Downregulation of IRS-1 Expression Causes Inhibition
of Corneal Angiogenesis
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PURPOSE. The antiangiogenic effect of an antisense oligodeoxynucleotide (ODN) targeting insulin receptor substrate
(IRS)-1 was evaluated on rat corneal neovascularization.
METHODS. Eyes with neovessels were treated with subconjunctival injections of IRS-1 antisense oligonucleotide (ASODN),
IRS-1 sense ODN (SODN), or PBS. At 8 and 24 hours after the
first subconjunctival injection, the expression of IRS-1, VEGF,
and IL-1␤ mRNA was evaluated. IRS-1 protein levels were also
measured at 8 hours by Western blot analysis (n ⫽ 4/group).
On day 10, corneal neovascularization was quantified in flatmount corneas of rats treated daily from days 4 to 9.
RESULTS. On day 10, new vessels covered 95.5% ⫾ 4% of the
corneal area in PBS-treated eyes, 92% ⫾ 7% in SODN-treated
eyes and 59% ⫾ 20% in ASODN-treated eyes (P ⬍ 0.001). In the
ASODN-treated group, the expression and synthesis of IRS-1
were significantly downregulated when compared with the
control groups. ASODN did not significantly affect the expression of VEGF but significantly decreased the expression of
IL-1␤ at 24 hours (P ⫽ 0.04).
CONCLUSIONS. Subconjunctival injections of IRS-1 antisense ODN
significantly inhibit rat corneal neovascularization. This effect may
be mediated by a downregulation of IL-1␤. IRS-1 proteins may be
interesting targets for the regulation of angiogenesis mediated by
insulin, hypoxia, or inflammation. (Invest Ophthalmol Vis Sci.
2005;46:4072– 4078) DOI:10.1167/iovs.05-0105

A

ntisense oligonucleotides (ODNs) displaying base sequences complementary to a specific mRNA are able to
modulate the expression of specific genes.1 This approach was
investigated for the treatment of viral infections and cancer.2–5
The antisense strategy is particularly attractive for the treatment of ocular disease. The eye is a small and closed organ in
which an applied drug remains locally available with limited
systemic diffusion. The first FDA-approved antisense ODN was
for the treatment of cytomegalovirus (CMV) retinitis. Pathologic neovascularization of ocular tissues is one of the major
causes of vision impairment and blindness worldwide. Therefore, antiangiogenic strategies are being extensively explored
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in various experimental designs. Phosphorothioate antisense
ODNs directed at bFGF have been shown to inhibit corneal
neovascularization in the rat.6
Insulin receptor substrates (IRSs) are cytosolic adapter proteins that do not contain intrinsic kinase activity but recruit
proteins to surface receptors and induce organization of signaling complexes. IRS-1 was originally isolated as an insulin
receptor substrate. However, it has since been shown to play
a wider role, functioning as a proximal substrate in growth
hormones and cytokine receptor signaling.7–9 The vascular
insulin-like growth factor system has been implicated in several
vascular diseases, including angiogenesis.10 Its role in angiogenesis may be mediated by regulation of vascular endothelial
growth factor (VEGF)11,12 and/or by other proangiogenic cytokines,8 as well as by interactions with integrins. Insulin
increases the expression of VEGF in retinal pigment epithelial
cells,13 transformed cells,14 and vascular endothelial cells.12 In
the neonatal mouse model of hypoxia-induced retinal neovascularization, the growth of pathologic vessels was reduced in
IRS-1⫺/⫺ mice, suggesting that IRS-1 may play an important
role in the development of retinal neovessels.12 In tubular
kidney epithelial cells, binding of VEGF to its type 2 receptor
promotes the association of IRS-1 with the VEGF-receptor complex.15 Another property of IRS proteins is their ability to
associate with integrins, which may intervene in the regulation
of cell growth and/or transformation.16 Taken together, these
observations indicate that IRS-1 may be an interesting regulatory molecule during the development of ocular neovessels.
The avascular clear cornea allows for easy observation and
monitoring of induced angiogenesis and direct access to treatment of the emerging new vessels. In corneal models of neovascularization, VEGF, cytokines, and interleukins are known
to play central roles.17–19 IL-1␤ has been shown to be one of
the most potent angiogenic cytokines, inducing corneal neovascularization accompanied by infiltration of inflammatory
cells.17 It has also been demonstrated that IL-1␤ has particularly
potent proangiogenic activity, and its inhibition suppresses
neovascularization in tumors20 and in a corneal model.19 More
recently, it was suggested that IL-1␤ proangiogenic activity is
mediated through angiopoetin-1 downregulation, both in endothelial cells and in pericytes.21
The purpose of the present study was to evaluate the
potential antiangiogenic effect of an antisense ODN directed at
IRS-1 on corneal neovascularization in the rat. The effect of
IRS-1 downregulation on VEGF and IL-1␤ expression was also
investigated.

