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Purpose: To study the effect of subtoxic levels of hydrogen peroxide (H202) on the expression and release of interleukin-6
(IL-6) by cultured retinal pigment epithelial (RPE) cells and to explore the relevant signal pathways.

Methods: Cultured human RPE cells were stimulated with various subtoxic concentrations of H2Oxz for different periods.
Conditioned medium and cells were collected. IL-6 in the medium and IL-6 mRNA in the collected cells were measured
using an IL-6 enzyme-linked immunosorbent assay kit and reverse transcriptase polymerase chain reaction, respectively.
Nuclear factor-kappaB (NF-kB) in nuclear extracts and phosphorylated p38 mitogen-activated protein kinase (MAPK),
extracellular signal-regulated kinase (ERK), and c-Jun N-terminal kinases (JNK) in cells cultured with and without
H202 were measured by NF-kB and MAPK enzyme-linked immunosorbent assay kits. Inhibitors of p38 (SB203580),
ERK (UO1026), INK (SP600125), and NF-xB (BAY 11-7082) were added to the cultures before the addition of H20: to
test their effects.

Results: Subtoxic levels of H202 (100 uM and less) increased the IL-6 mRNA level and the release of IL-6 protein by
the cultured human RPE cells in a dose- and time-dependent manner. This was accompanied by an increase of NF-kB in
nuclear extracts and phosphorylated p38 MAPK, ERK, and JNK in cell lysates, particularly in the p38 and NF-«xB. The
NF-«B inhibitor decreased the H202-induced expression of IL-6. The p38 inhibitor, but not the ERK or JNK inhibitor,
completely abolished H202-induced expression of IL-6 by RPE cells. The p38 inhibitor also abolished the increase of NF-
kB in nuclear extracts in cells treated with H20..

Conclusions: H2Oz stimulated the production of IL-6, a key factor in the modulation of immune responses, inflammatory
processes, and the occurrence of autoimmune diseases, which recently has been documented to be increased in age-related
macular degeneration (AMD). This may be a molecular linkage for the oxidative stress and inflammatory/autoimmune
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reactions in AMD and may provide a novel target for the treatment of AMD.

Age-related macular degeneration (AMD) is the leading
cause of blindness among elderly persons in Western
countries [1]. Oxidative stress has been implicated in the
pathogenesis of AMD. Reactive oxygen species (ROS)
generated from phagocytosis, lipid peroxidation, and photic
stress, together with the high oxygen tension in the choroid
and in the macular region, contribute to the particular
susceptibility to oxidative stress demonstrated in retinal
pigment epithelial (RPE) cells in the macular region [1-5].

ROS have two different effects on the cells. Traditionally,
they are thought to have cytotoxic effects and are implicated
in causing cell death; however, recent studies also suggest that
at subtoxic levels, they may influence signaling pathways and
play a major role in various aspects of cell function [6-9].

There has been increasing evidence suggesting a role for
inflammation, aberrant complement activation, and
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autoimmune responses in the pathogenesis of AMD [10-26].
It is therefore important to explore mechanisms involved in
ROS-induced inflammatory and autoimmune responses.

Interleukin-6 (IL-6) is a pro-inflammatory cytokine. It
amplifies immune and inflammatory responses and plays a
critical role in the occurrence of autoimmune diseases
[27-30]. Elevated IL-6 levels have been observed in various
autoimmune diseases, including uveitis [31-33]. Recently, it
was reported that serum IL-6 levels correlate with the
progression of AMD and high levels of serum IL-6 were
associated with the geographic atrophy type of AMD [13,
14].

Human RPE cells constitutively express and release IL-6
at a relatively low level [34-38]. Subtoxic levels of hydrogen
peroxide (H20:) stimulate the production of IL-6 in several
cell types [39-43]. However, the effect of H,O, on the
production of IL-6 by RPE cells has not yet been reported.

We hypothesized that subtoxic levels of H.O. may
stimulate the production of IL-6 by RPE cells, leading to the
stimulation of inflammatory and autoimmune reactions. They
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may also play a role in the pathogenesis of AMD. This
hypothesis was tested by evaluating the effect of H>O: on the
production of IL-6 by RPE cells. Relevant signal pathways
were also studied.

METHODS

Cell culture: The human retinal pigment epithelial cell line
(ARPE-19), was obtained from American Type Culture
Collection, Manassas, VA. Cells were cultured in Dulbecco’s
modified Eagle’s medium (Gibco, Carlsbad, CA)
supplemented with 10% fetal bovine serum (Gibco). Cells
were incubated in a humidified 5% CO» atmosphere at 37 °C.
After reaching confluence, cells were detached by trypsin-
EDTA solution (Gibco), diluted 1:3-1:4, plated for
subculture, and passaged routinely at a dilution of 1:3-1:4
every 5—7 days.

A new separate culture of primary human RPE cells was
isolated from a donor eye (56 years old) and cultured as
previously described [44]. Cells were cultured in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum. After
reaching confluence, cells were subcultured as described
previously [44]. Phase-contrast microscopy revealed
pigmentation of RPE cells during the primary culture and the
first and second subcultures. Cells displayed characteristic
epithelial morphology throughout the culture period. The
purity of the cell Ilines was demonstrated by
immunocytochemical methods. RPE cells displayed positive
staining of cytokeratin, whereas fibroblasts and melanocytes
did not [45]. Cells were cultured on chamber slides and
immunostained with anti-cytokeratin antibodies (for
cytokeratin 6 and 18; Dako, Carpinteria, CA) as described
previously [45]. Immunocytochemical study showed that all
cells stained positively with anti-cytokeratin antibody,
indicating the purity of the RPE cells.

Effects of hydrogen peroxide on the viability of retinal pigment
epithelial cells: The effects of H,O; on the viability of RPE
cells were studied with a 3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazolium bromide (MTT) test. Briefly, RPE cells
were plated in 96-well plates at a density of 5x10° cells per
well. After incubation for 24 h, H,O; (Sigma, St. Louis, MO)
was added to the wells at various final concentrations (10, 30,
60, 100, and 300 uM) and cultured for 24 h. Then, 50 pl of
MTT (1 mg/ml, Sigma) was added to each well and incubated
for 4 h. The medium was withdrawn and 100 pl of dimethyl
sulfoxide (Sigma) was added to each well. The optical density
was read at 540 nm using a microplate reader (Multiskan EX,
Thermo, Vantaa, Finland). Cells cultured without H.O, were
used as the controls. All groups were tested in triplicate.

Hydrogen peroxide treatment and interleukin-6 protein
measurement: RPE cells were plated into 24-well plates at a
density of 1x10° cells per well. After 24 h incubation, the
medium was withdrawn, and cells were washed with Hanks’
balanced saline solution (Gibco). Fresh medium with different
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concentrations of H>O: (0, 10, 30, 60, and 100 uM) was added
to the culture. After 24 h, the conditioned culture medium was
collected and centrifuged for 5 min to remove suspended cells.
Supernatants were collected and stored at —70 °C until
analysis. In the time-dependent study, cells were cultured with
H>0 (100 uM) for 2, 6, 12, and 24 h and then collected as
described above.

