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PURPOSE. To determine the signal mediators involved in gly-
cated human serum albumin (GHSA) stimulation of interleukin
(IL)-8 and monocyte chemotactic protein (MCP)-1 secretion in
human retinal pigment epithelium (hRPE) cells.

METHODS. hRPE cells were stimulated by GHSA in the presence
or absence of a series of kinase inhibitors. The induced IL-8 and
MCP-1 mRNA and proteins were determined by reverse tran-
scription–polymerase chain reaction (RT-PCR) and enzyme-
linked immunosorbent assay (ELISA). Western blot analysis,
electrophoretic mobility shift assay, and immunohistochemical
staining were used to analyze activation of signaling mediators
and transcription factors.

RESULTS. Incubation of hRPE cells with GHSA resulted in rapid
activation of Raf-1, extracellular signal-regulated protein ki-
nases (ERK) 1/2, p38, and the transcription factor nuclear
factor (NF)-kB. Coincubation of hRPE cells with the mitogen-
activated protein (MAP) kinase (MEK) inhibitor U0126; NF-kB
inhibitors BAY11-7085, caffeic acid phenethyl ester (CAPE),
parthenolide, and curcumin; protein kinase (PK)C inhibitor
Ro318220; and protein tyrosine kinase (PTK) inhibitor
genistein largely eliminated most of the stimulated production
of IL-8 and MCP-1. Combined inhibition of MEK by U0126, p38
by SB202190, and Janus kinase (jak) by AG490 revealed that
GHSA stimulation of IL-8 production was predominately medi-
ated by MEK and to a lesser extent by p38 pathways, whereas
activation of MEK, p38, and jak was required for maximal
MCP-1 induction. Moreover, GHSA-stimulated IL-8 secretion
was more sensitive to U0126 (50% inhibitory concentration
[IC50] 5 0.5 mM) than MCP-1 (IC50 5 10 mM).

CONCLUSIONS. GHSA stimulates hRPE IL-8 and MCP-1 production
through divergent and overlapping, but not identical, intracel-
lular signaling cascades. GHSA induces activation of a series of
kinases including PKC, PTK, MAPK, p38, and jak and the
transcription factor NF-kB. The Raf/MAPK pathway plays an
essential role in GHSA signaling. (Invest Ophthalmol Vis Sci.
2001;42:1660–1668)

Human retinal pigment epithelium (hRPE) and underlying
Bruch’s membrane form the outermost layer of the blood–

retina barrier. One of the major roles of hRPE cells in ocular
diseases is to express various cytokines and growth factors.1,2

When stimulated, hRPE cells are programmed to release a
number of chemokines, including interleukin (IL)-8 and mono-

cyte chemotactic protein (MCP)-1.3–6 It has been shown that
IL-8 is a chemoattractant, an activator for neutrophils and
eosinophils, and a mediator of angiogenesis.7,8 We have previ-
ously described the increase of IL-8 in the vitreous of eyes with
proliferative diabetic retinopathy.9,10 MCP-1 is capable of acti-
vating lymphocytes and monocytes, causing monocyte/macro-
phage infiltration in tissues.11,12 It is involved in the inflamma-
tory response and tissue repair processes. IL-8 and MCP-1 are
produced by a wide variety of human cells including hRPE
cells.4,5

Various stimuli, such as IL-1b, tumor necrosis factor
(TNF)-a, and glycated human serum albumin (GHSA), have
been shown to stimulate hRPE IL-8 and MCP-1 secretion.3–5

GHSA is a glycation adduct. Protein glycation occurs in both
normal and hyperglycemic serum when glucose nonenzymat-
ically attaches to lysine residues of the proteins and forms
labile Schiff base intermediates that undergo Amadori rear-
rangement and lead to the relatively stable early adducts ke-
toamine or fructosamine.13 Depending on the protein turnover
rate and ambient glucose concentration, the early glycated
proteins may eventually form irreversible advanced glycation
end products (AGEs). Glycated proteins are drastically in-
creased under hyperglycemic conditions. The plasma levels of
GHSA may vary from normal (400 mg/ml) to diabetic (1000
mg/ml).14

The enhanced protein glycation can be observed in exper-
imental diabetes mellitus. A close correlation has been found
between plasma glucose content and the degree of albumin
glycation.14 Therefore, the amount of glycated albumin has
been taken as an index of short- to intermediate-term inte-
grated glycemic control.15 Increasing evidence has suggested
that early glycated albumin is not just an index of glycemia or
the precursor of AGEs. By itself, it may have important direct
impacts on cellular functions and thus may play a pathophys-
iological role in microvascular complications of diabetic ne-
phropathy and retinopathy.3,16–19 The pathophysiological role
of early glycated albumin is further evidenced by the finding of
existence of specific receptors for early glycated albu-
min.20,21–24 These receptors differentially bind Amadori-modi-
fied glycated albumin, but not AGEs, suggesting that the func-
tional role of early glycated albumin may differ from that of
AGEs. For example, the early and the advanced glycation prod-
ucts differently affect retinal microvascular cell growth.18

