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Dexamethasone, a synthetic corticosteroid, is widely
used as a potent anti-inflammatory drug in various dis-
eases including corneal angiogenesis. However, dexa-
methasone’s impact on interleukin (IL)-1�-dependent
inflammatory angiogenesis is unknown. Here, we show
that dexamethasone inhibits IL-1�-induced neovascu-
larization and the expression of the angiogenesis-re-
lated factors, vascular endothelial growth factor-A, KC,
and prostaglandin E2 in the mouse cornea 2 days after
IL-1� implantation. IL-1� caused I�B-� phosphorylation
in corneal stromal cells but not in infiltrated CD11b�

cells 2 days after IL-1� implantation. In contrast, both
cell types were positive for phosphorylated I�B-� 4 days
after IL-1� implantation. Dexamethasone significantly
inhibited I�B-� phosphorylation 2 and 4 days after
IL-1� implantation. Furthermore, dexamethasone in-
hibited IL-1�-induced expression of vascular endothe-
lial growth factor-A, KC, and prostaglandin E2, and sig-
naling of nuclear factor (NF)-�B in corneal fibroblasts in
vitro. A selective NF-�B inhibitor attenuated IL-1�-in-

duced corneal angiogenesis. These findings suggest
that NF-�B activation in the corneal stromal cells is an
important early event during IL-1�-induced corneal
angiogenesis and that dexamethasone inhibits
IL-1�-induced angiogenesis partially via blocking NF-�B
signaling. (Am J Pathol 2007, 171:1058–1065; DOI:

10.2353/ajpath.2007.070172)

Dexamethasone, a synthetic corticosteroid analogue, is a
potent anti-inflammatory drug that is used in the treat-
ment of various immune and inflammatory diseases, in-
cluding those of the eye. Folkman and Ingber1 reported
the anti-angiogenic function of a class of steroids, includ-
ing dexamethasone, which they named the angiostatic
steroids. The anti-angiogenic effect of dexamethasone
has been confirmed in various animal models.2,3 For
instance, Ishibashi and colleagues2 showed that dexa-
methasone reduces laser-induced subretinal neovascu-
larization in monkey. Furthermore, dexamethasone inhib-
its cauterization-induced corneal neovascularization.4

Despite the widespread use of dexamethasone and other
steroids in the clinical practice, little is known about the
detailed mechanisms by which these molecules exert
their anti-angiogenic effects in vivo.5
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The cornea, a transparent and avascular tissue, encom-
passes extracellular matrix, keratocytes,6 and leukocytes.7

Corneal neovascularization occurs in a number of corneal
disorders and causes significant loss of visual acuity. In
corneal diseases, a number of cytokines and growth factors
are up-regulated and induce infiltration of neutrophils, mac-
rophages, and lymphocytes.8 Infiltration of inflammatory
cells is often accompanied by an angiogenic response.
However, the mechanistic role of inflammatory cells in cor-
neal angiogenesis is only beginning to be understood.

Corneal stromal cells, known as keratocytes or corneal
fibroblasts, are normally quiescent but can readily re-
spond to injury and transit into activated phenotypes
under pathological conditions.6 After corneal injury, cor-
neal stromal cells are activated and migrate to the site of
injury.9 In fibroblast growth factor-2-implanted corneas,
stromal cells but not leukocytes express vascular endo-
thelial growth factor (VEGF).10 However, it is unknown
whether corneal stromal cells contribute to inflammation-
induced neovascularization.