MATERIALS

AND

METHODS

Animals
All experiments in this study were conducted in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research and the institutional guidelines regarding animal experimentation.
Eighty-eight male Lewis rats, 5 weeks old, specific pathogen free,
and weighing 185 ⫾ 25 g were used (Charles River France, St-Aubin les
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Elbeufs, France). Before experimentation, animals were anesthetized
by intramuscular injection of ketamine chlorohydrate 125 mg/kg
(UVA, Ivry sur Seine, France) and chlorpromazine 5 mg/kg (Specia
Rhône Poulenc, Paris, France). At the end of the experiments, rats
were killed with an overdose of pentobarbital sodium (Ceva Santé
Animale, Libourne, France).

Oligonucleotides
Phosphorothioate antisense and sense ODNs were designed and synthesized (Eurogentec, Herstal, Belgique) to include the translation start
site of IRS-1. The sequences were 5⬘-TATCCGGAGGGCCTGCCATGCTGCT-3⬘ for the antisense and 5⬘-AGCAGCATGGCAGCCCTCCGGATA-3⬘
for the sense ODN.22 ODNs were diluted in 1⫻ PBS (pH 7.2; 60 M)
for subconjunctival injections.

Corneal Neovascularization
Only the right eye of each rat was used. Neovascularization was
induced by mechanical resection of the corneal epithelium and limbal
debridement, as previously described by Amano et al.18 Briefly, the
corneal epithelium was mechanically removed with a surgical microsponge imbibed with 70% alcohol. In addition, a 1.5-mm wide strip
of conjunctiva was excised around the limbus with microscissors. At
the end of surgery, a suture tarsorrhaphy (5-0 silk) maintained the
eyelids closed until day 4.

Quantification of Neovascularization
On days 4 (initiation of subconjunctival treatment), 7, and 10, the
evolution of new corneal vessels was examined clinically with a biomicroscope (BQ900; Haag Streit, Wedel, Germany). For quantification of
corneal neovessels on day 4 (4 rats) or 10 (18 rats), the animals were
killed and perfused with fluorescein-dextran 2 ⫻ 106. The eyes were
then enucleated and fixed in 4% paraformaldehyde for 3 hours and
rinsed in 1⫻ PBS. The corneas including 1 mm of sclera were dissected, flatmounted in a solution of PBS-glycerol (1:1), examined under
a fluorescence microscope (Leica, Wetzlar, Germany), and photographed. The corneal areas of neovascularization were quantified with
NIH Image software (ver.1.62; available by ftp at zippy.nimh.nih.gov/
or at http://rsb.info.nih.gov/nih-image; developed by Wayne Rasband,
National Institutes of Health, Bethesda, MD). For each whole cornea,
the mean of three measurements was recorded. The area of neovascularization was expressed as a percentage of total corneal area. The
corneal neovessels from control and treated rats were also examined
by inverted confocal fluorescence microscope (LSM 510; Carl Zeiss
Meditec, Oberkochen, Germany) and a 488-nm argon laser.