Our previous studies have shown that early glycation ad-
ducts of human serum albumin upregulate chemokine gene
expression and protein synthesis in hRPE and keratocytes.3,25

When exposed to GHSA, hRPE cells actively secrete IL-8 and
MCP-1. The stimulated expression of IL-8 is synergized by
costimulation with TNF-a.26 In addition to ocular cells, early
glycated albumin has been demonstrated to be the causative
factor in stimulation of transforming growth factor (TGF)-b
gene expression in glomerular mesangial cells.17,27,28 Results
from our and other laboratories support our hypothesis that
early glycated albumin is a plasma-born factor directly involved
in diabetic complications and other diseases.
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The cellular signaling pathways involved in early glycated
albumin–induced expression of cytokines are largely un-
known. Recently, Cohen et al.17 have demonstrated that pro-
tein kinase C (PKC)-b is the mediator for early glycated albu-
min–stimulated expression of extracellular matrix proteins in
mesangial cells. The signaling pathways for GHSA-stimulated
hRPE chemokine expression have not been characterized. In
this study, we use a pharmacological approach to delineate the
signaling pathways for GHSA stimulation of IL-8 and MCP-1
gene expression. We found that mitogen-activated protein ki-
nase (MAPK), also referred to as extracellular signal-regulated
protein kinase (ERKs p42 and p44) is the major pathway
involved in stimulation of IL-8 and MCP-1 production by GHSA
in hRPE cells.

MATERIALS AND METHODS

Materials

GHSA, which contains 1 to 5 moles of fructosamine per mole albumin,
was purchased from Sigma (St. Louis, MO). The GHSA used in our
study was made by incubation of human serum albumin (HSA) with
glucose for less than a week, followed by purification to exclude
residual contamination with AGEs as described by Baynes et al.29 No
measurable AGEs in these products were determined in our laboratory
by fluorescence assay (from 360 to 600 nm) with excitation at 370
nm30 or 350 nm.31 Western blot analysis with anti-glycated albumin
(Exocell, Philadelphia, PA) and anti-AGEs (Wako Chemicals, Rich-
mond, VA) also indicated that the GHSA used in this study did not
contain significant amounts of AGEs (Fig. 1). The signal transduction
inhibitors used in this study are summarized in Table 1. Bovine albumin
AGEs were prepared by incubation of bovine albumin under sterilized
conditions, as previously described.30

Cell Isolation and Culture

hRPE cells were isolated as previously described from donor eyes
obtained from the Midwest Eye Bank within 24 hours of death.5 In
brief, the hRPE cells were isolated from Bruch’s membrane after a
1-hour incubation with papain (5 U/ml). The hRPE cells were cultured
in Dulbecco’s modified essential medium (DMEM) containing 15% fetal
bovine serum, penicillin G (100 U/ml), streptomycin sulfate (100
mg/ml), and amphotericin B (0.25 mg/ml). As described in our previous
studies, our preliminary experiments were run in three independent
hRPE cell lines with different passage numbers (four to six). Most of
the inhibitor stocks were made in dimethyl sulfoxide (DMSO); there-
fore, the same amount of DMSO (vehicle) was added to untreated cells.
Within the amount of DMSO used in this study, no stimulation of IL-8
and MCP-1 secretion was observed (data not shown).

Enzyme-Linked Immunosorbent Assay

The levels of immunoreactive IL-8 and MCP-1 in the hRPE supernatants
were determined by a modification of a double-ligand enzyme-linked
immunosorbent assay (ELISA) method, as previously described.3

Briefly, 96-well microtiter plates were coated with rabbit anti-IL-8 or
MCP-1 antibodies for 20 hours at 4°C. Nonspecific binding sites were
blocked with 2% bovine serum albumin. Diluted supernatants from
hRPE cultures (50 ml) were added and incubated for 1 hour. The plates
were then subjected to sequential incubations with biotinylated rabbit
anti-cytokine (1:1000) for 45 minutes and streptavidin-peroxidase con-
jugate for 30 minutes. A chromogen substrate (OPD) was added, and
the plates were incubated to the desired extinction and the reaction
was terminated with 3 M H2SO4. Absorbance for each well at 490 nm
was read in an ELISA reader. Standards included half-log dilution of
corresponding cytokine concentrations ranging from 1 pg to 100
ng/well. This ELISA method consistently detected cytokine concentra-
tions higher than 10 pg/ml in a linear fashion.

Western Blot Analysis

For preparation of whole-cell extract, the hRPE cells were lysed with
lysing buffer containing 50 mM HEPES (pH 7.4), 1% Triton X-100, 0.15
M sodium chloride, 10% glycerol, 1.5 mM magnesium chloride, 1 mM
EDTA, and a mixture of protease inhibitors. After sonication and
centrifugation, total cell lysate was obtained. The nuclear extracts
were made as previously described.32 Briefly, the hRPE cells were
harvested and then resuspended in buffer A32 (10 mM HEPES [pH 7.9],
10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol [DTT],
and 1 mM phenylmethylsulfonyl fluoride [PMSF]) and incubated for 15
minutes on ice. Nonidet P-40 was added to a final concentration of
0.5%, and the mixture was vortexed vigorously for 20 seconds. After 1
minute on ice, nuclei were pelleted by centrifugation at 8000 rpm for
30 seconds. The pelleted nuclei were extracted at 4°C for 1 hour with
buffer C32 (20 mM HEPES [pH 7.9], 400 mM KCl, 1 mM EDTA, 1 mM
EGTA, 1 mM DTT, and 1 mM PMSF) before centrifugation at 15,000
rpm for 10 minutes at 4°C. The supernatants were used as nuclear
extracts. The protein concentrations of both extracts were determined
with a commercial kit (Sigma).

