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Oxidative stress and inflammation are implicated in the
pathogenesis of many age-related diseases. Stress-induced over-
production of inflammatory cytokines, such as interleukin-8
(IL-8), is one of the early events of inflammation. The objective
of this study was to elucidate mechanistic links between oxida-
tive stress and overproduction of IL-8 in retinal pigment epithe-
lial (RPE) cells. We found that exposure of RPE cells to H,0,,
paraquat, or A2E-mediated photooxidation resulted in
increased expression and secretion of IL-8. All of these oxidative
stressors also inactivated the proteasome in RPE cells. In con-
trast, tert-butylhydroperoxide (TBH), a lipophilic oxidant that
did not stimulate IL-8 production, also did not inactivate the
proteasome. Moreover, prolonged treatment of RPE cells with
proteasome-specific inhibitors recapitulated the stimulation of
IL-8 production. These data suggest that oxidative inactivation
of the proteasome is a potential mechanistic link between oxi-
dative stress and up-regulation of the proinflammatory IL-8.
The downstream signaling pathways that govern the production
of IL-8 include NF-«B and p38 MAPK. Proteasome inhibition
both attenuated the activation and delayed the turnoff of
NF-kB, resulting in biphasic effects on the production of IL-8.
Prolonged proteasome inhibition (>2 h) resulted in activation
of p38 MAPK via activation of MKK3/6 and increased the pro-
duction of IL-8. Chemically inhibiting the p38 MAPK blocked
the proteasome inhibition-induced up-regulation of IL-8.
Together, these data indicate that oxidative inactivation of the
proteasome and the related activation of the p38 MAPK path-
way provide a potential link between oxidative stress and over-
production of proinflammatory cytokines, such as IL-8.
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Oxidative stress, which refers to cellular damage caused by
reactive oxygen species, has been implicated in the onset and
progression of many age-related diseases, including age-related
macular degeneration (AMD),? arthritis, atherosclerosis, and
certain types of cancer (1-3). Inflammatory events are also
known to participate in the pathogenesis of these age-related
diseases. The activation of redox-sensitive transcription factors
may be involved in triggering the expression of proinflamma-
tory cytokines (2). However, the molecular links between oxi-
dative stress and inflammation are not fully understood.

Retina has the highest metabolic rate and oxygen con-
sumption in the body. The high metabolic rate and oxygen
consumption is usually accompanied by generation of reac-
tive oxygen species. Chronic exposure to light could also
increase the production of reactive oxygen species (1, 4).
Therefore, retinal pigment epithelium (RPE) is a primary
target of oxidative stress.

Age-related accumulation of lipofuscin in RPE is another
source of oxidative stress. Lipofuscin is a mixture of non-
degradable protein-lipid aggregates derived from the inges-
tion of photoreceptor outer segments (5). A2E is the major
fluorophore of lipofuscin and acts as a photosensitizer to
generate reactive oxygen species inside the cells upon expo-
sure to blue light (5-7). An increasing body of literature
indicates that oxidative stress and dysfunction of RPE are
associated with the pathogenesis of AMD (8 -10), the lead-
ing cause of blindness in industrialized countries. Recent
studies indicate that inflammation is an important compo-
nent of AMD (9, 11, 12) and that oxidative stress in RPE can
trigger the activation of the complement system (13). More-
over, complement activation is associated with enhanced
expression of IL-8, an important inflammatory cytokine (14,
15). Increased expression of IL-8 was also reported when
RPE were fed oxidized photoreceptor outer segments (16).

3 The abbreviations used are: AMD, age-related macular degeneration; IL-8,
interlukin-8; UPP, ubiquitin-proteasome pathway; RPE, retina pigment epi-
thelial cells; A2E, pyridinium bisretinoid; TBH, t-butylhydroperoxide;
CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate;
DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum;
DMSO, dimethyl sulfoxide; ELISA, enzyme-linked immunosorbent assay;
RT, reverse transcriptase; TNFa, tumor necrosis factor o; GAPDH, glyceral-
dehyde-3-phosphate dehydrogenase; MAPK, mitogen-activated protein
kinase; MKK, mitogen-activated protein kinase kinase.
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The increased expression of IL-8 may account, at least in
part, for the inflammatory reactions during development of
AMD (16, 17). However, the molecular mechanisms that reg-
ulate IL-8 expression under these conditions remain to be
elucidated.

The ubiquitin-proteasome pathway (UPP) is the major non-
lysosomal proteolytic pathway within cells (18 —-20). Proteins
destined for degradation are first conjugated with a polyubig-
uitin chain by the sequential action of three classes of enzymes:
El, E2, and E3. The ubiquitin-protein conjugates are then rec-
ognized and degraded by a large protease complex called the
proteasome (19, 21). The UPP has been involved in a myriad of
cellular processes (20, 22), including regulation of immune
response and inflammation (23, 24). Dysfunction of the UPP
has been implicated in the pathogenesis of many degenerative
diseases, such as Alzheimer disease (25), Parkinson disease (26),
diabetic retinopathy (27), and cataract (28 —-31).