Interleukin (IL)-1�, a multipotent cytokine, is critically
involved in the acute inflammatory response, activation of
inflammatory and antigen-presenting cells, chemotaxis,
up-regulation of adhesion molecules and costimulatory
factors on cells, and neovascularization.11 In the eye, IL-1
activity has been correlated with corneal neovasculariza-
tion.12,13 The expression of IL-1� in the cornea is in-
creased in various corneal diseases including chemical
burns14 and herpetic stromal keratitis.15–17 Previously,
we reported that IL-1� causes corneal angiogenesis by
inducing VEGF-A, COX-2/prostanoids, and CXC chemo-
kines (such as KC and MIP-2).18,19 Furthermore, IL-1�
induces infiltration of various inflammatory cells, includ-
ing neutrophils and macrophages into the cornea.19 We
demonstrated that infiltration of the CD11b� inflammatory
cells, a major source of angiogenic factors, is important in
IL-1�-induced corneal neovascularization.19 Dexametha-
sone blocks the transcription of inflammatory proteins by
prohibiting the activity of the transcription factor nuclear
factor (NF)-�B.20 NF-�B plays an important role in IL-1�-
related inflammatory diseases, including various corneal
diseases.21,22 Blockade of NF-�B reduces corneal epithe-
lial defects during healing in a model of corneal injury.21

However, it is unknown whether dexamethasone has an
impact on IL-1�-dependent angiogenesis. In this work we
investigate dexamethasone’s potential in inhibiting IL-1�-
induced angiogenesis and candidate mechanisms both
in vivo and in vitro.

Materials and Methods

Animals

All animal experiments were approved by the Committee
on the Ethics of Animal Experiments at the Kyushu Uni-
versity Graduate School of Medical Sciences and the
Animal Care Committee of the Massachusetts Eye and
Ear Infirmary. Male BALB/c mice, 6 to 10 weeks old, were
purchased from Kyudo (Saga, Japan) and Taconic
(Hudson, NY).

Corneal Micropocket Assay in Mice

BALB/c mice were anesthetized by intraperitoneal injec-
tion of pentobarbital sodium (60 mg/kg). Hydron pellets
(0.3 �l) containing 30 ng of human IL-1� (201-LB; R&D
Systems, Minneapolis, MN) were prepared and im-
planted into the corneas. Pellets were positioned at 1 mm
to the corneal limbus. Implanted eyes were treated with
Levofloxacin eye drops (Santen Pharmaceuticals, Osaka,
Japan) to prevent infection. Dexamethasone (5 mg/kg)
(D2915; Sigma Chemical Co., St. Louis, MO) was injected
intraperitoneally daily, starting 1 day before (�1) and
continued until the 5th day after implantation. A peptide
inhibitor of NF-�B, SN50 (P-600; Biomol International,
Plymouth Meeting, PA), or the control peptide SN50M
(P-601; Biomol International) was applied topically to IL-
1�-implanted eyes twice a day from days �1 to 5. Two, 4,
and 6 days after implantation, digital images of the cor-
neal vessels were obtained and recorded using View-
finder 3.0 (Pixera, San Jose, CA) or OpenLab software,
version 2.2.5 (Improvision Inc., Lexington, MA) with stan-
dardized illumination and contrast and were saved to
disks. The quantitative analysis of neovascularization in
the mouse corneas was performed using Scion Image
software (version 4.0.2; Scion Corp., Frederick, MD).

Isolation of the Cornea-Infiltrating Cells

On days 2 and 4 after IL-1� implantation, five corneas
including limbal vessel were harvested, pooled, and dis-
sected with microscissors. The tissues were then treated
twice at 37°C for 30 minutes with 0.5 mg/ml collagenase
type D (Boehringer-Mannheim, Indianapolis, IN) in RPMI
1640 medium (Life Technologies, Inc., Grand Island, NY)
containing 10% fetal calf serum (Life Technologies, Inc.),
10 mg/ml gentamicin, 50 �mol/L 2-mercaptoethanol, and
5 mg/ml HEPES buffer. The supernatants were collected,
passed through a stainless-steel mesh sieve, and washed
three times.

Flow Cytometry

Infiltrated cells into the cornea were stained with phyco-
erythrin-conjugated anti-CD11b mAb (1:50, RM2804;
Caltag Laboratory, Burlingame, CA) for 30 minutes on ice.
After washing with phosphate-buffered saline (PBS) twice,
flow cytometry was performed using the FACSCaliber sys-
tem (Becton-Dickinson, Mountain View, CA).