The amount of IL-6 protein in the conditioned medium
was determined using the human IL-6 Quantikine enzyme-
linked immunosorbent assay (ELISA) kit (R&D Systems,
Minneapolis, MN) according to the manufacturer’s
instructions. Supernatants of condition media were added to
96 well plate precoated with monoclonal antibody against
IL-6 and incubated 2 h at room temperature. Conditioned
media were aspirated and wells were washed with Wash
Buffer four times. Antibody against IL-6 conjugated to
horseradish peroxidase was added to the well and incubated
2 h at room temperature. Wells were aspirated and washed
with Wash Buffer four times. Color Reagent A (H20;) and B
(tetramethylbenzidine) were added and incubated for 20 min
at room temperature in darkness. Stop solution (sulfuric acid)
was added. IL-6 standard at various concentrations was tested
simultaneously. Optical density was read by using a
microplate reader (Multiskan EX, Thermo, Vantaa, Finland)
at 450 nm. The amount of IL-6 (pg/ml) was calculated from
the standard curve. The sensitivity of this kit was 0.7 pg/ml.
All tests were performed in triplicate.

Hydrogen peroxide treatment and interleukin-6 mRNA
measurement: RPE cells were plated into 6-well plates at a
density of 8x10° cells per well. After 24 h incubation, the
medium was changed, and H,O, was added to the medium at
a final concentration at 100 uM. After 2, 4, and 6 h, cells were
washed with cold phosphate-buffered saline (PBS; pH 7.4,
with components: potassium phosphate monobasic, 0.001 M;
sodium chloride, 0.155 M and sodium phosphate dibasic,
0.003 M) three times and then scraped from the well. After
centrifugation at 400 xg for 5 min at 4 °C, the cell pellets were
collected and stored at —70 °C until analysis. In the dose-
dependent study, H.O. was added to the medium at various
concentrations (0, 10, 30, and 100 uM). Cells were collected
and centrifuged 4 h later and stored at —70 °C.

Total RNA was isolated using the Qiagen RNeasy mini
kit following the manufacturer’s instructions. The purified
RNA was reverse-transcribed to single-stranded cDNA using
the SuperScript® First-Strand Synthesis System (Cat. No.
11904-018; Invitrogen, Carlsbad, CA). Primers for /L-6 and
GAPDH were designed using the Primer3 program as
previously described [46,47] (Table 1). Real-time PCR was
performed in triplicate for each RNA sample, using the
SYBR® Green PCR Master Mix (Cat. No0.4309155, Applied
Biosystems, Carlsbad, CA) and primers for /L-6, GAPDH,
and beta-actin (ACTB). The PCR was cycled in a 7900HT
thermal cycler (Applied Biosystems) under the following
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TABLE 1. PRIMERS FOR IL-6 AND GAPDH.

Gene Accession number Primers (3'-5") Product
IL-6 NM_ 000600 F: AGTGAGGAACAAGCCAGAGC 97 bp
R: CAGGGGTGGTTATTGCATCT
GAPDH M33197 F: CGACCACTTTGTCAAGCTCA 112 bp

R: GGTGGTCCAGGGGTCTTACT

conditions: 95 °C for 10 min, and 40 cycles of 95 °C for 10 s,
60 °C for 20 s, and 72 °C for 30 s. Relative transcript quantities
were determined using Sequence Detection Software
(Applied Biosystems). GAPDH and ACTB were used as
references. All of these triplicate tests were assays for three
different specimens.

Hydrogen peroxide treatment and measurement of
phosphorylated ERK, JNK, and p38 MAPK: RPE cells were
plated into 6-well plates at a density of 1x10° cells per well.
After 24 h incubation, the medium was changed, and H-O; at
a final concentration of 100 uM was added to the medium.
After 30 min, the culture medium was withdrawn. Cells were
washed with cold PBS three times and then scraped from the
well. After cell counting and centrifugation at 400 xg for 5
min at 4 °C, the cell pellets were collected. Cells were lysed
using Cell Extraction Buffer (BioSource, Camarillo, CA) with
Protease Inhibitor Cocktail (Sigma) and
phenylmethylsulfonyl fluoride (BioSource), incubated on ice
for 30 min, and vortexed for 30 s. The lysates were centrifuged
at 17,500 xg for 10 min at 4 °C. The supernatants were stored
at —70 °C until analysis.

The amount of phosphorylated p38 mitogen-activated
protein kinases (MAPK), extracellular-signal-regulated
kinase (ERK), and c-Jun N-terminal kinases (JNK) in cell
lysates were measured using ELISA kits (p38 MAPK Kkit,
#KHOO0071; ERK1/2 kit, #KHO0091; and JNKI1/2 Kkit,
#KHOO0131; Invitrogen, Camarillo, CA) according to the
manufacturer’s instructions. The levels of phosphorylated p38
MAPK, ERK, and JNK were calculated using the standard
curve and expressed as units/ml (U/ml). One Unit of p38
MAPK is equivalent to the amount of p38 MAPK derived
from 40 pg of p38 MAPK which was phosphorylated by
MKKS6. One Unit of ERK1/2 is equivalent to the amount of
ERK1/2 derived from 40 pg of ERKI1/2 which was
phosphorylated by MEK1. One Unit of JNK1/2 is derived
from 50 pg of phosphorylated INK1 or JNK2 (instructions of
p38 MAPK, ERKI1/2, and JNK1/2 ELISA kits). The
sensitivity of these kits was 0.8 U/ml. All tests were performed
in triplicate.

H,0; treatment and measurement nuclear factor-kappaB
(NFxB) in nuclear extracts: RPE cells were plated into 6-well
plates at a density of 1x10° cells per well. After 24 h
incubation, the medium was changed, and H,O: at a final
concentration of 100 uM was added to the medium. After 30

min, the culture medium was withdrawn. Cells were washed
with cold PBS and then scraped from the well. Cells were
treated with hypotonic buffer (BioSource) and centrifuged.
The pellet (nuclear fraction) was collected and treated with
Cell Extraction Buffer (BioSource), vortexed, centrifuged,
and the supernatants (nuclear extracts) were stored at —70 °C
until analysis.

The amount of nuclear factor-kappaB (NF-kB) in cell
nuclear extracts was measured by using NF-kB ELISA kits
(#KHOO0371, Invitrogen) according to the manufacturer’s
instructions. The levels of NF-kB in nuclear extracts were
calculated using the standard curve and expressed as pg/ml.
The sensitivity of these kits was <50 pg/ml. All of these
triplicate tests were assays for three different specimens.