Because the UPP is involved in the regulation of gene expres-
sion and because it can be inactivated by oxidative stress (32—
37), we hypothesized that oxidative inactivation of the UPP is a
molecular mechanism that links oxidative stress to inflamma-
tory events during the development of many degenerative dis-
eases. The results of this study show that exposing ARPE-19
cells to H,O,, paraquat, and A2E-mediated photooxidation
resulted in the inactivation of the proteasome and a dramatic
increase in the expression and secretion of IL-8. In contrast,
TBH, a lipophilic oxidant that did not inactivate the protea-
some, also failed to stimulate the production of IL-8. Fur-
thermore, prolonged treatment of ARPE-19 cells with pro-
teasome inhibitors delayed the turnoff of NF-«B, activated
the p38 MAPK, and led to a dramatic up-regulation of IL-8.
Moreover, inhibiting p38 MAPK abolished the up-regula-
tion of IL-8 induced by proteasome inhibitors. These data
support the hypothesis that oxidative inactivation of the pro-
teasome is a mechanistic link between oxidative stress and
IL-8 overproduction. Because overproduction of IL-8 was
suggested to play a role in the development of AMD (16, 17,
38, 39), our data also suggest that oxidative impairment of
the UPP in RPE is likely to contribute to the development of
AMD, by increasing local production of proinflammatory
chemokines, such as IL-8.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium (DMEM)
was obtained from Invitrogen. Fetal bovine serum (FBS) was
purchased from HyClone (Logan, UT). MG132 and SB203580
were obtained from Calbiochem (La Jolla, CA). Epoxomicin
was purchased from Boston Biochem (Cambridge, MA).
Sodium orthovanadate, paraquat (1,1-dimethyl-4,4-bipyri-
dinium dichloride), Bay 11-7082, and the monoclonal antibody
against B-actin were obtained from Sigma. The nitrocellulose
membrane for Western blot was obtained from Bio-Rad. Rabbit
polyclonal antibodies against phosphorylated p38 MAPK and
MKK3/6, total p38 MAPK, MKK3, and MKK6 were purchased
from Cell Signaling Technology (Danvers, MA). Goat anti-rab-
bit IgG and sheep anti-mouse IgG were obtained from Jackson
ImmunoResearch Laboratories (West Grove, PA). The Super-
Signal chemiluminescent detection kit was purchased from
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Pierce. The DuoSet ELISA kit for IL-8 was obtained from R&D
Systems (Minneapolis, MN). The NF-«B oligonucleotide was
purchased from Promega (Madison, WT).

Cell Culture and Treatments—The retinal pigment epithelial
cellline ARPE-19 (40) was obtained from ATCC. The cells were
routinely maintained at 37 °C under 5% CO, and cultured in
DMEM supplemented with 10% FBS and containing 100
units/ml penicillin G and 100 pg/ml streptomycin. Before
treatment, confluent cell monolayers were rinsed once with
phosphate-buffered saline and fresh medium was added. For
proteasome inhibition studies, MG132 and epoxomicin were
prepared in DMSO at 10 mum and diluted to 10 (MG 132) and 5
uM (epoxomicin) in the cell medium immediately before use.
Cells were incubated with proteasome inhibitors for different
periods of time as indicated in the figure legends. The p38
MAPK inhibitor SB203580 was prepared in DMSO at 10 mm
and then diluted to 10 um in the cell medium immediately
before use. The NF-«B inhibitor Bay 11-7082 was prepared in
DMSO at 20 mM and then diluted to 10 uMm in the cell medium
immediately before use.

Exposure to H,O,, Paraquat, or Tert-Butylhydroperoxide
(TBH)—Subconfluent ARPE-19 cells were incubated in serum-,
pyruvate-, and phenol red-free DMEM containing 4.5 g/liter
glucose in the presence of the indicated concentrations of
H,0,, paraquat, or TBH for 1 h. The cells were then collected
and proteasome activity was determined using a fluorogenic
peptide as substrate. For IL-8 secretion studies, the cells were
exposed to different concentrations of H,O,, paraquat, or TBH
as described above. After a 1-h incubation, cells were rinsed
with phosphate-buffered saline and allowed to recover for 8 hin
DMEM containing 10% FBS, pyruvate, and phenol red.

Exposure to A2E and Blue Light—ARPE-19 cells devoid of
endogenous lipofuscin were grown to confluence and then cul-
tured in DMEM with 10% heat-inactivated fetal calf serum and
0.1 mM nonessential amino acid solution with or without 10 um
A2E for 2 weeks. The medium was changed twice a week. With
this protocol, A2E accumulates in the lysosomal compartment
of the cells (41). For blue light exposure, the medium was
replaced with phosphate-buffered saline containing calcium,
magnesium, and glucose and exposed to 430-nm light delivered
from a tungsten halogen source (430 = 20 nm for 15 min at 2.62
milliwatt/cm?). The cells were then cultured in DMEM with
1% fetal calf serum for another 6 h. The medium was col-
lected to determine IL-8 levels and the cells were collected
for proteasome activity assay. Controls included cultures
that had neither accumulated A2E nor been exposed to blue
light, cells that accumulated A2E only or that had only been
exposed to blue light. All the control cells were cultured in
the same way as the cells that had accumulated A2E and were
exposed to blue light.

