mixture (DMEM/F-12; Sigma-Aldrich)
with 10% fetal bovine serum (Sigma-Aldrich) in a humidi-
fied incubator at 37°C in an atmosphere of 5% CO,. Cells
were used at the third to fifth passages. Fatty acids and
lutein were diluted in ethanol and the concentration of etha-
nol was always <0.5% according to the methods described
previously [23]. Cells were stimulated with different con-
centrations (0, 10, 25, or 50 uM) of fatty acids for 12 h. To
determine the effects of pyrrolidine dithiocarbamate
(PDTC) or vitamin E, cells were pretreated with different
doses of PDTC (0, 1, 5, or 10 uM) for 1 h or with vitamin E
(25 uM) for 24 h, and then exposed to 50 uM of various
fatty acids for an additional 12 h. For the effects of lutein,
cells were incubated for 24 h with different doses of lutein
(1-100 pg/mL) before addition of LA (50 pg/mL) for 12 h.

2.3 Assessment of fatty acid uptake

The uptake of fatty acids by cells was determined in 12-h
incubations in the 50 pM fatty acids. The disappearance of
the fatty acids from the medium was used as a measure of
fatty acid uptake. After incubation, the medium fatty acids
were extracted by a method adapted from that developed by
Bligh and Dyer [24]. In brief, 4 vol of the dichloromethane/
methanol mixture (1:2) was added to 1 vol of medium, and
well mixed. Dichloromethane (1.2 mL) was added to this
mixture followed by 1.6 mL water. The dichloromethane
phase containing lipids was dried under flowing nitrogen.
The fatty acids were methylated and assayed by gas chro-
matography.

2.4 Cell viability

Cell viability was determined using the MTT assay after a
12-hour exposure to various concentrations (0-50 uM) of
fatty acids. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (Chemicon, Temecula, CA, USA)
(5 mg/mL) was added to 0.1 mL of cell suspension for 4 h,
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and the formazan formed was then dissolved in isopropa-
nol. OD was measured with a plate reader at 570 nm.

2.5 Total RNA extraction and RT-PCR analysis

Total RNA (1 pg) was prepared from ARPE-19 cells, and
first-strand cDNAs were synthesized with an oligo dT-
primed Moloney murine leukemia virus (MMLV) reverse
transcriptase (Invitrogen-Gibco, Carlsbad, CA, USA). For
PCR, 1 pL cDNA mixture was added to a 50-uL PCR reac-
tion mixture consisting of 5 uL. 106 PCR buffer, 2.5 pmol
dNTP, 5pmol paired primers, 1.25U Taq polymerase
(Promega, Madison, WI, USA), and ultrapure water. The
following primers were used for amplification reaction: for
COX-2, forward primer 5'-CAACTCTATATTGCTGGAA-
CATGGA-3', reverse primer 5-TGGAAGCCTGTGA-
TACTTTCTGTACT-3"; for iNOS, forward primer
5'-ACAGGAGGGGTTAAAGCTGC-3¢, reverse primer
5'-GCAGCTTTAACCCCTCCTGT-3"; and for B-actin, for-
ward  primer 5-GAACCCTAAGGCCAACCGTG-3,
reverse primer 5-TGGCATAGAGGTCTTTA CGG-3’. The
reaction mixture was amplified in a PCR thermal cycler
(Perkin-Elmer, Wellesley, MA, USA). The PCR cycling
conditions were 94°C for 5 min followed by 30 cycles of
94°C for 30 s, 55°C for 1 min, and 72°C for 3 min, ending
with a 10-min extension at 72°C for all primers. PCR mix-
tures without cDNA were used as negative controls. PCR
products were separated by gel electrophoresis on 2% agar-
ose gels containing ethidium bromide (Sigma-Aldrich) and
then analyzed under ultraviolet light against the DNA
molecular markers. Semiquantitative PCR was performed
according to the methods described previously [25]. The
intensity of the products was analyzed using an image ana-
lyzer (Digital 1D Science; Eastman Kodak, Rochester, NY,
USA), and the amount of PCR-amplifiable material in each
reverse-transcribed sample was normalized to the amount
of the housekeeping gene [3-actin.