Western blot analysis of the cellular extracts from hRPE cells fol-
lowed the manufacturer’s procedure. Briefly, samples containing 10 to
20 mg of proteins were analyzed by sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis (SDS-PAGE), and then were electrotrans-
ferred to nitrocellulose membranes. For signal protein detection, sam-
ples were blocked with a solution of Tris-buffered saline containing 5%
dry milk and 0.05% Tween-20 (TBST) at 4°C overnight, probed with
appropriate rabbit polyclonal antibodies, and washed three times in
TBST. Next, The membranes were incubated with horseradish peroxi-
dase–conjugated polyclonal anti-rabbit secondary antibody for 1 hour
at room temperature and washed three additional times with TBST.
The membrane was then visualized using an enhanced chemilumines-

FIGURE 1. Western blot analysis of GHSA, HSA, AGE, and BSA. One
(A) or 5 (B) mg of proteins were loaded on gels and subjected to
Western blot analysis.

TABLE 1. Inhibitors Used in the Study

Inhibitor Protein Target

U0126 MEK
PD98059 MEK
SB202190 P38
AG490 jak2
Genistein PTK,PKC
Herbimycin A PTK
Ro318220 PKC
Calphostin C PKC
Curcumin NIK*
Parthenolide IkB-a,b
BAY 11-7085 IkB-a
CAPE NF-kB

* Inhibits a signal upstream from NIK.44
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cent (ECL) technique, according to the manufacturer’s instructions.
Quantitation was performed by computer with commercial software
(ImageQuant; Molecular Dynamics, Sunnyvale, CA).

Electrophoretic Mobility Shift Assay

The Dig Gel Shift kit (Roche Molecular Biochemicals, Indianapolis, IN)
was used for detecting sequence-specific DNA-binding proteins in the
gel shift assays. The probes were end-labeled with digoxigenin-11-
ddUTP. The labeled DNA fragments containing the NF-kB binding site
in the IL-8 promoter region (59-GCAAATCGTGGAATTTCCTCTGA-39
and 59-GTCAGAGGAAATTCCACGATTTG-39)10 were incubated with
the hRPE nuclear extracts (1 mg) for 15 minutes at 37°C. The reaction
contained poly[d(I-C)] in the absence or presence of a 125-fold excess
of unlabeled oligonucleotide for specific competition. The mixture
was then transferred to an 8% polyacrylamide gel for gel electrophore-
sis. After electrophoretic separation, the oligonucleotide–protein com-
plexes were transferred by electroblotting to positively charged nylon
membranes. The digoxigenin-labeled DNA fragments were visualized
by an enzyme immunoassay using anti-digoxigenin antibody.

Reverse Transcription–Polymerase
Chain Reaction

For reverse transcription–polymerase chain reaction (RT-PCR), total
RNA was extracted from confluent cultures of hRPE cells by using
TRIzol reagent (Gibco, Grand Island, NY), according to the manufac-
turer’s procedure. The extracted RNA was quantified by absorbance at
260 nm, after which 5 mg was used to make cDNA. The cDNA
synthesis reaction was set up according to the protocol of the manu-
facturer (Gibco). Specific cDNA was amplified by 35 PCR cycles at
94°C for 1 minute, 55°C for 1 minute, and 72°C for 2 minutes. The PCR
reaction for human IL-8 contained 0.2 ml of 300 ng/ml each of the
sense (59-AAGCTGGCCGTGCTCCTCTTG-39) and anti-sense (59-AGC-
CCTCTTCAAAAACTTCTC-39) probes, and 1 ml of solution from previ-
ous reverse transcription. To ensure that an equal amount of template
was used in each amplification reaction, human b-actin sense primer
was used.

Immunocytochemistry

The immunochemical staining was performed according to manufac-
turer’s protocol from (ABC Kit; Vector, Burlingame, CA). Nearly con-
fluent hRPE cells were fixed with methanol. The cells were incubated
with primary rabbit polyclonal antibody to NF-kB (p65) at 4°C over-
night (1:200). The cell-bound antibody complexes were then visual-
ized by development in the substrate solution containing 3,39diamino-
benzidine (DAB) to yield a red-brown reaction product. A dilution of
normal rabbit serum containing the same concentrations of nonspe-
cific IgG as primary antibody and anti-NF-kB/p65 to unstimulated hRPE
cells served as a negative control.

Statistical Analysis

The mean chemokine concentration 6 SEM was determined for each
assay condition. Various assay conditions were compared using Stu-
dent’s t-test, and P , 0.05 was considered to be statistically significant.