Effects of MAPK and NF-xB inhibitors on H;O:-induced
release of IL-6 by RPE cells: RPE cells were plated into 24-
well plates at a density of 1x10° cells per well. After 24 h
incubation, the medium was changed, and various MAPK or
NF-kB inhibitors were added to the medium separately,
including 5 uM BAY11-7082 (NF-«B inhibitor), 10 uM
U01026 (ERK inhibitor), 10 pM SP600125 (JNK inhibitor),
and 10 uM SB203580 (p38 MAPK inhibitor), all from
Calbiochem, San Diego, CA. After 30 min, H>O, was added
to the medium at a final concentration of 100 uM. After 24 h
incubation, the conditioned medium was collected and
centrifuged. The amount of IL-6 in the supernatant was
determined using the human IL-6 Quantikine ELISA kit, as
described above. Cells cultured with medium without H.O»
were used as negative controls and cells cultured with H.O»
but without inhibitors were used as the positive controls. All
tests were performed in triplicate.

Effects of p38 inhibitors on H:Oz-induced increase of NF-«xB
in nuclear extracts: RPE cells were plated into 6-well plates
at a density of 1x10° cells per well. After 24 h incubation, the
medium was changed, and SB203580 (p38 MAPK inhibitor)
at a final concentration of 10 pM was added. After 30 min,
H:O; at a final concentration of 100 uM was added to the
medium as described above. After another 30 min, the culture
medium was withdrawn. Cells were collected and the amount
of NF-«xB in nuclear extracts was measured by using the NF-
kB ELISA kit, as described above. Cells cultured without
H>0; and with H>O: but without SB203580 were used as
negative and positive controls, respectively. Tests were
performed in triplicate.
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Statistical analysis: Statistical significances of difference
throughout this study were analyzed with one way ANOVA
with a Student-Newman-Kuels post hoc test. A difference at
p<0.05 and p<0.01 was considered to be significant and very
significant, respectively.

RESULTS

Effects of H>O: on the viability of RPE cells: In RPE cells (both
ARPE-19 and the primary cultures) cultured with H>O- at 10—
100 uM, the MTT assay showed no significant difference as
compared with cells cultured without H»O,, indicating that
H20s at 10-100 uM did not affect the viability of RPE cells.
Cell viability in these two cell lines decreased only by
300 uM H»0s. Cell viability in ARPE-19 and the primary
cultures cultured with 300 pM H,O» was 79.6+6% (mean
+standard deviation) and 81+5% of the controls (p=0.0218
and 0.0190), respectively. Therefore, H-O, at 10—100 uM was
used to study the effects of subtoxic levels of H.O, on the
expression and release of IL-6 from RPE cells.

Effects of H.O: on the release of IL-6 by RPE cells: HOa
increased the level of IL-6 protein in the culture medium of
ARPE-19 cells in a dose-dependent manner (Figure 1). IL-6
level in conditioned medium from cells cultured without
H20, was 150.7+7.9 pg/ml (mean+ standard deviation [SD]).
IL-6 levels in conditioned medium from cells cultured with
H,0; at 10, 30, 60, and 100 uM were 1.05-fold, 1.22-fold,
1.52-fold, and 1.82-fold, respectively, of those of the controls
(Figure 1). IL-6 levels were not different comparing 0 and
10 uM H20s (p=0.5866). Compared 30 uM H»O> there was a
difference (p=0.0169) and a larger difference 60 and 100 uM
H20: (p=0.0097 and 0.0005, respectively).

The H:0:-induced increase of release of IL-6 by
ARPE-19 cells was also time dependent (Figure 2). The IL-6
level in conditioned medium from cells cultured without
H>O, was 144.2+7.8 pg/ml. IL-6 levels in conditioned
medium from cells cultured with H.O> (100 pM) for 2, 6, 12,
and 24 h were 1.12-fold, 1.26-fold, 1.31-fold, and 1.82-fold
of the controls, respectively (Figure 2). IL-6 levels were not
different comparing 0 and 100 uM H,O, treated for 2 h
(p=0.1129). Compared after 6h there was a difference
(p=0.0269) and a larger difference after 12 and 24 h (p=0.0091
and 0.0009, respectively).

H>0» also induced increased release of IL-6 by human
RPE cells isolated from a 56-year-old donor in a dose- and
time-dependent manner. The IL-6 level in conditioned
medium from cells cultured without H,O; was 132.1£9.6 pg/
ml. IL-6 levels were not different comparing 0 and 10 uM
H>0: (p=0.6024). Compared 30 and 60 uM H»O: there was a
difference (p=0.0456 and 0.0110, respectively) and a larger
difference 100 uM HO: (p=0.0005). IL-6 levels were not
different comparing 0 and 100 uM H,O; treated for 2 h
(p=0.1129). Compared after 6 h there was a difference
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(p=0.0269) and a larger difference after 12 and 24 h (p=0.0091
and 0.0009, respectively).

Effects of H:0: on IL-6 mRNA level in RPE cells: The real-
time PCR experiment demonstrated that H,O, upregulated
IL-6 mRNA levels in RPE cells. In the time-dependent study,
the expression of IL-6 in HOo-treated cells (100 puM)
increased to 1.57+0.04, 1.97+0.09, and 1.95+0.07 fold of the
controls after 2, 4, and 6 h treatments, respectively. In the
dose-dependent study, the 7/L-6 mRNA level in H>O»-treated
cells (10, 30, and 100 uM) increased to 1.21+£0.04, 1.36+0.08,
and 1.97+0.09 fold of the controls, respectively, after 4 h
treatment. The difference in the /L-6 mRNA levels between
the H2Oo-treated cells (100 uM) and the controls was
significant (p=0.0189).

Effects of H:O: on phosphorylated ERK, JNK, and p38 MAPK
level in RPE cells: H,O, treatment (100 uM with 30 min
incubation) increased phosphorylated ERK, JNK, and p38
MAPK levels in ARPE-19 cells (Figure 3). The level of
phosphorylated p38 MAPK in cells cultured without HoO, was
81.2+11.0 U/ml and in H,O» treated cells this increased to 3.19
fold of the controls (Figure 3B). The difference in
phosphorylated p38 MAPK levels between cells treated with
and without H,O, was statistically very significant
(p=0.00003). The increase of phosphorylated ERK and JNK
levels in H2O: treated cells was much less than that of p38.
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Figure 1. The dose-dependent effects of subtoxic levels of hydrogen
peroxide on release of interleukin-6 by retinal pigment epithelium
cells. Retinal pigment epithelium (RPE) cells (ARPE-19) were plated
into 24-well plates. After 24 h incubation, hydrogen peroxide
(H202, at 0, 10, 30, 60, and 100 puM) was added to the culture and
incubated for 24 h. Conditioned culture medium was collected and
the amount of interleukin-6 (IL-6) protein in the conditioned medium
was determined using the human IL-6 Quantikine enzyme-linked
immunosorbent assay (ELISA) kit. IL-6 levels in conditioned culture
medium were expressed as pg/ml (meantstandard deviation in
triplicate tests). *0.01< p<0.05, **p<0.01, compared with the
controls (cells cultured without H202).
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The levels of phosphorylated ERK and JNK in cells cultured
without H>O» were 28.242.3 and 74.5+5.7 U/ml, respectively.
The level of phosphorylated ERK and JNK in H,O:-treated
cells only increased to 1.56 and 1.28 fold of the controls,
respectively (Figure 3C,D). The difference in phosphorylated
ERK and JNK levels between cells treated with and without
H,O, was statistically significant (p=0.0315 and 0.0177,
respectively).