2.6 Western blot analysis

Cells were incubated with various fatty acids at 37°C for
indicated times. Cells were harvested, washed twice with
ice-cold PBS, and resuspended in PBS containing 0.1 mM
PMSF. The suspension was lysed by three cycles of freezing
and thawing. Cytosolic fractions were obtained after centri-
fugation at 12 000 x g for 20 min at 4°C. The protein con-
tent was determined by the BCA method (Pierce Biotech-
nology, Rockford, IL, USA). Samples (40 pg protein) were
separated on SDS-PAGE and transferred onto nitrocellulose
membranes. The membranes were blocked with 5% nonfat
dried milk in PBS containing 0.1% Tween 20 (PBST) for
2 h, and then incubated with human COX-1 (1:200 dilution)
or iNOS (1:250 dilution) mAb for 2 h. After washing three
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times with PBST, the membranes were hybridized with the
horseradish peroxidase-conjugated secondary antibody for
1 h. Peroxidase activity on the membrane sheet was visual-
ized on X-ray films by standard enhanced chemilumines-
cence (ECL) (Pierce Biotechnology). The blots were
scanned with an image-analysis software (Photoshop, ver-
sion 7.0; Adobe Systems, San Jose, CA, USA), and the ODs
of the bands were calculated.

2.7 Measurement of NO and PGE; production by
RPE cells

Nitrite concentration was determined in the supernatant of
cells and used as an index of NO synthesis. Nitrite was
quantified colorimetrically with Griess reagent using
sodium nitrite as standard. For measuring nitrite concentra-
tion in cell medium, an equal volume of Griess reagent was
added to the cell medium (0.5 mL), and absorbance of the
mixture was measure at 580 nm using a Beckman DU 640
spectrophotometer (Beckman Instruments, Inc., Fullerton,
CA, USA).

The concentration of PGE, in culture supernatants was
detected using a PGE, enzyme immunoassay kit (Cayman
Chemical, Ann Arbor, MI, USA).

2.8 Nuclear protein extracts and electrophoretic
mobility shift assay

ARPE-19 cells were trypsinized, resuspended and homo-
genized in buffer A (10 mM HEPES pH 7.8, 15 mM KClI,
2mM MgCl,, 0.l mM EDTA, 1 mM DTT, and 1 mM
PMSF). Nuclei and cytosolic fractions were separated by
centrifugation at 1000 x g for 20 min. The nuclear fractions
were washed and resuspended in the same buffer. Nuclei
were extracted for 1 h at 4°C and centrifuged at 100 000 x g
for 45 min. Supernatants (nuclear extracts) were dialyzed in
buffer C (50 mM HEPES pH 7.8, 50 mM KCl, 10% glyc-
erol, | mM PMSEF, 0.1% mM EDTA, and 1 mM DTT). Pro-
tein concentration was determined by the BCA method, as
described earlier.

Electrophoretic mobility shift assay was performed using
the NF-xB DNA binding protein detection system kit
(Pierce Biotechnology). Briefly, NF-kB consensus oligonu-
cleotide probe (5'-AGTTGAGGGGACTTTCCCAGGC-3)
was end-labeled with biotin. Nuclear protein (10 pug) was
incubated with an NF-kB consensus oligonucleotide for
30 min in a binding buffer that consisted of 10 mM Tris-
HCl, pH 7.5, 1 mM MgCl,, 50 mM NaCl, 0.5 mM DTT,
0.5 mM EDTA, 4% glycerol, and 2 pg poly-deoxyinosinic
deoxycytidylic acid (Pharmacia Biotech, Piscataway, NJ,
USA). The reaction was stopped by adding 1 pL gel loading
buffer and subjecting the mixture to non-denaturing PAGE
on a 4% gel in 0.56 TBE buffer.
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Figure 1. Effects of SA, OA, LA, and LnA on COX-2 (A) and iNOS mRNA (B) expressions in ARPE-19 cells. ARPE-19 cells were
treated with increasing concentrations (10, 25, and 50 uM) of various fatty acids for 12 h. The mRNA levels of COX-2 were deter-
mined by RT-PCR analysis. PCR products were analyzed by 2% agarose gel electrophoresis and visualized using photoimaging.
Similar results were obtained in three independent experiments. Data are expressed as the mean + SEM of three independent
experiments (bar graph). * p < 0.05, as compared with cells without treated with fatty acids; # p < 0.05, among different fatty acids at

concentrations of 10, 25 or 50 puM.