Proteasome Activity Assay—ARPE-19 cells were lysed in 25
mM Tris-HCl buffer, pH 7.6. The chymotrypsin-like activity of
the proteasome was determined using the fluorogenic peptide
succinyl-Leu-Leu-Val-Tyr-amidomethylcoumarin (LLVY-
AMC) as a substrate (42). The mixture, containing 20 ul of cell
supernatant in 25 mm Tris-HCL, pH 7.6, was incubated at 25 °C
with the peptide substrate (LLVY-AMC at 25 um) in a buffer
containing 50 mm Tris-HCI, pH 8.0, 100 mm NaCl, 5mM EDTA,
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RESULTS

FIGURE 1. Oxidative stress increases IL-8 production by RPE. ARPE-19 cells were cultured in serum-, pyru-

vate-, and phenol red-free DMEM in the presence of different concentrations of H,0, for 1 h (panel A), or in the
presence of different concentrations of paraquat for 1 h (panel B) and allowed to recover for 8 h in DMEM
containing 10% FBS, pyruvate, and phenol red. Alternatively, ARPE-19 cells were treated with blue light, A2E, or
AZ2E plus blue light as indicated under “Experimental Procedures” (panel C). Levels of IL-8 in the medium were
detected by ELISA and expressed as -fold changes in response to oxidative stress. The results are the mean *
S.D. of three independent experiments. *, p < 0.01 as compared with the control group; #, p < 0.01 as com-

pared with blue light or A2E alone.

1 mm EGTA, 3 mMm NaNj, and 0.04% CHAPS. The final volume
of the assay was 200 ul. Rates of reactions were measured in a
temperature-controlled microplate fluorometric reader. Exci-
tation/emission wavelengths were 380/440 nm. Proteasome
activity was defined as the portion of peptidase activity in the
cell extracts that was inhibited by 20 um MG132, a potent pro-
teasome inhibitor.

Western Blot Analysis—Whole cell lysates were prepared for
Western blot analysis. After treatment, cells were rinsed once
with ice-cold phosphate-buffered saline supplemented with 2
mM sodium orthovanadate, a phosphatase inhibitor, and imme-
diately collected in SDS loading buffer. Cell lysates were then
denatured at 100 °C for 5 min. Equal amounts of protein (50 or
100 ug/lane) were resolved on 10-12% SDS-polyacrylamide
gels and transferred to nitrocellulose membranes. Membranes
were probed with rabbit polyclonal antibodies against phos-
phorylated p38 MAPK and MKK3/6, total p38 MAPK, MKK3,
and MKK6, or mouse monoclonal antibody against B-actin.
After incubation with the corresponding horseradish peroxi-
dase-conjugated secondary antibodies, the specific bound anti-
body was visualized using Super Signal chemiluminescent
detection kit.

Enzyme-linked Immunosorbent Assay (ELISA)—Levels of
IL-8 secreted into the medium by RPE were determined by
ELISA. The medium was diluted 10 times to determine IL-8
levels. All ELISAs were performed according to the manufac-
turer’s instructions.

Real Time RT-PCR—Total RNA extraction from ARPE-19
cells and real time RT-PCR analysis were performed as
described (27). For IL-8, the forward primer was: 5'-AAAC-
CACCGGAAGGAACCAT-3' and the reverse primer was:
5'-CCTTCACACAGAGCTGCAGAAA-3'. Levels of GAPDH
were used for normalization of the total amount of mRNA. For
quantification of GAPDH mRNA, the forward primer was
5'-ATCACCATCTTCCAGGAGCGA-3" and the reverse
primer was 5'-CCTTCTCCATGGTGGTGAAGAC-3'".

