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We evaluated the therapeutic efficacy of topical ad-
ministration of SN50, an inhibitor of nuclear factor-
�B, in a corneal alkali burn model in mice. An alkali
burn was produced with 1 N NaOH in the cornea of
C57BL/6 mice under general anesthesia. SN50 (10 �g/
�l) or vehicle was topically administered daily for up
to 12 days. The eyes were processed for histological or
immunohistochemical examination after bromode-
oxyuridine labeling or for semiquantification of cyto-
kine mRNA. Topical SN50 suppressed nuclear factor-�B
activation in local cells and reduced the incidence of
epithelial defects/ulceration in healing corneas. Myofi-
broblast generation, macrophage invasion, activity of
matrix metalloproteinases, basement membrane de-
struction, and expression of cytokines were all de-
creased in treated corneas compared with controls. To
elucidate the role of tumor necrosis factor (TNF)-� in
epithelial cell proliferation, we performed organ cul-
ture of mouse eyes with TNF-�, SN50, or an inhibitor of
c-Jun N-terminal kinase (JNK) and examined cell prolif-
eration in healing corneal epithelium in TNF-��/� mice
treated with SN50. An acceleration of epithelial cell pro-
liferation by SN50 treatment was found to depend on
TNF-�/JNK signaling. In conclusion, topical application
of SN50 is effective in treating corneal alkali burns in
mice. (Am J Pathol 2005, 166:1393–1403)

The cornea is a highly organized avascular transparent
tissue located in the anterior part of the eye, which must
remain transparent to refract light properly. An alkali burn
in this tissue may cause a permanent, severe, visual
impairment. The postinjury sequence includes acute in-
flammation and degradation of the matrix of the epithelial
basement membrane (BM) and stroma.1–3 These events
result in a persistent epithelial defect and subsequent
stromal ulceration, and then, even in resurfaced cases,
opacification of the stroma and conjunctivalization of the
corneal surface occur that impair patients’ vision in the
later healing phase.4 Aggressive treatment with anti-in-
flammatory drugs and surgery in severe cases still may
not restore vision in these cases.4–6

Inflammation plays an important role in tissue destruc-
tion and remodeling in injured tissue including an alkali-
burned cornea.7 Although invasion of monocytes/macro-
phages is critical in wound healing, excessive infiltration
of monocytes/macrophages into the corneal stroma is
considered to be unfavorable because they secrete ma-
trix metalloproteinases (MMPs) and other proteins unde-
sirable for tissue healing.7,8 A number of cytokines and
growth factors that are up-regulated in corneal cells fur-
ther contribute to tissue inflammation. A majority of in-
flammatory cytokines use the nuclear factor (NF)-�B
pathway for signaling on ligand binding to cell surface
receptors.9,10 We therefore hypothesized that blocking
the NF-�B pathway might be beneficial in treating corneal
alkali burns as has been shown in other inflammatory
diseases.11–17 In the present study a corneal alkali burn
model generated by topical alkali administration to the
mouse eye was used to evaluate the therapeutic potential
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of topical administration of SN50,18–21 an inhibitor of
NF-�B. Stromal healing was evaluated histologically, as
well as by the immunohistochemical detection of expres-
sion of �-smooth muscle actin (�-SMA), a hallmark of
myofibroblast generation,22–25 immunolocalization of BM
components, and evaluation of monocyte/macrophage
invasion by detection of F4/80-labeled cells. Expression
of soluble factors involved in corneal healing was evalu-
ated by using immunohistochemistry and real-time re-
verse transcription-polymerase chain reaction (real-time
RT-PCR), whereas activity of MMPs was evaluated by
using in situ zymography. Epithelial cell proliferation was
examined by bromodeoxyuridine (BrdU) labeling. Finally,
the role of tumor necrosis factor (TNF)-� in modulation of
cell proliferation in regenerated epithelium by the NF-�B
inhibitor was examined in TNF-�-null mice26 as well as in
organ-culture of a mouse eye with an epithelial defect.

Materials and Methods

Experimental Protocol

All experimental procedures were approved by the DNA
Recombination Experiment Committee and Animal Care
and Use Committee of Wakayama Medical University,
Wakayama, Japan, and conducted in accordance with
the Association for Research in Vision and Ophthalmol-
ogy Statement for the Use of Animals in Ophthalmic and
Vision Research.