2.9 Transient transfection and luciferase assays

For transient transfections, 2 x 10°—4 x 10> ARPE-19 cells
were seeded per well on a 24-well tissue culture dish 1 day
prior to transient transfection. Cell were transfected with
serum-free DMEM containing 25 uL/mL Lipofectamine
2000 reagent (Invitrogen-Gibco) and 10 pg/mL plasmid
DNA including an NF-xB luciferase promoter construct or
the empty vector (Clontech, San Diego, CA, USA). At4 h
after transfection, cells were washed with PBS and incu-
bated with DMEM/F-12 (with 10% serum) for 24 h. The
cells were stimulated with 50 uM SA, OA, LA, and LnA for
12 h. Luciferase activity was measured using the Luciferase
Reporter Assay System (Promega) using a luminometer.

2.10 Statistical analysis

Data were analyzed using Student's #-test or one-way anal-
ysis of variance (ANOVA), followed by Bonferroni's multi-
ple comparison. A probability value of 0.05 or less was con-
sidered statistically significant.

3 Results

3.1 Fatty acid uptake

The average cellular uptake of fatty acids during the 12-h
incubation was 62.2+8.4, 67.5+6.8, 58.6+6.2, and
54.3 = 7.2 nmol/mg cell proteins for SA, OA, LA, and LnA,
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respectively. No statistical significance was noted concern-
ing the differences in uptake rate between each fatty acid
(p <0.05, one-way ANOVA).

3.2 Effects of fatty acids on COX-2 and iNOS
expression at the mRNA and protein levels in
ARPE-19 cells

Exposure of cells to OA, LA, and LnA for 12 h increased
the expression of COX-2 and iNOS mRNA in a dose-
dependent manner (Fig. 1), whereas SA (0-50 uM) had lit-
tle effect on the activation of these genes. Incubation of
cells with 50 uM SA, OA, LA, or LnA for 12 h did not
decrease the viability of ARPE-19 cells (data not shown).
At concentrations of 10, 25, or 50 uM, LA stimulated the
expression of iNOS and COX-2 genes most markedly com-
pared with SA, OA, and LnA (p < 0.05 for iNOS and COX-
2, one-way ANOVA and Bonferroni's multiple comparison
test).

Similar to the effects on COX-2 and iNOS mRNA level,
exposure of cells to OA, LA, and LnA for 12 h increased
the synthesis of COX-2 and iNOS proteins in a dose-
dependent manner (Fig. 2), whereas exposure to SA had lit-
tle effects on the expression of these proteins. LA also
stimulated the synthesis of the COX-2 and iNOS proteins
most markedly at concentrations of 10, 25 or 50 uM com-
pared with SA, OA, and LnA (p<0.05 for iNOS and COX-2
protein, one-way ANOVA and Bonferroni's multiple com-
parison test).
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Figure 2. Immunoblot analysis of the effects of SA, OA, LA, and LnA on levels of COX-2 (A) and iNOS (B) protein in cultured ARPE-
19 cells. Cells were treated with increasing concentrations (10, 25, and 50 uM) of various fatty acids for 12 h. After incubation, the
cell lysates were subjected to SDS-PAGE on 10% gels and transferred to nitrocellulose membrane. Western blot analysis was per-
formed using an antiserum reactive with COX-2 or an iNOS polyclonal antibody. Bands were visualized by an ECL method. Similar
results were obtained in three independent experiments. Data are expressed as the mean + SEM of three independent experiments
(bar graph). * p < 0.05 compared with cells without treatment with fatty acids; # p < 0.05, among different fatty acids at concentrations

of 10, 25 or 50 pM.