Enzyme-Linked Immunosorbent Assay (ELISA)
of VEGF-A, KC, MIP-2, and Prostaglandin E2 in
Mouse Corneas

Four corneas with or without dexamethasone treatment
were harvested at the indicated time points after pellet
implantation. The corneas were pooled in 200 �l of me-
dia, dissected with scissors, extracted with 200 �l of
Triton X-100 buffer (50 mmol/L HEPES, 150 mmol/L NaCl,
1% Triton X-100, and 10% glycerol containing 1 mmol/L
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phenylmethyl sulfonyl fluoride, 10 �g/ml aprotinin, 10
�g/ml leupeptin, and 1 mmol/L sodium orthovanadate),
and centrifuged. The supernatants were used in ELISA
kits (R&D Systems) for mouse KC (MKC00B), mouse
MIP-2 (MM200), mouse VEGF-A (MMV00), and prosta-
glandin E2 (PGE2; DE0100).

Immunohistochemistry

Mice were sacrificed under deep anesthesia with pentobar-
bital sodium (60 mg/kg i.p.). The eyes were harvested,
snap-frozen in optimal cutting temperature (OCT) com-
pound (Sakura Finetechnical, Tokyo, Japan), and 10-�m
sections were prepared, air-dried, and fixed in ice-cold
acetone for 10 minutes. The sections were blocked with 3%
skim milk and stained with anti-phospho-I�B-� (1:100, no.
9246; Cell Signaling, Beverly, MA) and anti-CD11b mAb
(1:100, 550282; BD Pharmingen, San Diego, CA). After an
overnight incubation, sections were washed and stained for
20 minutes with secondary antibodies (Abs) (Chemicon
International, Temecula, CA), fluorescein isothiocyanate-
conjugated goat anti-rat (1:100, AP136F), Cy5-conjugated
donkey anti-rabbit (1:100, AP182S), and Cy5-conjugated
goat anti-mouse (1:100, AP181S).

Cell Culture

Immortalized keratocytes from corneal stroma of C57BL/6
WT mice (MK/T-1 cells)23 were grown in low-glucose Dul-
becco’s minimum essential medium (no. 11885-084; Life
Technologies, Inc.), supplemented with 10% fetal bovine
serum at 37°C in 5% CO2.

Western Blot Analysis

After culture for 12 hours in serum-free medium with or
without the 100 nmol/L dexamethasone, MK/T-1 cells were
stimulated with 1 ng/ml IL-1� for 15 minutes (whole cell
lysates) or 30 minutes (nuclear extracts) at 37°C. After rins-
ing with ice-cold PBS, the cells were lysed in a mammalian
cell lysis kit (MCL1; Sigma Chemical Co.). Nuclear extracts
were prepared with a nuclear extract kit (no. 40010; Active
Motif, Carlsbad, CA). Lysates were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to Immobilon membranes (Millipore, Bedford,
MA). Blots were incubated with anti-I�B-� (1:1000, no.
9242; Cell Signaling), anti-phospho-I�B-� (1:1000, no.
9241; Cell Signaling), anti-phospho-NF-�B p65 (1:1000, no.
3033; Cell Signaling), anti-NF-�B p65 (1:1000, no. 3034;
Cell Signaling), or anti-�-tubulin (1:1000, ab11308; Abcam,
Cambridge, UK) and visualized with a secondary antibody
coupled to horseradish peroxidase (Amersham, Arlington
Heights, IL) and enhanced chemiluminescence system.

DNA-Binding Activity of NF-�B

After culture for 12 hours in serum-free medium with or
without the 100 nmol/L dexamethasone, MK/T-1 cells
were stimulated with 1 ng/ml IL-1� for 30 minutes at 37°C.