Experimental Design
Four rats without neovessels were killed 1 hour after subconjunctival
injection of a labeled ODN, to evaluate its distribution in the anterior
segment of the eye.
To assess the optimal antisense oligonucleotide (ASODN) concentration to be used for the study, 18 rats (n ⫽ 6/concentration) with
corneal neovascularization received, from days 4 to 9, daily subconjunctival injections of 0.6, 6, or 60 M in 50 L of PBS. To avoid the
potential secondary toxic effect of phosphorothioate, ODN concentrations higher than 60 M were not evaluated. Areas of neovascularization were quantified on flatmount corneas on day 10, as previously
described. The group treated with 60 M concentration showed the
highest inhibitory effect. This concentration was therefore used for all
additional experiments, as described in the following sections.
Growth of neovessels was induced in 66 rats as described, 8 of
which were killed before any treatment was applied, for quantification
of neovascularization and evaluation of inflammatory cell infiltration on
day 4 (on opening of the tarsorrhaphy). The other 54 rats were divided
into three treatment groups (n ⫽ 18/group) receiving subconjunctival
injections of PBS (50 L), sense ODN (SODN) in PBS (50 L, 60 M),
or ASODN in PBS (50 L, 60 M). Injections were performed with a
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30-gauge needle, in the inferotemporal subconjunctival space in rats
under topical anesthesia (bupivacaine drops; Novesine, Chibret,
France).
In each group, the 18 rats were divided as follows: six rats received
one subconjunctival injection daily from days 4 to 9 and were assayed
for quantification of neovascularization on day 10. Eight rats were used
for reverse transcription–polymerase chain reaction (RT-PCR) analysis
at 8 and 24 hours after the first injection (n ⫽ 4/time point). Four rats
were used for Western blot analysis at 8 hours after the first injection.
Four additional ASODN-treated rats were used for the evaluation of
cells (ED1⫹) infiltrating the neovascularized corneas before and after
treatment. Two rats were killed and their corneas tested on day 4
(before initiation of the subconjunctival injections of ASODN) and two
rats were killed and their corneas tested on day 10 (24 hours after the
last treatment).

Distribution of Oligonucleotide after
Subconjunctival Injection
To evaluate the distribution of ODN, we injected four rats (without
corneal neovascularization) in the subconjunctival space with 50 L of
either PBS (n ⫽ 2) or fluorescent (FITC) ASODN (60 M; n ⫽ 2). Rats
were killed at 1 hour after the injection, and the eyes were embedded
in optimal cutting temperature (OCT) compound (Tissue-Tek; Sakura,
Zoeterwoude, The Netherlands), snap frozen, and cryosectioned
(7-m thick). After washings (three times, 5 minutes each), nuclei
were stained with 1:1000 diamino-2-phenylindol (DAPI) for 2 minutes,
rinsed (three times, 5 minutes each) in PBS and mounted in glycerol/
PBS (50/50) for direct fluorescence microscopy. Slides were examined
with a fluorescence microscope (Leica) coupled to a digital camera
(SPOT; Optilas, Evry, France).

Expression of IRS-1, VEGF, and IL-1␤
in Rat Corneas
At 8 and 24 hours after the first subconjunctival injection, expressions
of IRS-1, VEGF, and IL-1␤ mRNA were evaluated by semiquantitative
RT-PCR.
Total RNA was prepared from freshly dissected corneas (RNeasy Minikit; Qiagen, Les Ulis, France). Each RNA sample was obtained from a single
cornea. First-strand cDNA was generated by reverse transcription of 100
ng total RNA with oligo dT (Invitrogen, Cergy Pontoise, France) with
MMLV-reverse transcriptase, according to the instructions of the supplier
(Invitrogen). This process yielded 20 L cDNA, of which 1 L was used
for each semiquantitative PCR analysis. The cDNAs were amplified in a
50-L reaction volume containing 20 mM Tris-HCl (pH 8.4), 50 mM
potassium chloride, 1.5 mM magnesium chloride, 0.2 mM of each of the
dNTPs, 0.5 M of each appropriate primers (IRS-1 forward 5⬘-AAGTGGCGGCACAAGTCGAG-3⬘, reverse 5⬘-CGGGTGTAGAGAGCCACCAG-3⬘;
VEGF forward 5⬘-CCTGGTGGACATCTTCCAGGAGTACC-3⬘, reverse 5⬘GAAGCTCATCTCTCCTATGTGCTGGC-3⬘, IL-1␤ forward v5⬘-TGTTTGGGATCCACACTCTC-3⬘, reverse 5⬘-TTCCCATTAGACAGCTGCAC-3⬘; and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) forward 5⬘-ACCACAGTCCATGCCATCAC-3⬘, reverse 5⬘-TCCACCACCCTGTTGCTGTA-3⬘)
and 1.25 U Taq polymerase (Invitrogen). PCR in its exponential phase
consisted of 1 cycle denaturation for 30 seconds at 95°C followed by 35
cycles (IRS-1 and IL-1␤), 28 cycles (VEGF), or 25 cycles (GAPDH) of
(denaturation for 30 seconds at 95°C; annealing for 30 seconds at 55°C
[VEGF and IL-1␤] or 60°C [IRS-1 and GAPDH]; and DNA extension for 1
minute at 72°C) and a final DNA extension at 72°C for 7 minutes. Each
PCR reaction was performed in triplicate. Experiments were reproduced
three times. IRS-1, VEGF, IL-1␤, and GAPDH PCR products were separated
on 1.5% agarose gels, with ethidium bromide used for visualization, and
yielded the expected amplicon sizes of 112, 496, 195, and 451 bp,
respectively. Band intensities were quantified with NIH Image software
(ver. 1.57). Expression levels of the GAPDH gene were used for standardization. Results are expressed as the ratio of specific gene/GAPDH expression.