3.3 Effects of fatty acids on PGE,and NO
production in ARPE-19 cells

Exposure of cells to OA, LA, or LnA also resulted in
increased PGE, and NO concentrations in a dose-dependent
manner. Among the fatty acids studied, LA had the highest
stimulatory effects on the production of PGE, and NO at
concentrations of 10, 25 or 50 mM (Fig. 3; p <0.05 for
PGE, and NO, one-way ANOVA and Bonferroni's multiple
comparison test).

3.4 Effects of fatty acids on NF-kB activation in
ARPE-19 cells

Because NF-xB is the central regulator of COX-2 and
iNOS gene expression, we examined the effect of 18-carbon
fatty acids on NF-kB by measuring both NF-xkB DNA bind-
ing and NF-kB-dependent transcriptional activity. Expo-
sure of cells to OA, LA, and LnA for 12 h resulted in
increased NF-xB binding activity. In particular, LA acti-
vated the transcription factor NF-kB most markedly. SA
had a less pronounced effect on the activation of NF-kB
(Fig. 4; p <0.05, one-way ANOVA and Bonferroni's multi-
ple comparison test).

We next investigated whether the increase in NF-xB
DNA binding mediated by 18-carbon fatty acids corre-
sponded with an increase in NF-kB-dependent gene tran-
scription. To this end, ARPE-19 cells were transiently trans-
fected with a NF-kB-luciferase reporter construct or an
empty vector. We found that exposure of ARPE-19 cells to

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

OA, LA, or LnA for 12 h induced an increase in luciferase
activity in the cells transfected with the NF-kB-luciferase
reporter construct but not the empty vector (Fig. 4B). Cells
exposed to LA had the highest and SA had the least increase
in luciferase activity. These results indicated that 18-carbon
unsaturated fatty acids OA, LA, and LnA activate NF-xB-
dependent transcriptional activity in ARPE-19 cells.

3.5 Effects of the NF-kB inhibitor PDTC on COX-2
and iINOS mRNA and protein expression in
ARPE-19 cells induced by unsaturated fatty
acids

To determine whether the activation of NF-kB by 18-carbon
unsaturated fatty acids was involved in the up-regulation of
iINOS and COX-2, we studied the effects of the NF-xB
inhibitor PDTC on the expression of iNOS and COX-2 in
ARPE-19 cells exposed to 50 uM of various unsaturated
fatty acids. Pretreatment with increasing doses of PDTC
decreased OA-, LA-, and LnA-mediated stimulation of
COX-2 and iNOS mRNA (Fig.5) and protein (Fig. 6)
expression in a dose-dependent manner.

3.6 Effects of the NF-kB inhibitor PDTC on PGE;
and NO production in ARPE-19 cells induced
by unsaturated fatty acids

We further determined whether the decrease in iNOS and
COX-2 mRNA and protein expression by PDTC results in a
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Figure 3. Effects of SA, OA, LA, and LnA on the production of
PGE: (A) and NO (B) in ARPE-19 cells. Cells were treated
without or with increasing concentrations (10, 25, and 50 uM)
of various fatty acids for 12 h. The culture medium in each
group was collected and analyzed by enzyme-linked immuno-
sorbent assay kit. Data are expressed as the mean + SEM of
three independent experiments (bar graph). * p<0.05 com-
pared with cells without treatment with fatty acids; # p < 0.05,
among different fatty acids at concentrations of 10, 25 or
50 uM.

decreased NO and PGE; release from ARPE-19 cells. The
results are shown in Fig. 7. PDTC caused a dose-dependent
decrease in PGE, and NO release from OA-, LA-, and LnA-
stimulated ARPE-19 cells.