RESULTS

Involvement of MAPK, p38, and Janus Kinase
(jak) Pathways in GHSA Signaling

As with our early observation,3 early glycated proteins such as
GHSA, not nonglycated HSA, stimulated hRPE to actively se-
crete IL-8 and MCP-1 (Fig. 2). It has been shown that MAPK
plays an important role in AGE signaling.33,34 Therefore, we
first determined whether activation of ERK1/2 is also required
for GHSA stimulation of IL-8 and MCP-1 production. Nearly
confluent RPE cells were preincubated for 0.5 hours with
U0126 (0.01–20 mM) and PD98059 (50 mM), two specific
inhibitors of MAPK kinase (MEK). After preincubation, the
cells were challenged with 500 mg/ml of GHSA for 24 hours.
ELISA assays showed that U0126 induced a dose-dependent
inhibition of both IL-8 and MCP-1 production (Figs. 2A, 2B).
However, the 50% inhibitory concentration (IC50) for inhibi-
tion of RPE IL-8 production was 0.5 mM—approximately 50
times lower than that of MCP-1 (10 mM). At the highest con-
centration of U0126 used in this study (20 mM), there were

FIGURE 2. GHSA-induced hRPE IL-8
(A, C) and MCP-1 (B, D) production.
The hRPE cells were pretreated with
either U0126 (0.01, 0.1, 1, 10, or 20
mM) and PD98059 (50 mM; A, B), or
U0126 (20 mM), SB202190 (30 mM),
AG490 (50 mM), and their combina-
tion (C, D) for 30 minutes (U0126,
PD98059), 2 hours (SB202190), or 13
hours (AG490), followed by coincu-
bation with 500 mg/ml of GHSA for
24 hours. GHSA-untreated cells were
incubated with the same concentra-
tion of nonglycated HSA. The media
were collected and subjected to
ELISA. *P , 0.05; **P , 0.01; ***P ,
0.001, compared with GHSA-stimu-
lated control.
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80% and 69% inhibitions of IL-8 and MCP-1 secretion, respec-
tively. The differential inhibition of IL-8 at low concentrations
of U0126 further suggests that GHSA signaling leading to stim-
ulation of MCP-1 may differ from that of IL-8. Similar results
were obtained with MEK inhibitor PD98059. The inhibition of
IL-8 and MCP-1 secretion by 50 mM of PD98059 was 75% and
48%, respectively.

Cellular stress response has been thought to be associated
with AGE signaling. Two subclasses of MAP kinases are asso-
ciated with cellular stress response: (1) p38 (HOG) kinase and
c-Jun N-terminal kinase (JNK)/stress–activated MAP kinase
(SAPK), and (2) Janus kinase (jak) signal transducers and acti-
vators of transcription (STAT) pathway. Of these pathways at
least the jak2–STAT1/STAT3 signal transduction pathway is
necessary for AGE-induced cellular mitogenesis in NRK-49F
cells.35 To assess whether stress-activated protein kinases p38
and jak are involved in GHSA signaling, SB202190 (30 mM), a
specific p38 inhibitor, and tyrphostin AG490 (50 mM), a spe-
cific jak2 inhibitor, were used to block GHSA stimulation. As
seen in Figure 2C, SB202190 alone resulted in a moderate
inhibition of IL-8 production (26%), whereas no additive effect
was observed when SB202190 was coincubated with the most
potent MEK inhibitor U0126. This result suggests that ERK and
p38 may be involved in parallel pathways leading to a common
downstream mediator that is predominately activated by MEK.

Involvement of p38 in GHSA signaling was further sup-
ported by Western blot analysis showing that p38 protein was
phosphorylated when stimulated by GHSA (Fig. 3D). In con-
trast, AG490 either alone or in combination with MEK or p38
inhibitors, did not show statistically significant inhibition of
IL-8 expression. On the other hand, GHSA stimulation of MCP-1
appeared to be equally inhibited by inhibitors of MEK, p38, and
jak. Treatment with U0126, SB202190, or AG490 alone inhib-
ited MCP-1 secretion by 56%, 41%, and 38%, respectively (Fig.
2D). Simultaneous use of these three compounds or use of
U0126 plus SB202190 almost completely abolished GHSA-in-
duced MCP-1 secretion (97% and 100%, respectively). These
results suggest that GHSA stimulation of MCP-1 expression is
mediated by at least three signaling pathways, ERK1/2, p38,
and jak, in clear contrast to the predominant mediation of IL-8
expression by ERK1/2.