Effect of H:0: on NF-kB levels in nuclear extracts from RPE
cells: H,O, treatment (100 pM with 30 min incubation)
increased NF-kB levels in nuclear extracts from ARPE-19
cells (Figure 3A). The levels of NF-«kB in nuclear extracts in
cells cultured with and without H,O, were 318.7+£54.4 U/ml
and 152.3%15.6 U/ml, respectively (Figure 3A). The
difference of NF-kB levels between cells treated with and
without H,O; was statistically very significant (p=0.0012).

Effects of MAPK and NF-kB inhibitors on H;O:-induced
increase of IL-6 release by RPE cells: Treatment of ARPE-19
cells with SB203580 (p38 MAPK inhibitor) 30 min before the
H»0» addition completely abolished H.O»-induced release of
IL-6 (Figure 4). The difference in the amount of IL-6 in
medium between cells treated with and without SB203580
(positive control) was very significant (p=0.0022). The level
of IL-6 in medium from SB203580 and H,O: treated cells was
similar to that of negative controls (cells cultured without

IL-6 levels (pg/ml)

Time (Hour)

Figure 2. The time-dependent effects of subtoxic levels of hydrogen
peroxide on release of interleukin-6 by retinal pigment epithelium
cells. Retinal pigment epithelium (RPE) cells (ARPE-19) were plated
into 24-well plates. After 24 h incubation, 100 pM hydrogen
peroxide (H202) was added to the culture and incubated for 2, 6, 12,
and 24 h. Conditioned culture medium was collected and the amount
of interleukin-6 (IL-6) protein in the conditioned medium was
determined by using the human IL-6 Quantikine enzyme-linked
immunosorbent assay (ELISA) kit. IL-6 levels in conditioned culture
medium were expressed as pg/ml (meantstandard deviation in
triplicate tests). *0.01< p<0.05, **p<0.01, compared with the
controls (cells cultured without H202).
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H:0,,p=0.0947). These results indicated that the p38 inhibitor
(SB 203580) completely abolished the H,O»-induced increase
of release of IL-6 by RPE cells.

Pretreatment of ARPE-19 cells with BAY11-7082 (NF-
kB inhibitor) 30 min before the H.O, addition decreased 72%
of H,0:-induced release of IL-6 (Figure 4). The difference in
the amount of IL-6 in medium between ARPE-19 cells treated
with and without BAY11-7082 (positive control) was
significant (p=0.0232). The levels of IL-6 in medium from
BAY11-7082 and H,O; treated cells was slightly greater than
that of negative controls (cells cultured without H>O»);
however, there was no significant difference between these
two groups (p=0.1155), indicating that the NF-kB inhibitor
inhibited the H,O»-induced increase of the release of IL-6 by
RPE cells.

Treatment with UO1026 (ERK inhibitor) and SP600125
(JNK inhibitor) 30 min before the H,O, addition only showed
a minor influence on the H,O»-induced release of IL-6 by
ARPE-19 cells (Figure 4). The IL-6 levels in conditioned
media from cells cultured with UO1026 or SP600125 were
similar to that of cells treated with H,O; (positive control).
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Figure 3. The effects of subtoxic levels of hydrogen peroxide on
nuclear factor factor-kappaB in nuclear extracts and phosphorylated
extracellular signal-regulated kinases, c-Jun N-terminal kinase and
p38 mitogen-activated protein kinase. Retinal pigment epithelium
(RPE) cells (ARPE-19) were plated into 24-well plates. After 24 h
incubation, 100 um hydrogen peroxide (H202) was added to the
medium. Cells were collected 30 min later. The nuclear factor factor-
kappaB (NF-kB) levels in nuclear extracts (A) and phosphorylated
p38 mitogen-activated protein kinase (p38; B), c-Jun N-terminal
kinase (JNK; C) and extracellular signal-regulated kinases (ERK;
D) in cell lysates were measured using the relevant NF-kB enzyme-
linked immunosorbent assay (ELISA) kit and phosphorylated
MAPK ELISA kits (Biosource). The levels of NF-kB in nuclear
extracts were expressed as pg/ml and phosphorylated p38, ERK and
JNK in cell lysates were expressed as U/ml (meantstandard
deviation in triplicate tests). *0.01< p<0.05, **p<0.01, compared
with the controls (cells cultured without H202).
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There was no significant difference in the release of IL-6
between cells treated with or without UO1026 (p=0.4202) and
cells treated with or without SP600125 (p=0.8917).

Effects of p38 inhibitor on the H:O:r-induced increase of NF-
kB in nuclear extracts: NF-«xB levels in nuclear extracts from
cells cultured without H,O,, with H,O,, and with H,O, and p38
inhibitor were 146+13.5, 323+£21.9, and 152.7+7.8 pg/ml,
respectively. The difference of NF-kB levels between cells
cultured without H>O> and with H>O and p38 inhibitor was
non-significant (p=0.6208) and the difference between cells
cultured with H>O, and H2O: and p38 inhibitor was very
significant (p=0.002). This indicated that the increase of NF-
kB levels in nuclear extracts induced by H»O> could be
completely abolished by the p38 inhibitor.

DISCUSSION

There has been increasing evidence suggesting a role for
inflammation and aberrant complement activation in the
pathogenesis of AMD [10-26]. Chronic inflammatory
infiltrates have been demonstrated in the choroid and excised
choroidal neovascular membranes (CNV) from AMD [5,
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0 . : : : ;

Control H202 HEB203530  H.BAY1-7082  H.SPEO0125 HUO1026

IL6 (pgiml)

Figure 4. Effects of nuclear factor factor-kappaB and mitogen-
activated protein kinase inhibitors on the hydrogen peroxide-induced
production of interleukin-6 by retinal pigment epithelium cells.
Retinal pigment epithelium (RPE) cells (ARPE-19) were plated into
24-well plates. After 24 h incubation, various mitogen-activated
protein kinase (MAPK) and nuclear factor-kappaB (NF-xB)
inhibitors were added to the medium separately, including BAY 11—
7082 (NF-xB inhibitor), UO1026 (extracellular signal-regulated
kinases inhibitor), SP600125 (c-Jun N-terminal kinase inhibitor) and
SB203580 (p38 MAPK inhibitor, all from Calbiochem) at a final
concentration of 10 uM with the exception of BAY11-7082 (5 uM).
After 30 min, 100 pM hydrogen peroxide (H202) was added to the
medium. Cells cultured without H20> were used as negative controls.
Cells cultured with H20O2 but without inhibitors were used as positive
controls. After 24 h incubation, the culture medium was collected
and the IL-6 levels were measured with the human IL-6 Quantikine
ELISA kit and expressed as pg/ml (meantstandard deviation in
triplicate tests). *0.01< p<0.05, **p<0.01, compared with the
positive controls (cells cultured with H2O2 but without inhibitors).