3.7 Effects of vitamin E on fatty acid-induced
expression of COX-2 and iNOS mRNA and
activation of NF-xB

We evaluated the influence of vitamin E on fatty acid-
induced expression of COX-2 and iNOS and activation of
NF-kB. Vitamin E significantly reduced the OA-, LA-, and
LnA-induced increase in COX-2 and iNOS mRNA levels in
ARPE-19 cells (Fig. 8A). Furthermore, similar to its effect
on COX-2 and iNOS mRNA expression, vitamin E effec-

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2009, 53, 739—-750

A )
=
=
=
w; ~
—_ =
3 - S - S 2 =
= = = = = =
£ = . 2 £ s = Q
< = =) b o v = o
+ = o = 0 z 2z <
< B = < < = 2 =
- ] 7] =} - - = +
—
NF-«xB—»
60000
#
*
50000 -
>
=
2 40000 -
L
[3) * *
< 30000
L2
=
8 20000 -
Q.
(7]
10000 |

C Sq 04 Ly L'M C Sy O4q Ly Ln4

pNF-xB-Luc pTAL-Luc

Figure 4. The effects of SA, OA, LA, and LnA on NF-kB bind-
ing ability (A) and NF-kB-dependent transcriptional activity (B)
in ARPE-19 cells. NF-xB binding ability was analyzed by elec-
trophoretic mobility shift assay. ARPE-19 cells were untreated
or treated for 12 h with 50 uM of various fatty acids. Lane 1,
supershift with anti-p65 antibody; lane 2, control, cells treated
with PBS; lane 3, stimulation with SA (50 uM); lane 4, stimula-
tion with OA (50 uM); lane 5, stimulation with LA (50 uM);
lane 6, stimulation with LnA (50 uM); lane 7, competition with
1006 unlabeled NF-xB probe. The NF-kB-dependent tran-
scriptional activity was measured by transient transfected
ARPE-19 cells with an NF-xB-luciferase promoter construct,
following which the cells were incubated with 50 pM of various
fatty acids for 12 h. NF-kB-dependent transcriptional activity
was determined using the luciferase assay (pNF-xB-Luc). The
cells without treatment with fatty acid served control. This fig-
ure shows that fatty acids do not influence luciferase activity in
cells transfected with an enhancerless construct (pTAL-luc).
Specific activity is expressed as units/microgram of protein.
Data are expressed as the mean + SEM of three independent
experiments (bar graph). * p < 0.05 compared with control
cells; *p < 0.05, among different fatty acids.
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Figure 6. Pretreatment with PDTC reduced the
levels of COX-2 (A) and iNOS (B) protein expres-
sion in ARPE-19 cells treated with OA, LA, and
LnA. Cells were pretreated for 1 h with different
doses of PDTC (0, 1, 5, or 10 uM). After changing

FA + + + + Fa + + + + the medium, these cells were treated with 50 uM
PDTC 1 s 10 PDTC 1 5 10 fatty acids for 12h and assayed for iINOS and
COX-2 protein expression by Western blot anal-
S P ysis. Bands were visualized by an ECL method.
o4 _ 04 Similar results were obtained in three independent
LA - e S LA —_— — experiments. Data are expressed as the mean +
LnA - - s Lna — - SEM of three independent experiments (bar
—— — graph). * p < 0.05 compared with cells treated with

fractin oo o, e s e Factn S —— —

tively decreased OA-, LA-, and LnA-induced increase in
luciferase activity in cells transfected with NF-kB—lucifer-
ase reporter construct, but not the empty vector (Fig. 8B).

3.8 Effects of lutein on LA-induced COX-2 and
iNOS expression in ARPE-19 cells

We next determined the effects of lutein on LA-induced
COX-2 and iNOS expression in ARPE-19 cells. Lutein
inhibited the expression of both iNOS and COX-2 at the
mRNA and protein levels in a dose-dependent fashion
(Fig. 9). It did not decrease the viability of ARPE-19 cells
when these cells were incubated with 100 ug/mL lutein for
24 h (data not shown). To further examine whether the
inhibitory effects of lutein are attributable to the blockade
of NF-xB activation, we examined the effects of lutein on
both the NF-kB DNA binding ability and NF-kB-dependent
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fatty acid only.

transcriptional activity. Stimulation of ARPE-19 cells with
LA induced an increase in NF-xB binding activity. Lutein
at 100 pg/mL caused a nearly complete disappearance of
LA-induced NF-kB DNA binding complex (Fig. 10A). Fur-
thermore, lutein reduced LA-induced increase in luciferase
activity in a dose-dependent manner in ARPE-19 cells
transfected with the NF-kB-luciferase reporter construct,
but not the empty vector lutein (Fig. 10B). These results
indicated that lutein effectively reduced LA-induced activa-
tion of NF-kB and COX-2 and iNOS gene expression in
ARPE-19 cells.