GHSA Activation of Mitogen-Activated Protein
Kinase (MAPK) through Raf-1 Pathway

Ras and Raf are known to be the two upstream signal mole-
cules that activate MAPK kinase MEK and then activate
ERK1/2. To prove that GHSA activates the typical Raf-1/MAPK
signaling pathway, hRPE cells were incubated with GHSA at
concentrations from 250 to 2000 mg/ml. The cell lysates were
harvested at 10 or 30 minutes after stimulation and then im-
munoblotted with anti-ERK1/2 or anti-phospho-specific
ERK1/2 antibodies. Activation of ERK1/2 was estimated by
normalizing phosphorylated ERK1/2 with phosphorylation-in-
dependent ERK1/2 on Western blot analysis. As shown in
Figure 3B, phosphorylated ERK1/2 was barely detectable in
unstimulated cells. After stimulation by GHSA, a time- and
dose-dependent increase in ERK activation was observed (Figs.
3B, 3C). GHSA activation of ERK1/2 was observed as early as 10
minutes after stimulation. Longer incubation of the cells with
GHSA for 30 minutes enhanced phosphorylation of ERK1/2 by
8.7-fold. GHSA at concentrations of 500, 1000, and 2000 mg/ml
enhanced phosphorylation of ERK1/2 by 1.6-, 2.3-, and 2.5-fold
compared with that obtained with 250 mg/ml GHSA. As with
stimulated IL-8 production by GHSA,3 activation of ERK1/2
reached a plateau when GHSA concentrations were higher
than 1000 mg/ml. The enhanced phosphorylation of ERK1/2 by
GHSA was abolished by 20 mM of the MEK inhibitor U0126
(Fig. 3C).

Our previous studies have shown that stimulation of IL-8
secretion by GHSA is at transcription level. To correlate acti-
vation of MEK with stimulation of IL-8 production, the hRPE
cells were cultured in media containing HSA, GHSA, or GHSA
plus U0126 or PD98059. Figure 3A illustrates that hRPE IL-8
mRNA was induced by GHSA. U0126 and PD98059 resulted in
a reduced steady state level of IL-8 mRNA that was induced by
GHSA, suggesting a close correlation between activation of
ERK1/2 and stimulation of IL-8 gene expression.

To determine whether activation of ERK1/2 by GHSA is
through Raf, a phospho-specific Raf-1 antibody was used to
measure the level of Raf-1 activation by GHSA. When hRPE
cells were incubated with GHSA at 500 and 2000 mg/ml for 30
minutes, the induced phosphorylation of Raf-1 by GHSA was
markedly increased (Fig. 3D), suggesting that GHSA-induced
ERK1/2 activation is mediated by the Raf/MAPK signaling
pathway.

GHSA Activation of NF-kB

NF-kB is one of the transcription factors involved in IL-8 and
MCP-1 gene expression.36–39 To determine involvement of
NF-kB in GHSA-stimulated hRPE IL-8 and MCP-1 expression,
four approaches were used in this study. First, hRPE monolay-
ers were stained immunohistochemically by anti-NF-kB. In un-

FIGURE 3. RT-PCR of GHSA-induced IL-8 mRNA (A) and Western blot
analysis of GHSA-induced activation of ERK1/2, p38, and Raf-1 in hRPE
cells (B, C, and D). The cells were treated with 500 mg/ml of HSA or
GHSA in the presence or absence of PD98059 (50 mM) and U0126 (20
mM) for 6 hours, and total mRNA was isolated. For Western blots of
proteins from cell lysates, anti-ERK1/2, anti-active ERK1/2, anti-p38,
anti-active-p38, and anti-active Raf-1 were used. GHSA-untreated cells
were incubated with the same concentration of nonglycated HSA. The
cells were pretreated with U0126 for 30 minutes before GHSA stimu-
lation. The concentrations of GHSA and U0126 were as indicated.
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stimulated cells, NF-kB was not detected in nuclei (Fig. 4A). In
contrast, nuclear translocation of NF-kB was evident after hRPE
cells were treated with 500 mg/ml of GHSA for 3 hours (Fig.
4B). When preimmune serum was used in place of anti-NF-kB
antibody for treating hRPE cells, no staining was observed (Fig.
4C). Second, three inhibitors BAY 11-7085, caffeic acid phen-
ethyl ester (CAPE), and parthenolide for activation of NF-kB
were tested. BAY 11-7085 inhibits IkBa phosphorylation.40

CAPE is a potent and specific inhibitor of NF-kB activation.41

Parthenolide is one of the sesquiterpene lactones (SLs) ob-
tained from certain Mexican Indian medicinal plants, and it
prevents the induced degradation of IkBa and IkBb.42 Before
stimulation, the nearly confluent hRPE cells were preincubated
with CAPE for 2 hours and with BAY 11-7085 and parthenolide
for 1 hour. The cells were then challenged by GHSA (500
mg/ml) for 24 hours. Supernatants were collected for ELISA
analysis of IL-8 and MCP-1. As shown in Table 2, all these
inhibitors completely blocked hRPE IL-8 and MCP-1 protein
production. Third, Western blot analysis of nuclear extracts
was used as a reliable readout of NF-kB activation.43 As shown
in Figure 4A, in as little as 3 hours after exposure to GHSA (500
mg/ml), the p65 subunit NF-kB appeared in nuclear extracts,

whereas NF-kB was not detectable in nuclear extracts from
unstimulated cells. Because activation of the NF-kB family of
transcription factors is regulated principally by phosphoryla-
tion and subsequent degradation of the inhibitory I-kBa sub-
unit, we further assessed the relative levels of IkBa in treated
and untreated cells. As we expected, after exposure to GHSA
(500 mg/ml), IkBa was rapidly degraded (Fig. 5B). Fourth, we
measured activation of NF-kB by using an electrophoretic mo-
bility shift assay. Binding of specific probes to the NF-kB–
binding site of the promoter region in the IL-8 gene was
observed 3 hours after induction with GHSA (500 mg/ml;
Fig. 5C).