Preparation of Nuclear Extracts and Electrophoretic Mobility
Shift Assays—Nuclear extract preparations and DNA-binding
assays were performed as previously described (43). The NF-«B
DNA-binding double-stranded oligonucleotide used was
5'-AGTTGAGGGGACTTTCCCAGGC-3'. Specific DNA
binding complex of NF-kB was identified as the band that dis-
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H,O,, Paraquat, or A2E-medi-
ated Photooxidation Increases Pro-
duction of IL-8 by RPE—A number
of studies indicate that oxidative
stress and inflammation are
involved in the dysfunction of RPE
and in the pathogenesis of AMD (1,
4). To investigate the potential link between oxidative stress
and inflammation, we determined the effect of oxidative stress
on secretion of IL-8, a proinflammatory cytokine. First, we
assessed the effect of H,O, exposure on the secretion of IL-8 by
RPE. As shown in Fig. 14, incubation of ARPE-19 cells with
H,O, increased secretion of IL-8 in a dose-dependent manner.
Exposure of ARPE-19 cells to 500 um H,O, for 1 h resulted in a
2-fold increase in the secretion of IL-8 (Fig. 14). We then deter-
mined the effect of paraquat, a superoxide generator (44), on
the secretion of IL-8. The results show that exposure of
ARPE-19 cells to 500 and 1000 uM paraquat for 1 h significantly
increased the production of IL-8 (Fig. 1B), but exposure to
lower concentrations of paraquat (<200 um) had no detectable
effect on IL-8 secretion (Fig. 1B). To further confirm the rela-
tionship between oxidative stress and up-regulation of IL-8, we
evaluated the effect of A2E-mediated photooxidation on secre-
tion of IL-8. Whereas exposure to blue light alone had little
effect on IL-8 production, accumulation of A2E alone signifi-
cantly increased IL-8 secretion as compared with the control
(Fig. 1C). However, the combination of accumulation of A2E
and blue light exposure further increased the secretion of IL-8
(Fig. 1C). Similar to the increase in IL-8 proteins in the medium,
the mRNA levels of IL-8 in the cells also dramatically increased
in response to these types of oxidative stress (Fig. 2). However,
the extents to which IL-8 mRNA levels increased in response to
oxidative stress were much greater than the increase in IL-8
proteins in the medium. Previous genomic and proteomic anal-
yses found that for a substantial number of genes the absolute
amount of protein in the cell is not strongly correlated to the
amount of mRNA (45, 46). Whereas the levels of mRNA are
mainly controlled by the transcription activity and mRNA sta-
bility, the levels of proteins reflect mRNA level, translation effi-
ciency, and posttranslational modification and degradation.
Secretion efficiency may also control the IL-8 levels in the
medium. Taken together, these data suggest that physiologi-
cally relevant sources of oxidative stress lead to an up-regula-
tion of IL-8 in RPE. These data are consistent with previous
reports showing that oxidative stress stimulates IL-8 produc-
tion in several cell types (47—50). Furthermore, the data show
that accumulation of A2E alone also induced the secretion of
IL-8, although it did not cause detectable oxidative damage,
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FIGURE 2. Oxidative stress increases IL-8 mRNA levels. ARPE-19 cells were cultured in serum-, pyruvate-, and
phenol red-free DMEM in the presence of different concentrations of H,O, for 1 h (panel A), or in the presence
of different concentrations of paraquat for 1 h (panel B) and allowed to recover for 8 h in DMEM containing 10%
FBS, pyruvate, and phenol red. Alternatively, ARPE-19 cells were treated with blue light, A2E, or A2E plus blue
light as indicated under “Experimental Procedures” (panel C). The cells were lysed in situ and total RNA was
extracted. Levels of mRNA for IL-8 were assessed by real-time RT-PCR analysis. GAPDH mRNA was used as a
control to normalize the total MRNA levels. The results are the mean = S.D. of three independent experiments.
Asterisk indicates p < 0.01 and double asterisk indicates p < 0.001 as compared with the control group; #, p <
0.001 as compared with blue light or A2E alone.
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FIGURE 3. Oxidative stress impairs proteasome activity in RPE. ARPE-19 cells were cultured in serum-,
pyruvate-, and phenol red-free DMEM in the presence of different concentrations of H,O, for 1 h (panel A) or in
the presence of different concentrations of paraquat for 1 h (panel B). Alternatively, ARPE-19 cells were treated
with blue light, A2E, or A2E plus blue light as indicated under “Experimental Procedures” (panel C). Proteasome
activity was determined using a fluorogenic peptide as a substrate as described under “Experimental Proce-
dures.” The results are the mean * S.D. of three independent experiments. p < 0.01 as compared with the

motrypsin-like peptidase activity of
the proteasome (Fig. 3C). The tryp-
sin-like and peptidylglutamyl pep-
tide hydrolase peptidase activities of
the proteasome were also inhibited
by these levels of oxidative stress (37).
The correlation between oxidative
inactivation of the proteasome and
increased IL-8 production suggests
that oxidative impairment of the UPP
could be a potential link between oxi-
dative stress and enhanced produc-
tion of IL-8 by RPE cells. Consistent
with this speculation, we found that
treatment of the cells with TBH, a
lipophilic oxidant, did not inactivate
the proteasome, nor did it increase
IL-8 production (Fig. 4). In fact, TBH
treatment decreased the expression
and secretion of IL-8 (Fig. 4, Band C).
The decline in expression and secre-
tion of IL-8 upon TBH treatment
might be due to direct inhibition of
the transcription machinery and the
secretion system, because the mRNA
and protein levels of other genes, such
as vascular endothelial growth factor,
also decreased upon treatment with

control group.

indicating that the expression and secretion of IL-8 are regu-
lated by both oxidative and non-oxidative mechanisms.