4074

Berdugo et al.

IOVS, November 2005, Vol. 46, No. 11

FIGURE 1. Distribution of fluorescent oligonucleotide 1 hour after
subconjunctival injection. (A) Section of the eye anterior segment. Fluorescent ODN is observed in cells of
the corneal and conjunctival epithelium (arrowheads), in the corneal
stroma at the periphery near the limbus (arrow). (B) Same section in
phase-contrast microscopy (same
magnification). Scale bar, 500 m.

Western Blot Analysis of IRS-1 in the Corneas
Production of IRS-1 protein was evaluated by Western blot at 8 hours
after the first treatment. Two corneas from the same treatment group
were pooled. Freshly dissected corneas were dissolved in ice-cold lysis
buffer (10 mM Tris HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 0.5% NP-40, and 1% Triton) with a protease inhibitor complex
(Roche Diagnostics, Meylan, France). Protein concentrations were
determined with the protein assay reagent (Bio-Rad, Marnes la Coquette, France), according to the Bradford method. Equal amounts of
the solubilized proteins (20 g) were mixed with 3⫻ Laemmli buffer,
heated for 5 minutes at 95°C, separated on 10% SDS-PAGE under
reducing conditions, and transferred onto polyvinylidene (PVDF) membranes (Immobilon; Millipore, Saint-Quentin en Yvelines, France). The
membranes were blocked with 5% dry milk in TBS for 1 hour at 37°C,
incubated with 1:100 primary polyclonal rabbit antibody against IRS-1
(Upstate Cell Signaling, Wolverton Millsouth, UK) in TBS-0.1% Tween
20 containing 1% dry milk for 1 hour at room temperature. After being
washed five times for 5 minutes each in TBS-0.1% Tween 20 containing
1% dry milk, the membranes were incubated with a specific secondary
antibody horseradish peroxidase-conjugated immunoglobulin G (GE
Healthcare, Orsay, France) in TBS-0.1% Tween 20 containing 1% dry
milk for 1 hour at room temperature. After the membranes were
washed, they were analyzed by the enhanced chemiluminescence
system according to the manufacturer’s protocol (GE Healthcare).
␤-Actin was then detected by using a 1:150 goat polyclonal anti-␤-actin
(Tebu-bio; Le Perray en Yvelines, France) as the primary antibody with
the aforementioned methods. All experiments were reproduced three
times. Band intensities were quantified with NIH Image (ver. 1.57).
Levels of ␤-actin production were used for standardization. Results
were expressed as the ratio of IRS-1/␤-actin production.

ED1 Immunohistochemistry
Eyes were enucleated and fixed in 4% paraformaldehyde for 1 hour,
embedded in OCT compound (Tissue-Tek; Sakura) and cryosectioned
(7 m thick). Sections were rinsed with PBS and incubated in 1%
Triton X-100 (Sigma-Aldrich) PBS for 30 minutes. After the sections
were washed with PBS, nonspecific fixation sites were saturated with
5% skimmed milk in PBS for 1 hour and then incubated at 4°C overnight with monoclonal mouse anti-rat ED1, to stain myeloid cells such
as macrophages, according to the manufacturer’s instructions (Serotec,
Oxford, UK). Sections were then rinsed (three times, 5 minutes each)
with PBS and incubated for 1 hour at room temperature with FITC
anti-rabbit IgG (Molecular Probes, Inc., Eugene, OR) diluted (1:250) in
PBS containing 1% BSA for 1 hour, then washed in PBS and mounted in
PBS/glycerol (50:50).