After preparation of whole cell lysates, the activity of
NF-�B p65 transcription in MK/T-1 cells was measured
using the Transfactor NF-�B p65 colorimetric kit (631930;
Clontech, Palo Alto, CA), which allows identification of
DNA-protein interactions.

Quantification of VEGF, KC, and PGE2

The concentrations of VEGF, KC, and PGE2 in the con-
ditioned media from MK/T-1 cells were measured using
ELISA kits as described previously.24 In brief, MK/T-1
cells were seeded in 24-well dishes at 2.5 � 104 cells in
a 2-ml volume per well, and when subconfluent, the me-
dium was replaced with serum-free medium for 24 hours,
with or without 100 nmol/L dexamethasone, with or with-
out 1 ng/ml IL-1� at 37°C.

Statistical Analysis

Comparisons were evaluated by the two-tailed unpaired
Student’s t-test. N-numbers per group were as indicated.
Data are presented as mean � SD. The differences be-
tween the groups were considered statistically significant
for values of P � 0.05.

Results

Dexamethasone Inhibits IL-1�-Induced
Angiogenesis in the Mouse Cornea

To investigate whether dexamethasone affects IL-1�-in-
duced angiogenesis, we implanted IL-1�-containing pel-

Figure 1. Dexamethsone’s effect on IL-1�-induced corneal neovasculariza-
tion. A: Hydron pellets containing 30 ng of IL-1� were implanted into the
corneas of male BALB/c mice treated with vehicle or various concentrations
of dexamethasone (Dex). B: Quantitative analysis of neovascularization was
performed on day 6 after implantation (*P � 0.01 versus untreated using the
two-tailed Student’s t-test). C: Photomicrographs from vessels in the prox-
imity of the sites of the pellets on days 2, 4, and 6 after implantation. D:
Quantitative analysis of IL-1�-induced corneal neovascularization in dexam-
ethasone-treated (n � 6) and control mice (n � 8) was performed on days
2, 4, and 6 (77.5, 78.2, and 75.7% reduction, respectively) (*P � 0.01).
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lets into the corneas of BALB/c mice, treated them with
different doses of dexamethasone or vehicle, and quan-
tified the amount of angiogenesis 6 days after implanta-
tion. Dexamethasone inhibited IL-1�-induced angiogen-
esis in a dose-dependent manner (Figure 1, A and B).
Five mg/kg dexamethasone completely blocked IL-1�-
induced angiogenesis on day 6 (Figure 1, A and B).
Furthermore, dexamethasone inhibited IL-1�-induced
corneal angiogenesis by 77.5, 78.2, and 75.7% on day 2
(P � 8 � 10�8, n � 6 and 8), day 4 (P � 9 � 10�6, n �
6 and 8), and day 6 (P � 3 � 10�8, n � 6 and 8),
respectively (Figure 1, C and D), suggesting that dexa-
methasone has an impact on IL-1�-induced corneal an-
giogenesis from an early stage.

Dexamethasone Inhibits IL-1�-Induced
Expression of Angiogenesis-Related Factors

To investigate whether dexamethasone changes the ex-
pression of angiogenesis-related factors, such as VEGF-
A25 and CXC chemokines26 (KC and MIP-2), we quanti-
fied these factors in corneas of mice during IL-1�-
induced angiogenesis. VEGF-A, KC, and MIP-2 levels
were significantly increased in IL-1�-implanted corneas
compared with those of controls on day 2 (P � 0.05, n �
3) (Figure 2, A–C). VEGF-A and KC protein levels were
significantly reduced by dexamethasone on day 2 (P �
0.004 and 0.03; n � 3 and 4, respectively) (Figure 2, A
and B). However, dexamethasone did not significantly
affect MIP-2 protein levels in IL-1�-implanted corneas
(P � 0.8, n � 3 and 4) (Figure 2C). Interestingly, dexa-
methasone increased KC protein levels in IL-1�-im-
planted corneas on day 4 (P � 0.03, n � 4). These
data show that dexamethasone inhibits IL-1�-induced

VEGF-A and KC but not MIP-2 expression 2 days after
implantation.