A round piece of filter paper, 1.5 mm in diameter, containing
2 �l of 1 N NaOH was applied to the right eye to produce a
corneal burn in 4-week-old male C57BL/6 mice under general
anesthesia by intraperitoneal pentobarbital. A peptide inhibitor
of NF-�B, SN50 (AAVALLPAVLLALLAP-VQRKRQKLMP, cat-
alog no. 25-007; Upstate Biotechnology, Lake Placid, NY)18–21

was dissolved in 0.5% hyaluronan (10 �g/�l) and applied
topically (3 �l) to the burned eye daily until the mice were
sacrificed 2 hours after injection with BrdU (120 �g/g body
weight)27 at days 3, 7, and 12 after wounding. Control animals
were treated with the vehicle of 0.5% hyaluronan. Our prelim-
inary experiment showed no difference in the healing process
between alkali-burned mouse corneas treated with the control
peptide provided by Upstate Biotechnology (catalog no. 25-
003) and those with vehicle alone (data not shown). The num-
bers of eyes (animals) used for preparation of paraffin sections
were 8 and 10 at days 3, 15, and 16 and at days 7, 9, 10, and
12 in the control group and treated group, respectively. Eyes
from three animals in each of the control or SN50-treatment
group were processed for OCT embedding, cryosectioning,
and in situ zymography at day 7. Moreover, four specimens of
both control and treated groups at day 7 and four uninjured
corneas from two mice were processed for real-time RT-PCR
for semiquantification of mRNA expression of cytokines and
related molecules.

Western Blotting to Examine Signal
Transduction Status

Corneas treated with SN50 or vehicle for 7 or 12 days
were excised and homogenized in tissue lysis buffer

(CelLytic MT; Sigma, St. Louis, MO) containing a protein-
ase inhibitor (Complete protease inhibitor cocktail tablet;
Rosch, Mannheim, Germany) using an ultrasound ho-
mogenizer. Four corneas were used for each experimen-
tal condition and four uninjured corneas were also in-
cluded. The samples were centrifuged and mixed with
3� sample buffer. The protein was processed for sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
fractionated proteins were transferred to polyvinylidene
difluoride membrane for incubation with antibodies
against total RelA [1:1000 in phosphate-buffered saline
(PBS); Santa Cruz Biotechnology, Santa Cruz, CA], phos-
pho-RelA (1:1000 in PBS; Cell Signaling, Beverly, MA),
c-Jun N-terminal kinase (JNK) (Santa Cruz), phospho-
JNK (1:1000 in PBS, Cell Signaling), and actin (1:1000 in
PBS, Santa Cruz). Detection of phospho-RelA or phos-
pho-JNK was performed on the polyvinylidene difluoride
membrane first stained for total RelA to total JNK, respec-
tively, after stripping the antibodies. Immunoreactive
bands were visualized on Lumino Analyzer LAS1000 (Fuji
Film, Tokyo, Japan) using enhanced chemiluminescence
Western blotting detection reagents (Amersham, Buck-
inghamshire, UK).

Immunohistochemistry

Deparaffinized sections (5 �m) were processed for he-
matoxylin and eosin (H&E) staining and indirect immuno-
histochemistry. The following primary antibodies were
diluted in PBS; mouse monoclonal anti-phosphorylated
p65/RelA of NF-�B (1:50, Cell Signaling), mouse mono-
clonal anti-phospho-JNK antibody (1:50, Cell Signaling),
rat monoclonal anti-laminin antibody (1:25, Sigma), goat
polyclonal anti-monocyte/macrophage-chemotactic pro-
tein-1 (MCP-1) antibody (1:100, Santa Cruz), goat poly-
clonal anti-MMP-9 antibody (1:100, Santa Cruz), rabbit
polyclonal anti-tissue inhibitor of metalloproteinases-1
(TIMP-1) antibody (1:100, Santa Cruz), goat polyclonal
anti-type IV collagen antibody (1:100; Southern Biotech-
nology, Birmingham AL), rabbit polyclonal anti-laminin
antibody (1:25, Sigma), and mouse monoclonal anti-cy-
clin D1 antibody (1:100, Cell Signaling). For immunostain-
ing for type IV collagen, deparaffinized sections were
treated with 1% trypsin before application of primary
antibody as previously reported.27 Immunohistochemis-
try for transforming growth factor (TGF)-�1, �2, and �3
was performed as previously reported.28,29 To evaluate
cell proliferation in healing epithelium, the specimens
were immunostained with anti-BrdU antibody (1:11 in
PBS; Roche Diagnostics, Mannheim, Germany) as previ-
ously reported27 and the number of labeled cells in the
healing epithelia in the affected cornea was determined.
Four specimens were used to obtain the numbers in each
group at all intervals and data were analyzed by using the
unpaired t-test. The presence of myofibroblasts was ex-
amined by using mouse monoclonal anti-�-SMA antibody
(1:100; Neomarker, Fremont, CA) and the number of
labeled cells in the central cornea (200 �m length) was
determined in five corneas in each condition and data
were analyzed using the unpaired t-test. The presence of
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monocytes/macrophages was examined by using rat
monoclonal F4/80 anti-macrophage antigen antibody
(clone A3-1, 1:400 dilution in PBS; BMA Biomedicals,
Augst, Switzerland). The number of labeled cells in the
central cornea (200 �m length) was determined in four
corneas in each condition and data were analyzed by
using the unpaired t-test. Negative controls were per-
formed by omitting each primary antibody.