Statistical Analysis
The area of neovascularization, measured on flatmounted cornea was
expressed as a percentage of total corneal area. The mean ⫾ SD of
these ratios and normalized means of RT-PCR and Western blot analysis
were compared between treatment groups by ANOVA, followed by a
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Bonferroni multiple-analysis posttest. P ⬍ 0.05 was considered as
significant.

RESULTS
Distribution of Fluorescent Oligonucleotide 1
Hour after Subconjunctival Injection
After subconjunctival injection of the ODN preparation, intense fluorescence was observed in the conjunctival stroma,
the limbus, and the corneal stroma periphery (Fig. 1). A few
superficial epithelial cells of the cornea and of the conjunctiva
also showed fluorescent labeling (arrowheads).

Effect of IRS-1 Antisense Oligonucleotide on
Corneal Neovascularization
On opening of the tarsorrhaphy (day 4) and before any treatment was applied, a circular neovascularization of the corneas
was clinically observed in all eyes. The new vessels progressed
from the limbus 360° toward the center of the cornea. Quantification after dextran perfusion revealed that, at this stage, the
extent of neovascularization was 43% ⫾ 4% of the corneal area
(n ⫽ 4). In the nontreated rats, on day 10, the extent of
neovascularization was 95.5% ⫾ 4% of the corneal area.
Neovascularization inhibition by the different concentrations of ASODN injections demonstrated a dose response. On
day 10, injection of 0.6 M had no significant inhibitory effect
(percentage of neovascularized area 91.1% ⫾ 2.6%, P ⬎ 0.05).
Injection of 6 M showed a low but significant reduction of the
neovascularized area (83.9% ⫾ 4.2%, P ⬍ 0.01), whereas in the
group of rats treated with 60 M the area of neovascularization
was reduced to 59% ⫾ 20% (P ⬍ 0.01).
On day 10, clinical examination of the corneas showed
that in the ASODN-treated group, the area of neovascularization, the length and thickness of corneal vessels were
reduced compared with the other two groups (Figs. 2A–C).
Confocal microscopy of dextran-FITC–labeled flatmount corneas illustrates the reduced thickness of persisting neovessels in the ASODN-treated rats (Fig. 2F) compared with
corneas from control groups (Figs. 2D, 2E). No toxic effect
or local irritation due to the local administration of the
ODNs was observed.
The percentage of corneal neovascularization, as measured
on day 10 on flatmounted corneas, was 95.5% ⫾ 4% and 92% ⫾
7% in the PB- and the SODN-treated groups, respectively. This
result represents a 52% ⫾ 0.4% and a 49% ⫾ 0.9% increase in
the neovascularization area compared with day 4 (Figs. 3A, 3B,
3D). In the group of rats treated with ASODN, the percentage
of corneal neovascularization on day 10 was 59% ⫾ 20%, an
increased neovascularized area of only 16% ⫾ 2% when compared to day 4 (Figs. 3C, 3D). When the ASODN-treated group
was compared to either the SODN- or PBS-treated group, a
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FIGURE 2. Effect of ASODN on corneal neovascularization at day 10. Slit
lamp photographs of eyes from (A)
PBS-, (B) SODN-, and (C) ASODNtreated rats. Fluorescent confocal images of flatmounted corneas from
(D) PBS-, (E) SODN-, and (F) ASODNtreated rats injected with FITC-dextran. Magnification, ⫻50.

significant inhibition of neovascularization was observed (P ⬍
0.01; Fig. 3D). No significant difference (P ⬎ 0.05) was observed in the percentage of corneal neovascularization between PBS- and SODN-treated rats (Fig. 3D).

Regulation of IRS-1, VEGF, and IL-1␤
mRNA Expression
RT-PCR analysis demonstrated that at 8 hours after ASODN
injection, IRS-1 mRNA levels were reduced in the treated corneas by 60% when compared with the levels observed in
corneas of rats treated with PBS (P ⬍ 0.01; Fig. 4). SODN had
no effect on IRS-1 expression when compared with the PBStreated group (P ⬎ 0.05; not shown). However, 24 hours after
a single ASODN injection, RT-PCR did not show any sustained
downregulation of IRS-1 mRNA production (P ⬎ 0.05; Figs. 5A,