Furthermore, to examine whether dexamethasone im-
pacts IL-1�-induced PGE2 expression, we quantified its
concentration in corneal extracts by ELISA. Dexametha-
sone treatment showed a significant decrease in PGE2

levels 2 (P � 0.04, n � 3) and 4 days (P � 0.004, n � 7
and 8) after IL-1� implantation (Figure 2D).

Dexamethasone Inhibits IL-1�-Induced
Infiltration of CD11b� Cells

To examine the effect of dexamethasone on IL-1�-in-
duced infiltration of inflammatory cells, we quantified the
number of CD11b� cells in corneas of implanted animals
using flow cytometry and histology. Corneas from mice
treated with dexamethasone or vehicle control were har-
vested, and the percentage of CD11b� cells were deter-
mined by FACScan. The percentage of the infiltrating
CD11b� cells was increased to 55 � 10.9% and 28.1 �
9.9% on days 2 and 4 after IL-1� implantation, respec-
tively (Figure 3A). In comparison, the percentage of infil-
trating CD11b� cells in dexamethasone-treated mice
was 51.3 � 6.9% and 33.3 � 5.8% on days 2 and 4 after
IL-1� implantation, respectively (Figure 3A). There was
no statistical difference between the results in the dexa-
methasone-treated and untreated IL-1�-implanted mice
(P � 0.6, n � 4 on day 2; and P � 0.2, n � 7 and 8 on day
4). To analyze the effect of dexamethasone on the num-
ber of infiltrated CD11b� cells into corneas, we next
performed immunostaining for CD11b. On day 2, in cor-
neas of dexamethasone-treated mice significantly less
CD11b� cells were found when compared with those of
control mice (P � 0.05, n � 5), whereas there was no
significant difference between the number of CD11b�

cells in dexamethasone-treated and untreated control
(P � 0.8, n � 4 and 5). These data indicate that 5 mg/kg
dexamethasone inhibits IL-1�-induced infiltration of
CD11b� into cornea on day 2 but not day 4.

Dexamethasone Inhibits NF-�B
Activation of Stromal Fibroblasts in
IL-1�-Implanted Corneas

To elucidate the molecular events underlying the inhibition
of IL-1�-induced angiogenesis by dexamethasone, we ex-
amined whether dexamethasone affects NF-�B signaling in
IL-1�-implanted corneas. We performed immunohisto-
chemistry with Abs against CD11b and phosphorylated
I�B-�, a key signaling molecule upstream of NF-�B. Sur-
prisingly, I�B-� phosphorylation was observed mainly in
stromal cells (94 � 29.3 cells/field at �200) but not in the
CD11b� cells (13 � 4.69 cells/field) in IL-1�-implanted
corneas on day 2 (Figure 4, A and B). On day 4, most
(91.9 � 6.7%, n � 8) of CD11b� cells (38.8 � 14.0 cells/
field) as well as stromal cells (49.5 � 10.9 cells/field) were
positive for phosphorylated I�B-� (Figure 4, A and B). In
dexamethasone-treated mice, we observed infiltration of
CD11b� cells in corneas both on day 2 and day 4. On day

Figure 2. Kinetics of the levels of angiogenesis-related factors after IL-1� pellet
implantation. Lysates of four corneas with (black) or without (gray) Dex treatment
were prepared and individually assayed using VEGF (A), KC (B), MIP-2 (C), or PGE2

(D) ELISA at the indicated times (n � 3 to 8; *P � 0.05, **P � 0.01).
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2, phosphorylated I�B-� cells were not observed in dexa-
methasone-treated mice (Figure 4A). On day 4, some of
CD11b� cells were stained with Ab against phosphorylated
I�B-�, whereas CD11b� stromal cells were negative for
phosphorylated I�B-� (Figure 4, A and C). These results
show that IL-1� induces I�B-� phosphorylation mainly in
stromal cells but not infiltrated CD11b� cells on day 2
(Figure 4B, P � 6 � 10�6, n � 6) and in both CD11b� cells
and stromal cells on day 4 (Figure 4C) and that dexameth-
asone inhibits NF-�B signaling predominantly in the
CD11b� stromal cells (Figure 4C).