© 2010 Molecular Vision

10-12,18,19]. Analyses of drusen composition in AMD
patients and animal models have identified various
inflammatory proteins (e.g., acute phase proteins, cytokines,
etc.), immunoglobulin, and components of the complement
cascade [5,10-12,18,19]. Complement factor H (CFH), a key
inhibitor of the alternative pathway of complement activation,
can bind and inactivate harmful complement components and
prevent damage of intact host cells. CFH gene polymorphism
has been reported to be an important risk factor for AMD.
Dysfunction of the complement system may result in local
inflammation, autoimmune reactions, and tissue damage, and
may play an important role in the etiology of AMD [11,12,
15,17,20].

There are several possibilities linking ROS and
inflammatory processes in AMD. ROS may cause damage of
RPE cells and result in cell debris deposits between the RPE
and Bruch’s membrane, which may in turn induce an
inflammatory reaction [5,10-12]. Prolonged phagocytosis of
oxidized photoreceptor outer segments may reduce the
production of CFH, which could lead to overactivation of
complement cascades [21]. Immunization with an oxidant
product of docosahexaenoic acid in the retina produced AMD-
like lesions in mice [22].

IL-6 is the key factor for the stimulation of immune
reactions, inflammatory processes, and the occurrence of
autoimmune diseases [27-30]. Increased systemic or local
IL-6 levels have been observed in various autoimmune
diseases [27-33]. IL-6—deficient mice are resistant to various
experimentally induced autoimmune diseases [28,29].

IL-6 also plays a role in inflammatory processes. At the
beginning of inflammation, IL-6 mediates the acute phase
response. It stimulates the production of various acute phase
proteins (C-reactive  protein, a-antitrypsin, a-
antichymotrypsin, fibrinogen, etc., most of which are present
in drusen) by cells to cause a systemic reaction and local
inflammation [30]. IL-6 synergistically induces production of
VEGF by cells with IL-1 or TNF-a [48]. IL-6 decreases the
synthesis of CFH by RPE cells, which may result in the
overactivation of complement cascades, inflammatory
processes, and autoimmune reactions [21].

Seddon et al. [14] reported that plasma IL-6 levels were
related to the progression of AMD. In a population-based
multi-ethnic study involving 5,887 persons, Klein et al.
reported that increased IL-6 plasma levels are definitely
associated with geographic atrophy (odds ratio: 2.06, 95%
confidence interval, 1.21-3.49) [13]. Aqueous humor IL-6
level is correlated with the size of CNV in activate CNV
patients, indicating that IL-6 level may be related to the
progression of CNV [49].

ROS were first considered only as cytotoxic substances
that induce cell death at high concentrations. In the past few
years, however, they have gained attention as potential
signaling molecules at subtoxic levels. ROS at physiologic
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concentrations are able to modulate various cell functions
[6-9]. Actually, in the pathological process of AMD, death of
RPE cells (geographic atrophy) occurs only at a later stage
[50]. Therefore, studying the effect of subtoxic levels of ROS
on the function of RPE cells is important for the elucidation
of early pathologic processes in AMD.

H»0s is a relatively weak oxidant, but in the presence of
metal catalysts it can be converted to the reactive hydroxyl
radical, which is cytotoxic and can cause cell death. H>Os is
the most stable ROS, so that it is present in tissues with a
relatively long half-life. H,O. is soluble in both lipid and
aqueous media, and therefore it easily diffuses in and out of
the cell to reach targets. Subtoxic levels of H>O» can influence
signaling pathways and induce changes in various cell
functions [6-9]. H>O; has been used as a model of exogenous
oxidative stress for testing both cytotoxic and nontoxic effects
on ocular cells [50-56]. The RPE is continuously exposed to
high oxygen fluxes because of its location between the
photoreceptors and choroid (where there is a high oxygen
partial pressure from the underlying choriocapillaris), and has
a high metabolic activity. A high level of oxidative stress
occurs in RPE cells, causing higher levels of H>O,. During
photoreceptor phagocytosis, RPE cells generate H>O,, which
can promote endogenous oxidative stress [3,5,51].

Recently, it has been reported that subtoxic levels of
H,O; stimulate the expression and release of IL-6 in
fibroblasts, mast cells, skeletal myocytes, and trabecular cells
[39-43], but not in glioma cells or bronchial epithelial cells
[57,58]. This indicates that this effect is highly cell type—
specific. RPE cells constitutively express and release 1L-6
[34-38]. However, the effects of H>O: on the expression and
release of IL-6 by RPE cells was unknown in previous studies.

In the present study, subtoxic levels of H>O, (30-100 pM)
stimulated the expression and secretion of IL-6 by human RPE
cells in vitro. These levels are compatible with that observed
during phagocytosis of the outer segments of photoreceptors
by RPE cells. It has been reported that H>O- generated by RPE
cells during phagocytosis and the degradation of
photoreceptor outer segments can reach 29—40 puM after 4 h
exposure [51].

MAPK signaling pathways represent one of the most
important pathways influenced by H>O, [6]. This family
mainly consists of ERK1/2, JNK, and p38 kinase pathways.
In previous studies, H,O; stimulated the production of IL-6 in
rat fibroblasts and myocytes through the activation of p38,
JNK, or ERK signaling pathways, mainly through the p38
pathway [39,42].

In the present study, H.O. at subtoxic levels increased
phosphorylated p38 MAPK levels in RPE cells. A p38
inhibitor could completely abolish the H.O»-induced increase
of IL-6 release by RPE cells, indicating that the stimulation
of IL-6 production in RPE cells by H>O. mainly occurs
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through the activation of the p38 signaling pathway, which is
consistent with previous studies on other cell types [39,42].

In this study, H>O; induced an increase of NF-«xB levels
in nuclear extracts. An NF-«B inhibitor decreased the H.O»-
induced increase of IL-6 release by RPE cells, indicating that
NF-kB is involved in the H>O»-induced expression of IL-6. A
p38 inhibitor completely abolished the H>O»-induced increase
of NF-«kB levels in nuclear extracts, indicating that H>O»-
induced NF-xB activation is dependent on p38 activation.
HO. activates the p38 signal pathway, which leads to
activation and translocation of NF-«B to the nuclei and in turn
leads to an increased release of IL-6. This is consistent with
the results of previous studies, which showed that NF-kB
activation in various cell lines via different stimulators is
blocked by the p38 inhibitor, and that NF-xB activation is
dependent on p38 phosphorylation [59-64].

The present study found that H,O, stimulated the
production of IL-6, a key factor in the modulation of immune
responses, inflammatory processes, and the occurrence of
autoimmune diseases, which recently has been documented
to be increased in AMD. This could be a molecular linkage
for the oxidative stress and inflammatory/autoimmune
reactions in AMD, and may provide a novel target for the
treatment of AMD.

Recently, progress on the understanding of IL-6
pathobiology and its role in autoimmune reactions has led to
the improvement in the treatment of autoimmune diseases
using novel anti-IL-6 drugs [27,28,65,66]. The future perhaps
lies in the development of orally active small molecules that
inhibit specific inflammatory signaling pathways, e.g., the
inhibitor of p38 and its upstream effectors have been proven
to be effective in the treatment of autoimmune arthritis in a
rat model and have been recently tested in clinical trials
[67-70]. These novel therapeutic strategies may have a
beneficial effect in the prevention and control of AMD and
warrant further investigation.