FIGURE 3. ASODN⬘s effect on corneal neovascularization at day 10.
Fluorescent photographs of whole
flatmounted corneas from (A) PBS-,
(B) SODN-, and (C) ASODN-treated
rats injected with FITC-dextran. Scale
bar, 1 mm. (D) Histogram representing mean percentages of cornea with
neovascularization in the ASODNtreated and control groups. Results
are expressed as the mean ⫾ SD. The
ASODN-treated group is significantly
different from the SODN- and the
PBS-treated groups (*P ⬍ 0.01).
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5B), demonstrating that the ASODN downregulation was of
short duration.
The expression of VEGF was not downregulated significantly in the group of rats treated with ASODN, when compared with either the SODN (P ⬎ 0.05)- or the PBS (P ⬎
0.05)-treated groups at 8 hours or at 24 hours (Figs. 5A, 5C).
However, at 24 hours, a significant downregulation of IL-1␤
was observed in ASODN-treated rats when compared with PBS
(P ⬍ 0.014)- or SODN (P ⬍ 0.001; Figs. 5A, 5D)-treated rats. No
significant difference in the level of IL-1␤ between PBS- and
SODN-treated rats (P ⬎ 0.05) was observed.

Western Blot Analysis
Eight hours after the subconjunctival injection, the presence of
IRS-1 protein was significantly reduced in the corneas of rats
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FIGURE 4. Effect of ASODN on IRS-1 expression 8 hours after treatment. (A) Ethidium-bromide–stained agarose gels representing RT-PCR
products from PBS- and ASODN-treated corneas. (B) The ratio of
semiquantitative RT-PCR of IRS-1/GAPDH in the PBS- and ASODNtreated groups. Results are expressed as the mean ⫾ SD. The ASODNtreated group is significantly different from the PBS-treated group (*P ⬍
0.01).

IOVS, November 2005, Vol. 46, No. 11

FIGURE 6. Effect of ASODN on IRS-1 protein production 8 hours after
treatment. (A) Anti-IRS-1 and anti-␤-actin Western blot gels from corneas of control, SODN- and ASODN-treated samples. (B) The ratio of
IRS-1/␤-actin proteins from control, SODN-, and ASODN-treated
groups. Results are expressed as the mean ⫾ SD. The IRS1 protein
production in the ASODN-treated group is significantly different from
that in either the SODN- or the PBS-treated groups (*P ⬍ 0.01).

treated with ASODN when compared with the levels observed
in corneas of rats treated with SODN or PBS (Fig. 6; P ⬍ 0.01
for both). The SODN had no effect on the production of IRS-1
when compared with the PBS-treated group (P ⬎ 0.05).

FIGURE 5. Effect of ASODN on
IRS-1, VEGF, and IL-1␤ expression 24
hours after treatment. (A) Ethidium
bromide–stained agarose gels representing RT-PCR products from PBS-,
SODN-, and ASODN-treated eyes. Histograms show the ratios of semiquantitative RT-PCR of IRS-1/GAPDH (B),
VEGF/GAPDH (C), and IL-1␤/GAPDH
(D). Results are expressed as the
mean ⫾ SD. The IL-1␤ expression in
the ASODN-treated group is significantly different from that in either
the SODN-treated group or the PBStreated group (*P ⬍ 0.01).
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FIGURE 7. ED1 immunohistochemistry before and after ASODN treatment. (A) ED1⫹ cells in cornea section costained with DAPI from an
eye on day 4 (before treatment). (B) ED1⫹ cells in cornea costained
with DAPI from an eye on day 10 (24 hours after last ASODN treatment). Arrows: ED1⫹ cells. Scale bar, 10 m.

ED1 Immunohistochemistry
Figure 7 demonstrates that the corneas were massively infiltrated by macrophages on opening of the tarsorrhaphy and
before initiation of treatment (Fig. 7A). In contrast, in the
corneas of IRS-1 ASODN-treated rats, only occasional infiltrating cells were observed (Fig. 7B).