Dexamethasone Inhibits IL-1�-Induced NF-�B
Activation in Corneal Stromal Fibroblasts

To investigate the impact of dexamethasone on IL-1�-
induced expression of various angiogenesis-related fac-
tors and its relation to NF-�B signaling, we cultured cor-
neal stromal fibroblasts, MK/T1, and treated them with
dexamethasone or control and measured in these cells
the concentration of various angiogenic factors and
NF-�B activity. Dexamethasone significantly inhibited IL-

Figure 3. IL-1�-induced cell infiltration into the cornea. The analysis of
infiltrating cells obtained after IL-1� implantation and treatment with or
without dexamethasone (Dex) on days 2 and 4. A: FACS analysis (CD11b) of
infiltrating cells obtained from five IL-1�-implanted corneas treated with Dex
or control on day 2 (n � 4, A and B) and day 4 (n � 7 to 8, C and D). B:
Representative photomicrographs of CD11b-stained sections from IL-1�-
implanted corneas with or without Dex on days 2 and 4. C and D: Quanti-
fication analysis of the number of CD11b� cells from IL-1�-implanted cor-
neas treated with Dex or vehicle control on day 2 (C; 39.8% reduction, *P �
0.019) and day 4 (D, P � 0.8). Original magnifications, �200.

Figure 4. Histological detection of cell activation markers. A: Immunohisto-
chemical detection of CD11b (green) and phosphorylated I�B-� (red) in
IL-1�-implanted corneas of Dex or vehicle control-treated mice on days 2
and 4. B: The number of phospho-I�B-��CD11b� cells (white) and phos-
pho-I�B-��CD11b� cells (black) in the stroma of IL-1�-implanted corneas
on day 2 (n � 6, *P � 0.0001) and day 4 (n � 8, P � 0.1). Each value
represents the mean number of cells from six to eight randomly selected
microscopic fields � SD. C: Comparison of the number of phospho-I�B-
��CD11b� (white, 52.3% inhibition) or phospho-I�B-��CD11b� cells
(black, 92.1% inhibition) in IL-1�-implanted corneas with or without Dex
treatment (day 4, n � 8; *P � 0.01). Original magnifications, �200.
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1�-induced production of VEGF-A, KC, and PGE2 by
MK/T1 cells (P � 0.02, 0.008, and 0.04, respectively; n �
6) (Figure 5, A–C). To understand how dexamethasone
modulates IL-1�-induced angiogenesis, we next exam-
ined the effect of dexamethasone on IL-1�-dependent
NF-�B-p65 activity in MK/T1 cells. Dexamethasone sig-
nificantly inhibited IL-1�-induced DNA-binding activity
and nuclear localization of NF-�B-p65 in MK/T1 cells (P �
0.03, n � 6) (Figure 5D). Furthermore, Western blots
using nuclear extracts from dexamethasone- and vehicle
control-treated MK/T1 cells revealed that dexamethasone
inhibited IL-1�-induced translocation of NF-�B-p65 into
the nucleus (Figure 5E). To detect the signaling molecule
that is targeted by dexamethasone, we performed immu-
noblot analysis of whole cell lysates with antibodies
against NF-�B signaling molecules. Dexamethasone in-
hibited IL-1�-induced I�B-� degradation as well as
NF-�B phosphorylation (Figure 5E). These data indicate
that dexamethasone inhibits IL-1�-induced NF-�B signal-
ing through blockade of I�B-� degradation in corneal
stromal cells.