Moreover, to further analyze the role of NF-kB activation in
GHSA signaling, curcumin was added to GHSA-stimulated cells.
Curcumin has been demonstrated to block a signal leading to

FIGURE 4. Immunohistochemical detection of NF-kB nuclear translo-
cation in cultured hRPE cells. hRPE cells were exposed to 500 mg/ml
of GHSA (B, C) or 500 mg/ml of HSA (A) for 3 hours. Cells in (A) and
(B) were stained with rabbit anti-human NF-kB antibody (1:200). Cells
in (C) were stained with normal rabbit serum serving as primary
antibody. GHSA-untreated cells were incubated with the same concen-
tration of nonglycated HSA.

TABLE 2. Effect of NF-kB Inhibitors on GHSA-Induced IL-8 and MCP-1
Secretion by hRPE Cells

Stimulus/Inhibitor IL-8 MCP-1

Control (HSA) 0 0.86 6 0.21
GHSA 28.68 6 0.84 117.7 6 3.81
GHSA/parthenolide 0* 0.27 6 0.13*
GHSA/BAY 11-7085 0* 0.19 6 0.11*
GHSA/CAPE 0* 0.71 6 0.33*

Data are expressed in nanograms/milliliter. The hRPE cells were
pretreated or untreated with parthenolide (50 mM) or BAY 11-7085 (40
mM) for 1 hour or CAPE (25 mg/ml) for 2 hours. GHSA (500 mg/ml) was
then added. The media were collected 24 hours after hRPE exposure
to GHSA. IL-8 and MCP-1 were determined by ELISA.

* P , 0.0001, compared with GHSA alone.

FIGURE 5. GHSA-induced activation of NF-kB in hRPE cells. The cells
were treated with 500 mg/ml of HSA or GHSA for 30 minutes (IkBa) or
3 hours (NF-kB). The cells were harvested, and nuclear as well as
cytosol extracts were prepared. Western blot analysis of proteins from
extracts were detected for NF-kB or IkBa by corresponding antibodies
(A). For electrophoretic mobility shift assay, the nuclear extracts (1 mg)
were incubated with digoxigenin-11-ddUTP–labeled oligonucleotides
corresponding to the conserved NF-kB-binding site of the IL-8 pro-
moter region and were resolved by gel electrophoresis. A 125-fold
excess of the unlabeled oligonucleotides was added for the competi-
tion. The arrow above indicates the retarded DNA-protein complexes
of NF-kB (B).
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activation of NF-kB–inducing kinase (NIK).44,45 Our results
showed that curcumin reduced production of IL-8 and MCP-1
in a dose-dependent manner. At a 20-mM concentration, cur-
cumin inhibited IL-8 and MCP-1 production by 68% and 51%,
respectively, whereas at 50 mM, IL-8 and MCP-1 production by
hRPEs was totally blocked (Fig. 6). We noted with interest that
concomitantly with its inhibitory effect on IL-8 and MCP-1
production, curcumin almost completely abolished activation
of ERK1/2. This suggests that curcumin may also suppress
GHSA-activation of ERK through the signal upstream from
NIK.45

PKC and Protein Tyrosine Kinase in
GHSA-Induced Chemokine Secretion

To determine the role of PKC and protein tyrosine kinase
(PTK) in GHSA-stimulated expression of hRPE IL-8 and MCP-1,
the PKC-specific inhibitors Ro318220 (10 mM) and calphostin
C (125 nM) and the PTK inhibitors genistein (25 mg/ml) and
herbimycin A (10 mM) were used to treat hRPE cells. Ro318220
and calphostin C reduced GHSA-stimulated IL-8 and MCP-1
secretion by 90% and 31% and by 92% and 54%, respectively
(Fig. 7). Genistein and herbimycin A reduced 88% and 56% of
IL-8 and 90% and 52% of MCP-1 production, respectively (Fig.
7). Because MEK inhibitors reduced the GHSA-stimulated che-
mokine induction, it was of interest to know whether the
reduction in GHSA-induced chemokine production by PKC and
PTK inhibitors is mediated through activation of Raf-1/MAPK.
In this experiment, activation of ERK1/2 by GHSA was deter-
mined in the presence or absence of Ro318220 (10 mM) and
genistein (25 mg/ml). As shown in Figure 7, genistein and

Ro318220 did not block GHSA-induced ERK1/2 phosphoryla-
tion, suggesting that PKC and PTK act independently of
ERK1/2 activation in GHSA signaling.