4 Discussion

In this study, we demonstrated that exposure of ARPE-19
cells to unsaturated fatty acids such as OA, LA, and LnA

www.mnf-journal.com




746

I-M. Fang et al.
A ©
N OA
WA
N LnA

401

PGE2 (pg/ ml)

FA - + + - +
PDTC - 1 5 10 -
B «

30

Nitrite (uM)

FA - + + + +
PDTC — 1 5 10 —

Figure 7. Pretreatment with PDTC reduced the production of
PGE: (A) and NO (B) in ARPE-19 cells treated with OA, LA,
and LnA. Cells were pretreated for 1 h with different doses of
PDTC (0, 1, 5, or 10 uM). After changing the medium, these
cells were treated with 50 uM fatty acids for 12 h and assayed
for concentrations of PGE, and NO in the culture medium.
Similar results were obtained in three independent experi-
ments. Data are expressed as the mean + SEM of three inde-
pendent experiments (bar graph). * p<0.05 compared with
cells treated with fatty acid only.

resulted in a dose-dependent increase in COX-2 and iNOS
expression and subsequent PGE, and NO production,
whereas exposure to the saturated fatty acid SA had much
smaller effect on the activation of these genes. In particular,
among the fatty acids studied, LA stimulated NF-kB tran-
scriptional activation and induction of COX-2 and iNOS
expression most markedly. These results indicated that
components of dietary fats can influence gene expression
patterns in human RPE. LA was the most potent fatty acid
to stimulate proinflammatory genes COX-2 and iNOS
expression in RPE. Moreover, lutein inhibited the expres-
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Figure 8. Inhibition of vitamin E on COX-2 and iNOS mRNA
expression (A) and NF-kB-dependent transcriptional activity
(B) in ARPE-19 cells induced by fatty acids. ARPE-19 cells
were pretreated with 25 uM vitamin E or PBS for 24 h. After
changing the medium, these cells subsequently incubated
with 50 uM of various fatty acids for an additional 12 h. The
mRNA levels of COX-2 and iNOS were determined by RT-
PCR analysis. The NF-kB-dependent transcriptional activity
was measured by transient transfected ARPE-19 cells with an
NF-xB-luciferase promoter construct, following by treating with
vitamin E (25 uM) and various fatty acids. NF-kB-dependent
transcriptional activity was determined using the luciferase
assay (pNF-kB-Luc). This figure shows that fatty acids do not
influence luciferase activity in cells transfected with an enhan-
cerless construct (pTAL-luc). Specific activity is expressed as
units/microgram of protein. Data are expressed as the mean +
SEM of three independent experiments (bar graph). * p < 0.05
compared with cells without treatment with vitamin E. C, con-
trol.
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sion and synthesis of COX-2 and iNOS induced by LA in a
dose-dependent manner. The inhibitory effect of lutein was
achieved through blockade of NF-xB activation.

The association between specific types of dietary fatty
acids and the development of AMD could be attributed to
several mechanisms: (1) atherosclerosis of the blood ves-
sels supplying the choroids and retina may increase the risk
for AMD [26]. According to this hypothesis, the anti-
thrombotic effects of unsaturated fatty acids could exert a
beneficial effect on the vasculature of the choroid and thus
may inversely relate to AMD. (2) Polyunsaturated fatty acid
may increase the degree of unsaturation in the macula and
thus increase the susceptibility to oxidative stress and AMD
[27]. (3) w-6 Fatty acids may compete with -3 fatty acids
for shared enzymes to form eicosanoids [28]. Therefore,
high intake of w-6 fatty acids such as LA may contribute to
AMD.

In this study, we compared the causative effects of fatty
acids based on the mechanism that fatty acids in the retina
could directly stimulate RPE cells to express proinflamma-
tory mediators that may subsequently induce CNV. We
found that LA was the most potent 18-carbon fatty acid in
inducing COX-2 and iNOS expression, which may contrib-
ute to the formation of CNV in AMD. This finding is con-
sistent with epidemiological studies [5, 27] that showed that
higher consumption of LA was associated with a higher risk
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for AMD. Our results may provide some evidence on the
molecular biological level to support the significance of
high LA intake in the pathogenesis of AMD.