H,0,, Paraquat, or A2E-mediated Photooxidation Inacti-
vates the Proteasome in RPE—The UPP plays important roles in
the regulation of many transcription factors and gene expres-
sion in response to various stimuli. Previous studies showed
that inhibition of the proteasome results in an increase in IL-8
production in other cell types (51-55) and that extensive oxi-
dative stress can impair the function of the UPP (32-37, 56). To
test whether oxidation-induced proteasome inactivation could
be the potential mechanistic link between oxidative stress and
the enhanced production of IL-8 by RPE cells, we determined
the effect of oxidative stress on proteasome activity in ARPE-19
cells. As predicted, exposure of RPE cells to H,O, resulted in a
dose-dependent decrease in the proteasome activity (Fig. 2A4).
The proteasome in ARPE-19 cells was inhibited by H,O, con-
centrations as low as 50 uM in the medium. The chymotrypsin
activity of the proteasome was inhibited by 40% when the cells
were exposed to 500 um H,O, for 1 h (Fig. 34). Consistently,
exposure of ARPE-19 cells to paraquat also resulted in a dose-
dependent inhibition of the proteasome. The chymotrypsin
activity of the proteasome was inhibited by 10, 50, and 70%,
respectively, when the cells were exposed to 200, 500, and 1000
uM paraquat for 1 h (Fig. 3B). Furthermore, A2E-mediated pho-
tooxidation also led to inactivation of the proteasome. Accu-
mulation of A2E alone or exposure to blue light alone had little
effect on proteasome activity. However, exposure of A2E-
loaded cells to blue light resulted in a 60% decrease in the chy-
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TBH (data not shown).

Inhibition of the UPP Alters IL-8
Production in a Biphasic Manner—The data above suggest that
oxidative impairment of the UPP could be a mechanistic link
between oxidative stress and enhanced production of IL-8 by
RPE cells. To further corroborate this potential link, we directly
tested the effect of proteasome inhibition on the production of
IL-8 by RPE cells. As shown in Fig. 54, IL-8 mRNA levels
increased in a time-dependent manner after proteasome inhi-
bition, starting as early as 2 h. In untreated cells, IL-8 levels in
the medium increased in a time-dependent manner (Fig. 5B),
indicating that RPE cells continuously secrete this chemokine,
which accumulates in the medium. Unlike the effect on mRNA
levels, the effect of proteasome inhibition on secretion of IL-8
was biphasic. Short-term (up to 4 h) inhibition of the protea-
some reduced the secretion of IL-8. However, long-term (6 h or
longer) proteasome inhibition stimulated the secretion of IL-8
by as much as 3-fold (Fig. 5B). Treatment of ARPE-19 cells with
epoxomicin, another specific inhibitor of the proteasome,
resulted in a similar effect on the secretion of IL-8 (Fig. 5C). To
further confirm that impairment of the proteaseome is a trigger
for the up-regulation of IL-8 secretion, we determined the dose-
dependent relationship between proteasome inhibitors and
IL-8 production. We found that when the proteasome was
inhibited 40% or more by 1-10 um MGI132 or 0.5-5 um
epoxomicin for 8 h, there was a dose-dependent increase in IL-8
secretion (supplemental Fig. S1). However, when the cells were
treated with 0.1 uMm MG132 or 0.05 uM epoxomicin for 8 h,
which resulted in 5-10% inhibition of the proteasome, there
was no detectable effect on IL-8 secretion (supplemental Fig.
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FIGURE 4. TBH does not inhibit the proteasome, nor does it stimulate IL-8 production. ARPE-19 cells were
cultured in serum-, pyruvate-, and phenol red-free DMEM in the presence of different concentrations of TBH for
1 h. The chymotrypsin-like activity of the proteasome was determined (panel A). After recovery in normal
medium for 8 h, levels of MRNA for IL-8 were assessed by real-time RT-PCR analysis (panel B) and IL-8 concen-
trations in the medium were determined by ELISA (panel C). The results are the mean = S.D. of three independ-
ent experiments. Asterisk indicates p < 0.05.

b
m
O

B 8 & 8 8
IL-8 secretion (fold)

=
.
IL-8 secretion (fold)
= MW ks~ 0w

IL-8 mRNA levels (fold)

o

] 2 4 B
Time of exposure to MG132 (hour)

4 a8
Time of exposure to MG132 (hour)

Time of exposure to epoxomicin {hour)

FIGURE 5. Proteasome inhibition differentially regulates IL-8 production in RPE. ARPE-19 cells were cul-
tured in the presence of MG132 for 0, 2, 4, and 8 h (panels A and B) or in the presence of epoxomicin for 4 and
8 (panel C). Levels of mRNA for IL-8 were assessed by real-time RT-PCR analysis (panel A). GAPDH mRNA was
used as a control to normalize the total mMRNA levels. Levels of IL-8 in the medium were detected by ELISA
following incubation of ARPE-19 cells in the presence or absence of MG132 for 4 or 8 h (panel B) or in the
presence or absence of epoxomicin (panel C) for 4 or 8 h. The results are the mean = S.D. of three independent

NF-kB DNA-binding activity lasted
longer in the presence of a protea-
some inhibitor and relatively higher
DNA-binding activity of this tran-
scription factor could still be
detected in the nuclei 4 h after
changing the medium (Fig. 6C,
compare lane 3 with lane 1, and D).
By 8 h after changing the medium
NE-kB DNA-binding activity was
undetectable both in the presence
or absence of proteasome inhibitor
(Fig. 6C).