ACKNOWLEDGMENTS
This study was supported by the grant from National Science
Council, Taiwan, (NSC96-2314-B-037-025), the Bendheim-
Lowenstein Family Foundation, New York, and Pathology
Research Fund of New York Eye and Ear Infirmary.

REFERENCES

1. Rein DB, Wittenborn JS, Zhang X, Honeycutt AA, Lesesne SB,
Saaddine J, Vision Health Cost-Effectiveness Study Group.
Forecasting age-related macular degeneration through the
year 2050: the potential impact of new treatments. Arch
Ophthalmol 2009; 127:533-40. [PMID: 19365036]

2.  HoggR, Chakravarthy U. AMD and micronutrient antioxidants.
Curr Eye Res 2004; 29:387-401. [PMID: 15764083]

3. Winkler BS, Boulton ME, Gottsch JD, Sternberg P. Oxidative
damage and age-related macular degeneration. Mol Vis 1999;
5:32. [PMID: 10562656]

1870


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19365036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15764083
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10562656
http://www.molvis.org/molvis/v16/a202

Molecular Vision 2010; 16:1864-1873 <http://www.molvis.org/molvis/v16/a202>

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Cai J, Nelson KC, Wu M, Sternberg P Jr, Jones DP. Oxidative
Damage and protection of the RPE. Prog Retin Eye Res 2000;
19:205-21. [PMID: 10674708]

Zarbin MA. Current concepts in the pathogenesis of age-related
macular  degeneration. ~ Arch  Ophthalmol 2004
122:598-614. [PMID: 15078679]

McCubrey JA, Lahair MM, Franklin RA. Reactive oxygen
species-induced activation of the MAP kinase signaling
pathways. Antioxid Redox Signal 2006; 8:1775-89. [PMID:
16987031]

Poli G, Leonarduzzi G, Biasi F, Chiarpotto F. Oxidative stress
and cell signaling. Curr Med Chem 2004; 11:1163-82.
[PMID: 15134513]

Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, Telser
J. Free radicals and antioxidants in normal physiological
functions and human disease. Int J Biochem Cell Biol 2007;
39:44-84. [PMID: 16978905]

Martin KR, Barrett JC. Reactive oxygen species as double-
edged swords in cellular processes: low-dose cell signaling
versus high-dose toxicity. Hum Exp Toxicol 2002; 21:71-5.
[PMID: 12102499]

Anderson DH, Mullins RF, Hageman GS, Johnson LV. A role
for local inflammation in the formation of drusen in the aging
eye. Am J Ophthalmol 2002; 134:411-31. [PMID: 12208254]

Patel M, Chan CC. Immunopathological aspects of age-related
macular  degeneration. Semin Immunopathol 2008;
30:97-110. [PMID: 18299834]

Kijlstra A, La Heij E, Hendrikse F. Immunological factors in
the pathogenesis and treatment of age-related macular
degeneration. Ocul Immunol Inflamm 2005; 13:3-11. [PMID:
15804763]

Klein R, Knudtson MD, Klein BE, Wong TY, Cotch MF, Liu
K, Cheng CY, Burke GL, Saad MF, Jacobs DR Jr, Sharrett
AR. Inflammation, complement factor H, and age-related
macular  degeneration: the multi-ethnic study of
atherosclerosis. Ophthalmology 2008; 115:1742-9. [PMID:
18538409]

Seddon JM, George S, Rosner B, Rifai N. Progression of age-
related macular degeneration: prospective assessment of C-
reactive protein, interleukin 6, and other cardiovascular
biomarkers. Arch Ophthalmol 2005; 123:774-82. [PMID:
15955978]

Moshfeghi DM, Blumenkranz MS. Role of genetic factors and
inflammation in age-related macular degeneration. Retina
2007; 27:269-75. [PMID: 17460581]

Donoso LA, Kim D, Frost A, Callahan A, Hageman G. The role
of inflammation in the pathogenesis of age-related macular
degeneration. Surv Ophthalmol 2006; 51:137-52. [PMID:
16500214]

Bok D. Evidence for an inflammatory process in age-related
macular degeneration gains new support. Proc Natl Acad Sci
USA 2005; 102:7053-4. [PMID: 15886281]

Hageman GS, Luthert PJ, Victor Chong NH, Johnson LV,
Anderson DH, Mullins RF. An integrated hypothesis is that
considers dursen as biomarkers of immune-mediated
processes at the RPE-bruch’s membrane interface in aging
and age-related macular degeneration. Prog Retin Eye Res
2001; 20:705-32. [PMID: 11587915]

Lopez PF, Grossniklaus HE, Lambert HM, Aaberg TM, Capone
A Jr, Sternberg P Jr, L'Hernault N. Pathologic features of

1871

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

© 2010 Molecular Vision

surgically excised sub-retinal neovascular membranes in age-
related macular degeneration. Am J Ophthalmol 1991;
112:647-56. [PMID: 1957899]

Meri S. Loss of self-control in the complement system and
innate auto reactivity. Ann N Y Acad Sci 2007,
1109:93-105. [PMID: 17785294]

Chen M, Forrester JV, Xu H. Synthesis of complement factor
H by retinal pigment epithelial cells is down-regulated by
oxidized photoreceptor outer segments. Exp Eye Res 2007,
84:635-45. [PMID: 17292886]

Hollyfield JG, Bonilha VL, Rayborn ME, Yang X, Shadrach
KG, Lu L, Ufret RL, Salomon RG, Perez VL. Oxidative
damage-induced inflammation initiates age-related macular
degeneration. Nat Med 2008; 14:194-8. [PMID: 18223656]

Klein RJ, Zeiss C, Chew EY, Tsai JY, Sackler RS, Haynes C,
Henning AK, SanGiovanni JP, Mane SM, Mayne ST,
Bracken MB, Ferris FL, Ott J, Barnstable C, Hoh J.
Complement factor H polymorphism in age-related macular
degeneration. Science 2005; 308:385-9. [PMID: 15761122]

Haines JL, Hauser MA, Schmidt S, Scott WK, Olson LM,
Gallins P, Spencer KL, Kwan SY, Noureddine M, Gilbert JR,
Schnetz-Boutaud N, Agarwal A, Postel EA, Pericak-Vance
MA. Complement factor H variant increases the risk of age-
related macular degeneration. Science 2005; 308:419-21.
[PMID: 15761120]

Edwards AO, Ritter R 3rd, Abel KJ, Manning A, Panhuysen C,
Farrer LA. Complement factor H polymorphism and age-
related macular degeneration. Science 2005; 308:421-4.
[PMID: 15761121]

Thakkinstian A, Han P, McEvoy M, Smith W, Hoh J,
Magnusson K, Zhang K, Attia J. Systematic review and meta-
analysis of the association between complementary factor H
Y402H  polymorphisms and age-related macular
degeneration. Hum Mol Genet 2006; 15:2784-90. [PMID:
16905558]