Specific Blockade of NF-�B Inhibits IL-1�-Induced
Angiogenesis in the Mouse Cornea

To examine the role of NF-�B in the IL-1�-induced angio-
genesis in the mouse cornea, we treated the animals with
the specific NF-�B inhibitor peptide SN50 (n � 6) or the
control peptide SN50M (n � 5) and quantified their cor-
neal angiogenesis after IL-1� implantation. SN50 signifi-
cantly reduced IL-1�-induced angiogenesis on day 6,
whereas the animals treated with the control SN50M pep-
tide showed regular levels of corneal angiogenesis (P �
0.002) (Figure 6, A and B).

Discussion

Dexamethasone potently suppresses the immunity and is
commonly used in the treatment of a wide variety of immune
and inflammatory diseases.20 IL-1�, an inflammatory cyto-
kine, is up-regulated in various corneal diseases.14–17 Re-
cently, we showed that IL-1� induces corneal neovascular-
ization via induction of various angiogenesis-related factors
including VEGF, CXC chemokines, and COX-2/prosta-
noids.18,19 In this study, we demonstrate that dexametha-
sone inhibits IL-1�-dependent corneal neovascularization
partly through regulation of NF-�B signaling and inhibition of
VEGF, CXC chemokines, and PGE2 production in corneal
stromal fibroblast (Figure 7).

Corticosteroids inhibit inflammation through various dif-
ferent pathways.20 For instance, corticosteroid-induced
MAPK phosphatase 1 dephosphorylates and inactivates
Jun N-terminal kinase, thereby inhibiting c-Jun-mediated
transcription.20 Corticosteroid-glucocorticoid receptor com-
plex also interacts with NF-�B to block its transcription ac-
tivity.20 Recent work suggests that glucocorticoids also
have rapid nongenomic effects on inflammation. Hafezi-

Figure 5. Dexamethasone’s effect on IL-1�-induced NF-�B activation and
expression of angiogenesis-related factors in corneal fibroblasts. A–C: De-
tection of VEGF (A), KC (B), and PGE2 (C) expression in MK/T1 cells after a
24-hour treatment with Dex (100 nmol/L), IL-1� (1 ng/ml), or vehicle by
ELISA (n � 6 to 7; *P � 0.05, **P � 0.01). D: MK/T1 cells were incubated with
Dex (100 nmol/L) or vehicle for 12 hours and subsequently with IL-1� (1
ng/ml) for 30 minutes. DNA-binding activity was measured by an ELISA-
based assay at 650 nm. Data are representative of three separate experiments
and show means � SD from experiments performed in duplicate wells. *P �
0.05, **P � 0.01. E: Western blot analysis with anti-I�B-�, anti-pNF-�B,
anti-NF-�B, or �-tubulin Abs using whole cell lysates (WCLs) or with anti-
NF-�B Ab using nuclear extracts (Nuc) of MK/T1 cells treated with Dex (100
nmol/L) or vehicle for 12 hours and subsequently with IL-1� (1 ng/ml).

Figure 6. The effect of NF-�B inhibition on IL-1�-induced corneal neovas-
cularization. A: IL-1�-implanted corneas of BALB/c mice topically treated
(3-�l eye drops) with the NF-�B inhibitor peptide (SN50) or the control
peptide (SN50M) (day 6). B: Quantitative analysis of IL-1�-induced corneal
neovascularization in mice with SN50 (n � 6) and with SN50M (n � 5)
treatment on day 6 (65.7% reduction, *P � 0.002).
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Moghadam and colleagues27 reported that high-dose cor-
ticosteroids exert cardiovascular protection through non-
transcriptional mechanisms involving rapid activation of
endothelial nitric oxide synthase. In this study we examined
the effect of dexamethasone on NF-�B signaling and demon-
strated that dexamethasone mainly inhibited NF-�B activation.
However, whether the angiostatic effects of dexamethasone
involves nontranscriptional mechanisms remains to be
investigated.