As shown in other types of cells,
NF-«kB DNA-binding activity in-
creased significantly upon stimula-
tion with TNFa« (Fig. 6E, lanes I and
2). The signal decreased after 1 h of
TNFa treatment, but it was still
detectable by 8 h of incubation (Fig.
6E, lane 4). Treatment with a pro-
teasome inhibitor substantially
attenuated the TNFa-induced acti-
vation of NF-«B (Fig. 6E, compare
upper panel with lower panel).

Because NF-«B can regulate IL-8

experiments. *, p < 0.001 as compared with the control.

S1). Furthermore, expression of K6W-ubiquitin, a dominant
negative inhibitor of the UPP (57), in ARPE-19 cells also
resulted in a 2-fold increase in IL-8 secretion (supplemental Fig.
S2). These data indicate that inhibition of the proteasome, or
impairment of the UPP, can affect the production of IL-8 at
multiple levels, such as transcription, translation, and secre-
tion, and therefore the net effect of proteasome inhibition on
IL-8 production may vary, depending on the duration of pro-
teasome inhibition.

Differential Regulation of Signal Transduction Pathways
by the UPP and Their Roles in Controlling the Production of
IL-8—The expression of IL-8 is controlled by various tran-
scription factors and signaling pathways, such as NF-«B, AP-1,
and p38 MAPK (58 — 60), and many of these are regulated by the
UPP (61, 62). To elucidate the molecular link between protea-
some inhibition and altered secretion of IL-8, we first evaluated
the effect of proteasome inhibition on NF-«B activation. As
shown in Fig. 64, NF-«B was activated by changing the medium
and DNA-binding activity peaking between 1 and 2 h after addi-
tion of fresh medium. NF-«B DNA-binding activity was barely
detectable 8 h after changing the medium (Fig. 6A). To study
the effect of proteasome inhibition on NF-kB activation, we
compared the NF-«kB DNA-binding activity at 0.5-, 1-, 4-, and
8-h time points. When proteasome activity was inhibited by
MG132, the NF-«kB DNA-binding activity in the nuclei
decreased by ~50% as compared with control cells at 0.5 and
1 h after changing the medium (Fig. 6B, compare lanes 3 and 4
with lanes 1 and 2, respectively). NF-«kB DNA-binding activity
was barely detectable in the control cells 4 h after changing the
medium (Fig. 6, C, lanes 1 and 2, and D). Surprisingly, the
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expression, we hypothesized that

the attenuated activation of NF-xB
by proteasome inhibition might account for the initial decline
in the production of IL-8 observed under these conditions. To
test this possibility, we first evaluated the effect of a NF-«B
inhibitor on the expression of IL-8. Indeed, treatment of
ARPE-19 cells with Bay 11-7082, an inhibitor of NF-«B activa-
tion, decreased the secretion of IL-8 by 70% (Fig. 6F). To further
corroborate the involvement of NF-«B in the regulation of IL-8
production, we evaluated the effect of TNFe, a potent activator
of NF-«B, on the secretion of IL-8. As predicted, levels of IL-8 in
the medium increased dramatically upon incubation of
ARPE-19 with TNF« (Fig. 6G). Even in the presence of TNFq,
proteasome inhibition reduced the production of IL-8 during
the first 4 h of treatment (Fig. 6G), which is consistent with the
inhibition of NF-«B activation (Fig. 6E). However, after 8 h, the
proteasome inhibitor was no longer able to reverse the effect of
TNFa on IL-8 production (Fig. 6G), even though it still reduced
TNFa-induced NF-«B DNA-binding activity (Fig. 6E).

As shown in Fig. 3C, although loading A2E alone did not
inhibit the proteasome, it increased IL-8 expression and secre-
tion moderately. To test whether the effect of A2E on IL-8
secretion was related to NF-«B activation, we determined the
DNA-binding activity of NF-«B under these conditions. As pre-
dicted, exposure to blue light alone increased NF-kB DNA-
binding activity slightly, whereas loading A2E alone signifi-
cantly increased the DNA-binding activity of this transcription
factor (Fig. 6H). However, when the cells were loaded with A2E
and exposed to blue light, the NF-kB DNA-binding activity
decreased (Fig. 6H). This may be due to oxidative inactivation
of the proteasome (Fig. 3C).
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FIGURE 6. Proteasome inhibition alters NF-«B activation. ARPE-19 cells were cultured in fresh medium for 0,0.25, 0.5, 1, 2, 4, and 8 h to study the time course
of NF-kB activation (panel A). To study the effect of proteasome inhibition on NF-«B activation, the cells were cultured in the presence or absence of MG132 for
30 and 60 min (panel B) or 4 and 8 h (panel C), nuclear extracts were prepared, and electrophoretic mobility gel shift assays were performed for NF-kB binding
(panels A-C). Time 0 is when the medium was changed. The specific DNA binding complexes of NF-«B were identified as the band that disappeared in the
presence of 50-fold excess of cold oligonucleotide competitor in the binding assay (panel A, lane 8, and panels B, C, E, and H, lane 5). The relative NF-«B binding
activities in panels Band C were quantified by densitometry (panel D). The effects of TNFa and proteasome inhibition on NF-«B activity are shown in panel E. The
effects of a NF-«kB inhibitor (panel F) or a NF-«B activator (panel G) on IL-8 production was determined by ELISA. ARPE-19 cells were exposed to blue light alone,
accumulated A2E alone, or accumulated A2E and exposed to blue light. After 3 h recovery in normal medium, NF-«B activity was determined in the nuclear
extracts (panel H). The figure is representative of three independent experiments with similar results. *, p < 0.001 as compared with the control; **, p < 0.001