Sebba A. Tocilizumab: the first interleukin-6-receptor inhibitor.
Am J Health Syst Pharm 2008; 65:1413-8. [PMID: 18653811]

Park JY, Pillinger MH. Interleukin-6 in the pathogenesis of
rheumatoid arthritis. Bull NYU Hosp Jt Dis 2007; 65:S4-10.
[PMID: 17708744]

Ishihara K, Hirano T. IL-6 in autoimmune disease and chronic
inflammatory proliferative disease. Cytokine Growth Factor
Rev 2002; 13:357-68. [PMID: 12220549]

Badolato R, Oppenheim JJ. Role of cytokines, acute-phase
proteins, and chemokines in the progression of rheumatoid
arthritis. Semin Arthritis Rheum 1996; 26:526-38. [PMID:
8916297]

de Boer JH, van Hren MA, de Vries-Knoppert WA, Baarsma
GS, de Jong PV, Postema FJ, Rademakers AJ, Kijlstra A.
Analysis of IL-6 levels in human vitreous fluid obtained from
uveitis patients, patients with proliferate intraocular disorders
and eye bank eyes. Curr Eye Res 1992; 11:181-6. [PMID:
1424743]

Franks WA, Limb GA, Stanford MR, Ogilvie J, Wolstencroft
RA, Chignell AH, Dumonde DC. Cytokines in human
intraocular inflammation. Curr Eye Res 1992; 11:187-91.
[PMID: 1424744

Murray PI, Hoekzema R, Van Haren MA, de Horn FD, Kijlstra
A. Aqueous humor interleukin-6 level in uveitis. Invest
Ophthalmol Vis Sci 1990; 31:917-20. [PMID: 2335453]


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10674708
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15078679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16987031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16987031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15134513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15134513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16978905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12102499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12102499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12208254
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18299834
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15804763
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15804763
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18538409
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18538409
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15955978
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15955978
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17460581
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16500214
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16500214
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15886281
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11587915
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1957899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17785294
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17292886
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18223656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15761122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15761120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15761120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15761121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15761121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16905558
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16905558
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18653811
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17708744
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17708744
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12220549
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8916297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8916297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1424743
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1424743
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1424744
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1424744
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=2335453
http://www.molvis.org/molvis/v16/a202

Molecular Vision 2010; 16:1864-1873 <http://www.molvis.org/molvis/v16/a202>

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Leung KW, Barnstable CJ, Tombran-Tink J. Bacterial
endotoxin activates retinal pigment epithelial cells and
induces their degeneration through IL-6 and IL-8 autocrine
signaling. Mol Immunol 2009; 46:1374-86. [PMID:
19157552]

Hollborn M, Enzmann V, Barth W, Wiedemann P, Kohen L.
Changes in the mRNA expression of cytokines and
chemokines by stimulated RPE cells in vitro. Curr Eye Res
2000; 20:488-95. [PMID: 10980661]

Willermain F, Caspers-Velu L, Baudson N, Dubois C, Hamdane
M, Willems F, Velu T, Bruyns C. Role and expression of
CD40 on human retinal pigment epithelial cells. Invest
Ophthalmol Vis Sci 2000; 41:3485-91. [PMID: 11006243]

Jaffe GJ, Roberts WL, Wong HL,, Yurochko AD, Cianciolo GJ.
Monocyte-induced cytokine expression in cultured human
retinal pigment epithelial cells. Exp Eye Res 1995;
60:533-43. [PMID: 7615019]

Nagineni CN, Detrick B, Hooks JJ. Synergistic effects of
gamma interferon on inflammatory mediators that induce
interleukin-6 gene expression and secretion by human retinal
pigment epithelial cells. Clin Diagn Lab Immunol 1994;
1:569-77. [PMID: 8556503]

Sano M, Fukuda K, Sato T, Kawaguchi H, Suematsu M,
Matsuda S, Koyasu S, Matsui H, Yamauchi-Takihara K,
Harada M, Saito Y, Ogawa S. ERK and p38 MAPK, but not
NF-kappaB, are critically involved in reactive oxygen
species-mediated induction of IL-6 by angiotensin II in
cardiac fibroblasts. Circ Res 2001; 89:661-9. [PMID:
11597988]

Colston JT, Chandrasekar B, Freeman GL. A novel peroxide-
induced transient regulates interleukin-6 expression in
cardiac-derived  fibroblasts. J Biol Chem 2002;
277:23477-83. [PMID: 11983681]

Frossi B, De Carli M, Daniel KC, Rivera J, Pucillo C. Oxidative
stress stimulates IL-4 and IL-6 production in mast cells by an
APE/Ref-1-dependent pathway. Eur J Immunol 2003;
33:2168-77. [PMID: 12884291]

Kosmidou I, Vassilakopoulos T, Xagorari A, Zakynthinos S,
Papapetropoulos A, Roussos C. Production of interlukin-6 by
skeletal myotubes: role of reactive oxygen species. Am J
Respir Cell Mol Biol 2002; 26:587-93. [PMID: 11970911]

Li G, Luna C, Liton PB, Navarro I, Epstein DL, Gonzalez P.
Sustained stress response after oxidative stress in trabecular
meshwork cells. Mol Vis 2007; 13:2282-8. [PMID:
18199969]

Hu DN, Savage HE, Roberts JE. Uveal melanocytes, ocular
pigment epithelium and Mueller cells in culture: in vitro
toxicology. Int J Toxicol 2002; 21:465-72. [PMID:
12537643]

Hu DN, McCormick SA, Ritch R, Pelton-Henrion K. Studies of
human uveal melanocytes in vitro: Isolation, purification and
cultivation of human uveal melanocytes. Invest Ophthalmol
Vis Sci 1993; 34:2210-9. [PMID: 8505203]

Campbell S, Burkly LC, Gao HX, Berman JW, Su L, Browning
B, Zheng T, Schiffer L, Michaelson JS, Putterman C.
Proinflammatory effects of TWEAK/Fnl4 interactions in
glomerular mesangial cells. J Immunol 2006; 176:1889-98.
[PMID: 16424220]

Gao HX, Campbell SR, Burkly LC, Jakubowski A, Jarchum I,
Banas B, Saleem MA, Mathieson PW, Berman JW,

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

1872

© 2010 Molecular Vision

Michaelson JS, Putterman C. TNF-like weak inducer of
apoptosis (TWEAK) induces inflammatory and proliferative
effects in human kidney cells. Cytokine 2009; 46:24-35.
[PMID: 19233685]

Nakahara H, Song J, Sugimoto M, Hagihara K, Kishimoto T,
Yoshizaki K, Nishimoto N. Anti-interleukin-6 receptor
antibody therapy reduces vascular endothelial growth factor
production in rheumatoid arthritis. Arthritis Rheum 2003;
48:1521-9. [PMID: 12794819]

Roh MI, Kim HS, Song JH, Lim JB, Koh HJ, Kwon OW.
Concentration of cytokines in the aqueous humor of patients
with naive, recurrent and regressed CNV associated with amd
after bevacizumab treatment. Retina 2009; 29:523-9. [PMID:
19262441]