The fatty acids used in this study have same carbon
length but varying in degrees of saturation, which allows us
to study the cellular effects of fatty acids that differs in satu-
ration independent of carbon length. In addition, these fatty
acids are the major dietary fatty acids consumed in the typi-
cal North European diet. SA (18:0) is the main saturated
fatty acid, and is abundant in animal products including
meat fat, milk fat, and chocolate. OA (18:1) is a monounsa-
turated fatty acid mainly found in non-animal sources of
olive and canola oils, nuts, and avocados, and in animal
sources such as beef and lamb. LA (18:2) is a ®-6 polyunsa-
turated fatty acid found mainly in vegetable oils, such as
corn, soybean, sunflower, canola, and peanut. LnA (18:3) is
a ®-3 polyunsaturated fatty acid found in flaxseed, canola,
soybean, and walnut oils [29].

It is believed that COX-2 is involved in angiogenesis by
directly modulating the expression of vascular endothelial
growth factor ligand and receptor or by inducing the synthe-
sis of PGE, to further stimulate the expression of proangio-
genic factors [30]. Several in vivo animal studies have dem-
onstrated that inhibition of the expression of COX-2 effec-
tively suppresses the development of CNV, which is implied
by the crucial roles of COX-2 in CNV in AMD [31]. Addi-
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Figure 10. Inhibition of lutein on the NF-kB binding ability (A)
and NF-kB-dependent transcriptional activity (B) in LA-stimu-
lated ARPE-19 cells. ARPE-19 cells were pretreated with 10
or 100 ug/mL lutein for 24 h. After changing the medium, these
cells subsequently incubated with 50 uM of LA for another
12 h. (A) Lane 1, supershift with an anti-p65 antibody; lane 2,
control, cells treated with PBS only; lane 3, stimulation with LA
(25 uM) alone; lane 4: stimulation with LA (50 uM) alone;
lane 5, pretreatment with lutein (10 pg/mL) and then stimula-
tion with LA (50 uM); lane 6, pretreatment with lutein (100 ug/
mL) and then stimulation with LA (50 uM); lane 7, competition
with 1006 unlabeled NF-kB probe. (B). The NF-xB-dependent
transcriptional activity was measured by transient transfected
ARPE-19 cells with an NF-kB-luciferase promoter construct or
enhancerless construct (pTAL-luc), following by treating with
10 or 100 ug/mL lutein for 24 h and 50 uM LA for additional
12 h. The NF-kB-dependent transcriptional activity was deter-
mined using the luciferase assay (pNF-kB-Luc). Specific activ-
ity is expressed as units/microgram of protein. Data are
expressed as the mean + SEM of three independent experi-
ments (bar graph). * p < 0.05 compared with cells treated with
LA only.
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tionally, the mechanisms of NO in angiogenesis appear to
be related to the promotion of vasodilation and vascular
permeability as well as to the vascular endothelial growth
factor signaling pathway [32]. Immunohistochemical stain-
ing of surgically excised human CNV membrane revealed
high expression of iNOS in RPE cells and macrophages
[33], implicating iNOS in CNV formation. In this study, LA
most markedly enhanced the production of iNOS and
COX-2 in RPE, followed by NO and PGE,, suggesting that
LA is possibly the 18-carbon fatty acid most likely to
induce AMD.

The present study demonstrated that unsaturated fatty
acids, especially LA, could induce the expression of iNOS
and COX-2 genes in RPE cells. Similar results have been
shown in a mammary epithelial cell line in which unsatu-
rated fatty acids, including LA, enhanced the expression of
COX-2 [34]. Toborek et al. [35] reported that exposure of
endothelial cells to LA, and to a lesser extent, LnA, stimu-
lated the development of a proinflammatory environment
within the vascular endothelium. In contrast, another study
reported that saturated fatty acids induce the expression of
COX-2 in macrophages, whereas unsaturated fatty acids
inhibit it [36]. This discrepancy probably results from cell
type-specific effects of unsaturated fatty acids on COX-2
and iNOS expression.