as compared between cells treated with TNFa alone and cells treated with TNFa plus MG132.

Proteasome Inhibition Activates p38 MAPK in RPE—The
above data suggest that the impaired activation of NF-«kB may
contribute to the initial decrease in IL-8 production upon pro-
teasome inhibition, but the sustained activation of this pathway
could only partially explain the enhanced production of IL-8
upon prolonged inhibition of the UPP. To search for the alter-
native signal transduction pathways that account for the up-
regulation of IL-8 upon prolonged proteasome inhibition, we
examined the effect of proteasome inhibitors on activation of
the p38 MAPK pathway. The p38 MAPK has been shown to
regulate IL-8 gene expression by stabilizing its mRNA (58, 59,
63), and p38 MAPK could be activated upon various stresses,
including proteasome inhibition (64—67). To investigate the
signaling pathways involved in the up-regulation of IL-8 pro-
duction, we determined the effects of proteasome inhibition on
p38 MAPK activation. As shown in Fig. 7A, phosphorylated p38
was barely detectable in control cells. Short-term inhibition of
the proteasome had no detectable effect on p38 MAPK phos-
phorylation. However, inhibiting the proteasome for 4 h or lon-
ger resulted in the accumulation of phosphorylated p38 MAPK
(Fig. 7A, compare lanes 6 and 7 with lanes 3 and 4, respectively).

20750 JOURNAL OF BIOLOGICAL CHEMISTRY

To correlate the oxidative inactivation of the proteasome
with p38 MAPK activation, we determined the effect of A2E-
mediated photooxidation on the levels of phosphorylated p38
MAPK in ARPE-19 cells. Whereas accumulation of A2E alone
or exposure to blue light alone had little effect on p38 MAPK
phosphorylation (Fig. 7B, compare lanes 2 and 3 with lane 1),
accumulation of A2E and exposure to blue light together dra-
matically increased the levels of phosphorylated p38 MAPK
(Fig. 7B, compare lane 4 with lanes 1-3). In contrast, the total
amount of p38 MAPK did not change in any of the experimen-
tal conditions. These data indicate that oxidative stress can lead
to activation of p38 MAPK, probably via inactivation of the
proteasome.

Inhibition of the p38 MAPK Blocks the Proteasome Inhibition-
induced Up-regulation of IL-8—The data above suggest that
long-term proteasome inhibition up-regulates IL-8 and acti-
vates p38 MAPK in RPE. To further test the causal relationship
between p38 MAPK activation and up-regulation of IL-8 in
response to long-term proteasome inhibition, we evaluated the
effect of a p38 MAPK inhibitor on IL-8 production after 8 h of
proteasome inhibition. As shown in Fig. 84, proteasome inhi-
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determined the effect of protea-
some inhibition on the activation of
MKK3 and MKK®6, the upstream
kinases involved in the activation of
p38 MAPK (68-71). In control
cells, the levels of phospho-MKK3/6
were barely detectable (Fig. 7C,
lanes 1-4). Proteasome inhibition
resulted in an increase in phospho-
MKK3/6 levels, without signifi-
cantly affecting the levels of total
MKK3 or MKKG6 (Fig. 7C, compare
lanes 5-7 with lanes 2-4, respec-
tively). These data indicate that
proteasome-dependent activation
of MKK3 and MKKG®6 are likely to be
among the upstream events that
lead to p38 activation and increased
production of IL-8 in RPE cells.

DISCUSSION

Emerging evidence indicates that
oxidative stress and inflammation
play an important role in the patho-
genesis of AMD and many other
age-related degenerative diseases
(1, 2, 12). Oxidative stress can trig-
ger inflammation (13) and this can,
in turn, exacerbate the generation of
reactive oxygen species. IL-8 is a
major inflammatory and angiogenic
chemokine (58) and the up-regula-
tion of IL-8 in response to oxidative
stress may be an important link
between oxidative stress and
inflammation (47-50, 72, 73). Eluci-
dation of the molecular mecha-
nisms by which oxidative stress up-
regulates IL-8 would help us to
better understand the relationship
between oxidative stress and
inflammation.