We first demonstrated that IL-1� induces NF-�B sig-
naling in the mouse cornea during neovascularization. In
the corneal alkali burns model, NF-�B is activated in the
corneal epithelial and stromal cells.21 In our corneal an-
giogenesis model, I�B-� was mainly phosphorylated in
the corneal stromal cells, suggesting that NF-�B-acti-
vated corneal stromal fibroblasts play an important role in
corneal inflammatory conditions, such as angiogenesis
and wound healing.

Dexamethasone is widely used in the treatment of
corneal inflammation; however, steroid therapy in the
management of some corneal diseases remains contro-
versial because of its side effects.28,29 Dexamethasone
inhibits NF-�B but not AP-1 activity in transfected human
corneal fibroblasts.30 We show that IL-1�-induced NF-�B
activation is inhibited by dexamethasone and that a se-
lective NF-�B inhibitor diminishes inflammatory corneal
angiogenesis. These findings indicate that NF-�B inhibi-
tion may be an effective therapeutic option for inflamma-
tory corneal angiogenesis.31–33 Further studies will be
necessary to assess the safety and side effects for the
treatment of human corneal diseases.

CXC chemokines containing the ELR motif mediate
angiogenesis through G protein-coupled receptor CXCR2
on endothelial cells.26,34 Previously, we showed that CXCR2
blockade partially inhibits IL-1�-induced corneal angiogen-
esis.19 NF-�B is known to play an important role as a master
switch in the transactivation of angiogenic CXC chemo-

kines.26 Members of the CXC chemokines, such as KC and
MIP-2, induce corneal angiogenesis34 and have been im-
plicated in the pathogenesis of inflammatory corneal dis-
eases.30,35 We observed that dexamethasone inhibits IL-
1�-induced NF-�B signaling and the level of KC protein but
not that of MIP-2. These data suggest that the contribution
of MIP-2 may be less than that of KC in IL-1�-induced
corneal angiogenesis.

A recent report shows that fibroblasts produce SDF-1
and promote tumor progression via SDF-1-CXCR4-medi-
ated angiogenesis.36 Another report demonstrated that
human corneal fibroblasts express SDF-1 mRNA.37 We
examined whether SDF-1 protein expression was in-
creased in IL-1�-implanted corneas during neovascular-
ization using ELISA. Unexpectedly, however, we did not
detect SDF-1 overexpression in IL-1�-implanted corneas
(data not shown), suggesting that SDF-1 may not be
necessary in our IL-1�-induced corneal angiogenesis
model.

The IL-1 receptor, which binds both IL-1� and IL-1�, is
constitutively expressed in corneal fibroblasts.38 After
corneal injury, IL-1 protein is detectable in corneal fibro-
blasts. IL-1 up-regulates the expression of various cyto-
kines or enzymes by corneal fibroblasts,8,22,39 and it also
contributes to wound healing. In our model, IL-1� binds
to the IL-1 receptor on corneal fibroblasts, up-regulates
various angiogenesis-related factors, and induces cor-
neal neovascularization.

Cancer cells are known to alter their adjacent stroma to
form a permissive and supportive microenvironment by
producing various growth factors and cytokines.40 Re-
cent studies reported that experimentally induced ge-
netic alterations in stromal fibroblasts cause epithelial
neoplasia and invasive carcinoma.36,41 Various angio-
genesis-related factors, including CXC chemokines and
growth factors, are produced in IL-1�-treated corneal
stromal fibroblasts. Activation of stromal fibroblasts by
IL-1� plays a central role in tumor angiogenesis as well
as in corneal angiogenesis.42

To date, steroid therapy has been the standard anti-
inflammatory and angiostatic treatment in the cor-
nea.28,29 Our results suggest that specific molecular or
cellular targeting strategies, such as blockade of NF-�B
or regulation of the activation status of corneal stromal
cells, may offer novel approaches in the treatment of
inflammatory angiogenesis in the cornea.
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