DISCUSSION
The inhibition of IRS-1 expression using a specific phosphorothioate antisense ODN efficiently reduced the growth of
neovessels in the corneal model of neovascularization used in
this study. A dose–response effect on the neovascularization
was observed, with the highest effect (only 16% of additional
neovessel growth) observed with the 60-M concentration. No
higher ODN dose was used, to avoid potential toxicity of
phosphorothioate and related nonspecific effects.23 The inhibition of neovascularization correlated well with the downregulation of both IRS-1 mRNA expression and protein levels in
these corneas (and the number of infiltrating ED-1⫹ cells). The
specific antisense activity was also illustrated by the absence of
effect of the SODN both on the growth of blood vessels
observed clinically and on IRS-1 expression and production.
From the distribution of ODNs after subconjunctival injection
and their localization in the limbus and corneal stromal periphery, this route appears to be the most suitable for the targeting
of vessel growth from the limbus toward the cornea center.
Despite this potential advantage, the ODN subconjunctival
injection, as performed in the present study, did not have a
sustained downregulation effect.
The proangiogenic effect of IRS-1 has been demonstrated in
a retinal model of neovascularization in the mouse.12 The 40%
reduction in retinal neovascularization observed in IRS-1⫺/⫺
neonatal mice after hypoxia was interpreted to indicate that
insulin may play a role on hypoxia-induced VEGF expression.12
In corneal neovascularization models, angiogenesis is an integral part of the wound-healing response. VEGF has been recognized as one of the major proangiogenic cytokines in these
processes. However, besides its ability to promote angiogenesis, VEGF has been identified as a principal permeability and
proinflammatory mediator.24,25 In our model, the specific inhibition of IRS-1 expression using a specific antisense ODN
significantly reduced corneal angiogenesis without affecting
VEGF expression. Similarly, in pancreatic cancer cells, Sp1-
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dependent VEGF transcription was not promoted by IRS-1, but
it was promoted by IRS-2.26
In our model, IRS-1 downregulation significantly suppressed IL-1␤ expression in the treated corneas. IL-1␤ plays a
major role in the promotion of inflammatory angiogenesis.17,27–31 In tumors, IL-1␤ increased the production of proangiogenic factors, such as the macrophage inflammatory protein, CXCL2, the hepatocyte growth factor (HGF) and, to a
lesser extent, the production of VEGF.26 In contrast, the inhibition of IL-1␤ using a continuous delivery of IL-1␤ receptor
antagonists was shown to reduce the development of tumors
by decreasing the formation of blood vessels and the infiltration of inflammatory cells.32 The reduction in the number of
infiltrating macrophages may contribute, to the reduction in
the production and release of NF-B-dependent proangiogenic
factors.33 In our experiments, the inhibition of neovascularization in rats treated with IRS-1 ASODN was also associated with
a decrease in the number of infiltrating macrophages. In corneal angiogenesis, IL-1␤ produced by infiltrating cells was
shown to induce directly the growth of neovessels,34 and the
IL-1 receptor antagonist inhibited the growth of corneal
neovessels.19,28 Both in tumor and corneal angiogenesis, IL-1␤
inhibition is associated with antiangiogenic effects. Although
the exact mechanism of its effect remains undetermined, there
is ample evidence that IL-1␤ plays an important role in the
promotion of angiogenesis. The specific and significant downregulation of IL-1␤ expression in the corneas of rats treated
with IRS-1 ASODN, along with the absence of effect on VEGF
expression suggests that, in this “inflammatory” model of corneal angiogenesis, several different processes may take place.
The insulin-signaling pathway may act through NF-B activation to regulate the expression of proangiogenic cytokines
such as IL-1. This possibility has been demonstrated in keratinocytes.35 Alternatively, other independent regulatory pathways
may be responsible for VEGF expression.
More recently, IL-1␤-induced angiogenesis was shown to be
inhibited by COX2 inhibitors and not by VEGF inhibitors.30
These findings and our own observations derived from the
present study indicate that angiogenesis and antiangiogenic
effects can take place without necessarily involving the VEGF
production or inhibition.
Due to their possible implications in VEGF-mediated pathways and in permeability,12,15,24,26 in cytokine-transduction
pathways,7,8,36 –38 and in integrin interactions,16,39,40 IRS proteins may be effective molecules for used in the modulation of
angiogenesis triggered by hypoxia, insulin, or inflammation.
In the present study, IRS-1 reduced the extent of ongoing
corneal neovascularization and thus opens new avenues for the
potential treatment of ocular neovascular processes. Further
studies are under way to elucidate the exact molecular mechanisms of IRS-1 proangiogenic effects in corneal angiogenesis.
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