Because the UPP is involved in
regulating a number of signal trans-

bition up-regulated IL-8 gene expression by 15-fold. Remark-
ably, SB203580, a p38 MAPK inhibitor, was able to completely
reverse the IL-8 mRNA up-regulation induced by proteasome
inhibition. Even in control cells, SB203580 led to a decrease in
IL-8 gene expression in RPE cells. Consistent with the effect on
mRNA levels, proteasome inhibition dramatically increased
secretion of IL-8 by RPE cells (Fig. 8B), and this effect was com-
pletely abolished in the presence of the p38 MAPK inhibitor.
These data strongly suggest that the activation of p38 MAPK
plays a major role in the up-regulation of IL-8 following long-
term proteasome inhibition.

Proteasome Inhibition Activates MKK3/6 in RPE—To deter-
mine the upstream events that trigger the activation of p38
MAPK in response to long-term proteasome inhibition, we
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duction pathways and its activity can be compromised upon
oxidative stress (32-37, 56), we hypothesized that oxidative
inactivation of the UPP is a potential mechanistic link between
oxidative stress and overexpression of IL-8 in RPE cells. The
data presented in this paper support this hypothesis by showing
that several physiologically relevant oxidative stressors inacti-
vated the proteasome and increased the production of IL-8,
whereas an oxidative stressor that did not inactivate the protea-
some also failed to stimulate the production of IL-8. Moreover,
prolonged inhibition of the proteasome also stimulated the
production of IL-8. The differential regulation of NF-«B and
p38 MAPK signal transduction pathways appears to be respon-
sible for the altered expression of IL-8 upon proteasome inhi-
bition. Whereas the inhibition of NF-kB activation may play a
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role in the decreased secretion of IL-8 upon short-term protea-
some inhibition, p38 MAPK appears to be the major pathway
involved in the enhanced IL-8 production in response to long-
term proteasome inhibition, because inhibition of this pathway
can completely block the up-regulation of IL-8 induced by pro-
teasome inhibitors. This conclusion is consistent with previous
reports that documented the activation of p38 MAPK in
response to proteasome inhibitors in other types of cells (64—
67). Furthermore, A2E-mediated photooxidation in RPE cells
also activated p38 MAPK and enhanced production of IL-8 in a
manner comparable with that observed upon proteasome inhi-
bition. Thus, it is conceivable that physiologically relevant oxi-
dative stress, such as photooxidation, may increase IL-8 by acti-
vating the p38 MAPK signaling pathway via inhibiting the
proteasome. However, we cannot rule out the possibility of
other pathways being involved in this up-regulation. For exam-
ple, it has been shown that phosphatidylinositol 3-kinase/Akt is
involved in the regulation of the IL-8 gene in various cell types
(74-76), and that Akt can also be regulated by the UPP (66,
77-79).

We also found that proteasome inhibition activates MKK3
and MKKS6, the upstream kinases for p38 MAPK. Consistent
with our data, a previous report showed that proteasome inhi-
bition results in the activation of MKK3/MKKS6 (64). It is plau-
sible that proteasome inhibition activates p38 MAPK via acti-
vation of MKK3/MKK6. However, proteasome inhibition may
also activate p38 MAPK via a MAPKK-independent mecha-
nism. Transforming growth factor-B-activated protein kinase 1
(TAK1)-binding protein 1 has also been reported to activate
p38 MAPK (80) and TAK1 is regulated by the UPP (81, 82).

Previous reports on the effects of proteasome inhibition on
IL-8 expression are controversial. Although some reports
showed that proteasome inhibitors down-regulate IL-8 (83—
85), others showed an increase in IL-8 expression and secretion
(51-55). The present work reconciles these apparently conflict-
ing reports by demonstrating that proteasome inhibition regu-
lates IL-8 production in a time-dependent manner. That is,
short-term inhibition of the proteasome reduces IL-8 secretion
via inhibition of NF-«B activation, whereas long-term protea-
some inhibition stimulates the production of IL-8 through acti-
vation of p38 MAPK. Therefore, the net effect of proteasome
inhibition in the production of IL-8 depends on the duration of
the proteasome inhibition. We also found that accumulation of
A2E, the major fluorophore and photosensitizer of lipofuscin,
in ARPE-19 cells stimulated the production of IL-8 in an oxida-
tion-independent manner. It appears that activation of NF-«B
pathway is one of the molecular mechanisms by which A2E
promotes the expression and secretion of IL-8 (Fig. 6H).

This study provides, for the first time, a novel molecular link
between oxidative stress and inflammation. Oxidative inactiva-
tion of the proteasome and the subsequent alterations in several
signaling pathways, such as NF-«B and p38 MAPK, are plausi-
ble mechanisms that underlie the oxidative stress-induced up-
regulation of IL-8, one of the most potent proinflammatory and
proangiogenic chemokines. Given the function of the UPP in
regulating IL-8, vascular endothelial growth factor and MCP-1
in RPE cells (27) and the roles of these chemokines and growth
factor in the pathogenesis of AMD (38, 39, 86), impairment of
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the UPP in RPE could significantly contribute to the develop-
ment of AMD. Thus, protecting the UPP from oxidative inac-
tivation may become a valid therapeutic strategy for prevention
of AMD and other age- and inflammation-related diseases.
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