Marin-Castafio ME, Csaky KG, Cousins SW. Nonlethal oxidant
injury to human retinal pigment epithelium cells causes cell
membrane blebbing but decreased MMP-2 activity. Invest
Ophthalmol Vis Sci 2005; 46:3331-40. [PMID: 16123437]

Ballinger SW, Van Houten B, Jin GF, Conklin CA, Godley BF.
Hydrogen peroxide cause significant mitochondrial DNA
damage in human RPE cells. Exp Eye Res 1999; 68:765-72.
[PMID: 10375440]

Jarrett SG, Albon J, Boulton M. The contribution of DNA repair
and antoxidants in determining cell type-specific resistance
to oxidative stress. Free Radic Res 2006; 40:1155-65. [PMID:
17050169]

Jarrett SG, Boulton ME. Antioxidant up-regulation and
increased nuclear DNA protection play key roles in adaptation
to oxidative stress in epithelial cells. Free Radic Biol Med
2005; 38:1382-91. [PMID: 15855056]

Kim MH, Chung J, Yang JW, Chung SM, Kwag NH, Yoo JS.
Hydrogen peroxide-induced cell death in a human retinal
pigment epithelial cell line, ARPE-19. Korean J Ophthalmol
2003; 17:19-28. [PMID: 12882504]

Jin GF, Hurst JS, Godley BF. Hydrogen peroxide stimulates
apoptosis in cultured human retinal pigment epithelial cells.
Curr Eye Res 2001; 22:165-73. [PMID: 11462152]

Wada M, Gelfman CM, Matsunaga H, Alizadeh M, Morse L,
Handa JT, Hjelmeland LM. Density-dependent expression of
FGF-2 in response to oxidative stress in RPE cells in vitro.
Curr Eye Res 2001; 23:226-31. [PMID: 11803485]

Chang JY. Methylmercury causes glial IL-6 release. Neurosci
Lett 2007; 416:217-20. [PMID: 17368937]

Yoshida Y, Maruyama M, Fujita T, Arai N, Hayashi R, Araya
J, Matsui S, Yamashita N, Sugiyama E, Kobayashi M.
Reactive oxygen intermediates stimulate interleukin-6
production in human bronchial epithelial cells. Am J Physiol
1999; 276:L900-8. [PMID: 10362713]

Craig R, Larkin A, Mingo AM, Thuerauf DJ, Andrews C,
McDonough PM, Glembotski CC. p38 MAPK and NF-«B
collaborate to induce interleukin-6 gene expression and
release. Evidence for a cytoprotective autocrine signaling
pathway in a cardiac myocyte model system. J Biol Chem
2000; 275:23814-24. [PMID: 10781614]

Maulik N, Sato M, Price BD, Das DK. An essential role of
NFkappaB in tyrosine kinase signaling of p38 MAP kinase
regulation of myocardial adaptation to ischemia. FEBS Lett
1998; 429:365-9. [PMID: 9662450]

Nonn L, Duong D, Peechl DM. Chemopreventive anti-
inflammatory  activities of curcumin and other


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19157552
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19157552
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10980661
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11006243
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7615019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8556503
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11597988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11597988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11983681
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12884291
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11970911
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18199969
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18199969
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12537643
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12537643
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8505203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16424220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16424220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19233685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19233685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12794819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19262441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=19262441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16123437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10375440
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10375440
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17050169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17050169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15855056
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12882504
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11462152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11803485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17368937
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10362713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10781614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9662450
http://www.molvis.org/molvis/v16/a202

Molecular Vision 2010; 16:1864-1873 <http://www.molvis.org/molvis/v16/a202>

62.

63.

64.

65.

66.

phytochemicals mediated by MAP kinase phosphatase-5 in
prostate cells. Carcinogenesis 2007; 28:1188-96. [PMID:
17151092]

Woo MS, Jung SH, Kim SY, Hyun JW, Ko KH, Kim WK, Kim
HS. Curcumin suppresses phorbol ester-induced matrix
metalloproteinase-9 expression by inhibiting the PKC to
MAPK signaling pathways in human astroglioma cells.
Biochem Biophys Res Commun 2005; 335:1017-25. [PMID:
16102725]

Zechner D, Craig R, Hanford DS, McDonough PM, Sabbadini
RA, Glembotski CC. MKK6 activates myocardial cell NF-
kappaB and inhibits apoptosis in a p38 mitogen-activated
protein kinase-dependent manner. J Biol Chem 1998;
273:8232-9. [PMID: 9525929]

Chen M, Hu DN, Pan Z, Lu CW, Xue CY, Aass I. Curcumin
protects against hyperosmoticity-induced IL-1beta elevation
in human corneal epithelial cell via MAPK pathways. Exp
Eye Res 2010; 90:437-43. [PMID: 20026325]

Nishimoto N. Interleukin-6 in rtheumatoid arthritis. Curr Opin
Rheumatol 2006; 18:277-81. [PMID: 16582692]

Kavanaugh A. Interleukin-6 inhibition and clinical efficacy in
rheumatoid arthritis treatment—data from randomized clinical
trials. Bull NYU Hosp Jt Dis 2007; 65:S16-20. [PMID:
17708740]

67.

68.

69.

70.

© 2010 Molecular Vision

Thalhamer T, McGrath MA, Harnett MM. MAPKSs and their
relevance to arthritis and inflammation. Rheumatology
(Oxford) 2008; 47:409-14. [PMID: 18187523]

Schreiber S, Feagan B, D'Haens G, Colombel JF, Geboes K,
Yurcov M, Isakov V, Golovenko O, Bernstein CN, Ludwig
D, Winter T, Meier U, Yong C, Steffgen J, BIRB 796 Study
Group. Oral p38 mitogen-activated protein kinase inhibition
with BIRB 796 for active Crohn’s disease: a randomized,
double-blind, placebo-controlled trial. Clin Gastroenterol
Hepatol 2006; 4:325-34. [PMID: 16527696]

Parasrampuria DA, de Boer P, Desai-Krieger D, Chow AT,
Jones  CR. Single-dose ~ pharmacokinetics  and
phramacodynamics of RWJ 67657, a specific p38 mitogen-
activated protein kinase inhibitor: a first-in-human study. J
Clin Pharmacol 2003; 43:406-13. [PMID: 12723461]

Fijen JW, Zijlstra JG, De Boer P, Spanjersberg R, Tervaert JW,
Van Der Werf TS, Ligtenberg JJ, Tulleken JE. Suppression
of the clinical and cytokine response to endotoxin by
RWJ-67657, a p38 mitogen-activated protein-kinase
inhibitor, in healthy human volunteers. Clin Exp Immunol
2001; 124:16-20. [PMID: 11359438]

The print version of this article was created on 10 September 2010. This reflects all typographical corrections and errata to the
article through that date. Details of any changes may be found in the online version of the article.

1873


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17151092
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17151092
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16102725
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16102725
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9525929
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=20026325
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16582692
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17708740
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17708740
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18187523
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16527696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12723461
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11359438
http://www.molvis.org/molvis/v16/a202