DISCUSSION

Ocular neovascularization, blood vessel leakage and leukocytic
infiltration into the choroid and retina are commonly seen in a
number of retinal and choroidal diseases. It has been thought
that hRPE cells may play an important role in these pathophys-
iological processes by actively secreting a wide variety of
chemoattractants, such as IL-8 and MCP-1.1,2 These chemo-
kines can be induced by a variety of factors including serum-
derived factors such as GHSA. Our studies have shown that
GHSA is an important candidate responsible for these pro-
cesses among serum-derived factors. It is generally believed
that hyperglycemia is the major contributing factor leading to
the development of diabetic retinopathy.46 The link between
hyperglycemia-associated excessive glycation and develop-
ment of proliferative diabetic retinopathy (PDR) has been sug-
gested by several observations.46,47 The pathologic role of
glycated protein is further evidenced by the findings that low-
ering glycohemoglobin through improving blood glucose con-
trol results in a beneficial impact on diabetic retinopathy.48

Because of retinal or choriocapillaris vascular leakage, circulat-
ing glycated serum proteins may accumulate in extracellular
spaces or be locally formed after the leakage.49 Plasma GHSA is
markedly elevated in patients with diabetes. The enhanced

FIGURE 6. Effect of curcumin on GHSA-stimulated production of IL-8
and MCP-1 and activation of ERK1/2 in hRPE cells. The cells were
pretreated with corresponding curcumin for 30 minutes and then
costimulated with 500 mg/ml of GHSA for 30 minutes (Western blot
analysis) or 24 hours (ELISA). The secretion of IL-8 and MCP-1 was
determined by ELISA. Unstimulated cells were treated with the same
concentration of HSA. For Western blot analysis of GHSA (500 mg/ml)-
and curcumin (20 mM)-treated cells, anti-ERK1/2 and anti-active
ERK1/2 were used. GHSA-untreated cells were incubated with the
same concentration of nonglycated HSA. *P , 0.05; **P , 0.01; ***P ,
0.001, compared with GHSA-stimulated control.

FIGURE 7. Inhibition of GHSA-stimulated IL-8 and MCP-1 production
and ERK1/2 activation in hRPE cells by Ro318220, calphostin C,
genistein, and herbimycin A. The cells were pretreated with corre-
sponding inhibitors for 4 hours (Ro318220), 2 hours (herbimycin A), 1
hour (genistein), and 0.5 hours (calphostin C) before costimulation
with 500 mg/ml of GHSA for 30 minutes (Western blot analysis) or 24
hours (ELISA). In control cells GHSA was replaced by HSA. The con-
ditioned media were used for ELISA detection of IL-8 and MCP-1. The
cell lysates were used for Western blot analysis of activation of ERK1/2.
*P , 0.05; **P , 0.01; ***P , 0.001, compared with GHSA-stimulated
control.
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microcapillary permeability may further cause direct hRPE–
GHSA contact.

hRPE IL-8 and MCP-1 are induced by various factors such as
IL-1b, TNF-a, and GHSA and to a lesser extent by lipopolysac-
charide (LPS).3–5 Either GHSA produced in vitro (this and our
previous studies) or GHSA purified from plasma (Exocell; data
not shown) strongly induced hRPE cells to produce IL-8 and
MCP-1. To ensure that the observed stimulation was not due to
contamination of IL-1b and TNF-a in the GHSA preparations or
by an autocrine mechanism, a few pretests were included. Our
previous studies have demonstrated that IL-1b2 and TNF-a–
mediated IL-8 and MCP-1 secretion is sensitive to inhibition by
specific neutralizing antibodies, whereas under the same con-
ditions GHSA-induced IL-8 and MCP-1 secretion is unchanged.3

In addition, the ELISA used in this study is able to detect
concentrations (10–50 pg/ml) of IL-1b and TNF-a much lower
than those required to stimulate the same levels of hRPE IL-8
and MCP-1 secretion by 500 mg/ml of GHSA. These experi-
ments thus exclude stimulation by IL-1b and TNF-a and an
autocrine mechanism responsible for the observed stimulation
by GHSA. We have also demonstrated substantial inhibition of
LPS-induced IL-8 and MCP-1 secretion by polymyxin B. How-
ever, the same concentration of polymyxin B does not affect
the induction of hRPE IL-8 and MCP-1 production by GHSA,
suggesting that the observed stimulation by GHSA is not by LPS
contaminant.3

Cell activation in response to AGEs is associated with in-
creased expression of extracellular matrix proteins, vascular
adhesion molecules, cytokines, and growth factors.50 Activa-
tion of Ras/MAPK, JAK/STAT, nitric oxide synthase, transcrip-
tion factor NF-kB, and AP-1 has been linked to cell response to
AGEs.33–35,51–53 Although GHSA and AGEs represent different
developing stages of protein glycation, the receptors for early
glycation products have been shown to be distinct from that of
AGEs.20,22 In fact, AGE does not stimulate hRPE IL-8 and MCP-1
secretion (data not shown). Therefore, it was important in this
study to delineate the signaling pathways for GHSA stimulation
of hRPE IL-8 and MCP-1 production. As with AGEs, GHSA also
activates the Raf/MAPK pathway and transcription factor NF-
kB. Similar to AGE signaling, the JAK/STAT pathway is also
important for GHSA-stimulated MCP-1 production. However,
the JAK/STAT pathway is unlikely to be involved in GHSA
stimulation of IL-8 secretion. In addition, the p38 pathway has
not been linked to AGE signaling, whereas p38 is obviously
important for GHSA stimulation of IL-8 and MCP-1 expression.