Transcription factor NF-xB has been shown to control
the transcription of COX-2 and iNOS genes in many cell
types [37, 38]. In this study, exposure of ARPE-19 cells to
18-carbon unsaturated fatty acids, including OA, LA, and
LnA, resulted in increased NF-kB binding activity and
enhanced NF-kB-dependent gene transcription. In addition,
the NF-xB inhibitor PDTC effectively inhibited the induc-
tion of iNOS and COX genes, indicating that activation of
NF-kB was involved in 18-carbon unsaturated fatty acid-
induced expression of iNOS and COX-2 in ARPE-19 cells.
NF-kB may be activated by numerous factors, including
cytokine, mitogens, and lipopolysaccharide. In this study,
pre-enrichment of cultures with the antioxidant vitamin E
effectively reduced the activation of NF-xB induced by
unsaturated fatty acids, indicating that oxidative stress may
be responsible for unsaturated fatty acid-mediated activa-
tion of NF-kB. If, however, oxidative stress is the only fac-
tor involved in unsaturated fatty acid-induced activation of
NF-kB, we would expect that a higher degree of unsaturated
fatty acid would easily induce lipid peroxidation and thus
induce a higher degree of oxidative stress and NF-xB acti-
vation [39]. Our results showed no relationship between the
degree of unsaturation of fatty acids and activation of NF-
kB. In fact, LA (18:2) appears to activate NF-kB more
markedly than LnA (18:3). Similar observation was
reported by Hennig et al. [40] who showed that LA induced
the activation of endothelial cells more markedly than LnA.
This finding indicated that increased lipid peroxidation
alone is not sufficient to explain the fatty acid-induced acti-
vation of NF-kB. Recent evidence has demonstrated that

www.mnf-journal.com



Mol. Nutr. Food Res. 2009, 53, 739—-750

fatty acids can modulate the expression of COX-2 and
iNOS genes through Toll-like receptors [41, 42]. Further
studies are warranted to clarify the signaling pathways of
fatty acid-induced expression of COX-2 and iNOS.

Lutein has become a popular nutritional supplement in
AMD prevention and treatment. In the present study, we
demonstrated that lutein inhibits NF-xB binding ability,
which is related to the decrease in both the expression and
synthesis of COX-2 and iNOS in ARPE-19 cells induced
with LA. Recent studies by Jin et al. [43] have shown that
lutein suppresses the activation of NF-kB as well as iNOS
and COX-2 expression in lipopolysaccharide-induced
RAW cells and in the iris-ciliary body of rats with endo-
toxin-induced uveitis. Lutein is a potent antioxidant that
scavenges toxic oxygen species in vitro and protects against
oxidant-induced damage in cultured liver cells [44, 45].
Because oxidative stress was, at least in part, responsible
for LA activation of the COX-2 and iNOS genes, it is possi-
ble that the antioxidant property of lutein may account for
the suppression of NF-kB and these inflammatory genes.

One noteworthy caveat of the present study is that we
investigated the effects of dietary fatty acids individually
added to cell cultures. In vivo situations are far more com-
plex than this: many additional antioxidant and pro-oxidant
compounds that are present in vivo could influence the
effects of dietary fatty acids. Moreover, the cells are
removed from their natural surroundings, resulting in diffi-
culties in the estimation of the effect of local tissue factor
on the metabolism of dietary fatty acids or on the expres-
sion of inflammatory genes in RPE. Despite these limita-
tions, this study provided useful information about the
effects of individual fatty acid on the expression of proin-
flammatory genes in RPE under careful control of the cell
conditions.

In conclusion, the present study showed that unsaturated
dietary fatty acids induced the expression of COX-2 and
iNOS in RPE, with LA having a stronger stimulatory effect
than OA or LnA. Lutein suppresses the expression of these
genes induced by LA through the blockade of NF-«xB acti-
vation. These data support the concept that modification of
the diet by decreasing LA intake and taking vitamin/lutein
supplements may be a useful prevention of AMD.
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