Among the three known transcription factors AP-1, NF-IL-6,
and NF-kB for IL-8 gene expression, NF-kB represents the
major transcription factor in most cases.54 Similarly, activation
of NF-kB is required for MCP-1 gene expression in hRPE cells.55

Activation of NF-kB occurs in response to a wide variety of
stimuli such as IL-1b, TNFa, LPS and many other stress- or
injury-related factors.56 NF-kB is a pleiotropic transcription
factor that regulates activation of various inflammatory
genes.57–59 Our results show that GHSA enhances nuclear
translocation of NF-kB. Furthermore, NF-kB inhibition results
in concomitant blockade of GHSA-induced hRPE IL-8 and
MCP-1 gene expression.

MAPK pathways play a key role in a variety of cellular
responses, such as cell proliferation, differentiation, tumor
promotion, and cell death.60,61 The MAPK pathway has been
shown to be important for IL-8 production in many cell types
such as human monocytes and neutrophils stimulated by lipid-
associated membrane protein f (LAMPf),62 mast cells by aden-
osine,63 epithelial cells by bacterial or viral infection,64–66

endothelial cells by metals,67 and intercellular adhesion mole-
cule (ICAM)-168 and HL-60 cells by okadaic acid and orthovana-
date.69 The MAPK pathway has been shown not to be involved
in IL-8 expression by IgG-stimulated human peripheral blood

mononuclear cells.70 In contrast to IL-8, engagement of MAPK
in MCP-1 production has not been reported, and in a few
reports the MAPK pathway appears not to be required for
MCP-1 production.71,72 In the present study, GHSA stimulation
of IL-8 and MCP-1 production was closely correlated with
activation of Raf and ERK1/2. The MEK inhibitor U1026 abol-
ished 81% of GHSA-induced IL-8 and 73% of GSHA-induced
MCP-1 production. This inhibition is concomitant with abro-
gation of ERK1/2 activation. These results suggest that the
Raf/MAPK pathway may play an important role in GHSA sig-
naling, leading to activation of IL-8 and MCP-1 transcription in
hRPE cells.

Although Raf/MAPK activation and nuclear translocation of
NF-kB may represent the major pathway for GHSA signaling in
hRPE cells, the signal cascades leading to activation of IL-8 and
MCP-1 expression are rather complicated. First, although acti-
vation of p38 is required for both IL-8 and MCP-1 induction by
GHSA, p38 activation is more effective for inducing MCP-1 than
IL-8. The relative contribution of p38 to IL-8 expression may be
cell-type dependent. For example, in monocytes LPS- and os-
motic stress–stimulated IL-8 expression have been shown to be
entirely mediated by p38,73,74 whereas p38 is insufficient for
maximal stimulation of IL-8 production in other cells.63,75 Sec-
ond, jak activation appears to be involved in GHSA-induction of
MCP-1, but not of IL-8. Our data showed complete blockade of
GHSA-stimulated MCP-1 secretion by simultaneous administra-
tion of inhibitors for ERK1/2, p38, and jak2. This JAK/STAT-
dependent regulation of MCP-1 production is consistent with
the previous observations in mesangial cells stimulated by
leukemia inhibitory factor76 and in endothelial cells stimulated
by IL-13.77 The IL-8 production induced by GHSA was insensi-
tive to the jak2 inhibitor AG490 and was incompletely inhib-
ited by blocking ERK1/2 and p38 (76%), suggesting that there
might be a jak-independent mechanism underlying the remain-
ing 24% production of IL-8 in these cells. One possibility is that
AP-1 remains activated by GHSA through JNK/SAPK path-
way.54 Furthermore, in addition to NF-kB and AP-1, another
transcription factor for IL-8 gene expression is likely to be
concomitantly activated by GHSA. This factor may be NF-IL6,
because it is known to be involved in IL-8 gene expression in
other cell types.54 Finally, Ro318220, a specific inhibitor of
PKC, and genistein, a potent inhibitor of PTK, strongly inhib-
ited GHSA stimulation of IL-8 by 90% and 88%, and inhibited
GHSA stimulation of MCP-1 by 92% and 90%, respectively.
However, these two compounds had essentially no effect on
GHSA activation of ERK1/2, suggesting that there are PKC- and
PTK-dependent pathways downstream of MAPK.

That GHSA induces IL-8 and MCP-1 production by overlap-
ping but distinct pathways may explain our early findings that
show different kinetics for GHSA-induced IL-8 and MCP-1 ex-
pression.3 Results in this study taken together suggest that
GHSA stimulates hRPE IL-8 and MCP-1 production through
divergent signaling cascades that involve activation of a series
of kinases, including PKC, PTK, MAPK, p38, and jak, and
activation of at least one transcription factor, NF-kB. Activation
of the p42/p44 MAPK pathway may represent the major, but
not the only, pathway for GHSA stimulation of IL-8 and MCP-1
expression in hRPE cells.
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