In Situ Zymography

MMP activity in tissue was evaluated by using an in situ
zymography kit (Wako Shin-yaku, Osaka, Japan) accord-
ing to the manufacturer’s protocol. Unfixed cryosections
of day 7 specimens were set on a thin film coated with
gelatin and incubated for 24 hours at 37°C in a humidified
chamber. Then the sections with the gelatin film were
dried and stained with Biebrich Scarlet. To confirm that
the digestion of gelatin resulted from MMP activity, the in
situ zymography was also done using the gelatin film
containing an MMP inhibitor, 1,10-phenanthrolone.

Real-Time RT-PCR

Total RNA was extracted and expression of mRNAs of
tgfb1, mcp-1, mmp-9, and tissue inhibitor of metallopro-
teinases-1 (timp-1) was evaluated by real-time RT-PCR.
Total RNA from corneal tissue excised from a burned eye
or an uninjured mouse eye was extracted using ISO
GENE (Nippon Gene, Tokyo, Japan) according to the
manufacturer’s protocol and processed for semiquantita-
tive real-time RT-PCR. Real-time RT-PCR using the Taq-
Man one-step RT-PCR master mix reagents kit and the
Applied Biosystems Prism 7700 (PE Applied Biosystems,
Foster City, CA) were used. Primers and oligonucleotide
probes used are listed in Table 1 and were designed
according to the cDNA sequences in the GenBank data-
base, using the Primers Express software (PE Applied
Biosystems, Foster City, CA). The conditions for RT-PCR
were as follows: 2 minutes at 50°C (stage 1, reverse tran-
scription), 10 minutes at 95°C (stage 2, reverse transcription
inactivation and AmpliTaq Gold activation), and then 40
cycles of amplification for 15 seconds at 95°C and 1 minute
at 60°C (stage 3, polymerase chain reaction).

In Situ Nick-End Labeling of DNA Strand Breaks

To detect programmed cell death in corneal stroma, the
terminal dUTP nick-end labeling (TUNEL) method was
performed as previously reported.27 In brief, deparaf-
finized sections were digested with 2 �g/ml of proteinase
K (Sigma-Aldrich, St. Louis, MO) for 5 minutes at room
temperature. After washes in PBS and distilled water,
tissue sections were incubated with 1� TdT (terminal
deoxynucleotide transferase) buffer for 2 minutes (Life
Technologies, Inc., Gaithersburg, MD). Sections were
then treated with 1� TdT buffer containing TdT and bio-
tinylated-dUTP (Boehringer Mannheim, Mannheim, Ger-
many) for 45 minutes at 37°C. After a PBS wash, the
sections were allowed to react with streptavidin-peroxi-
dase (1:200 in PBS; DAKO, Carpinteria, CA) for 30 min-
utes at 37°C. After another wash in PBS, the peroxidase
reaction was performed with 3,3�-diaminobenzidine. After
counterstaining with methyl green, sections were embed-
ded in balsam and observed by light microscopy.

Effect of Topical SN50 in a TNF-�-Null Mouse

Corneas in the right eyes of 4-week-old TNF-�-null mice
on a C57BL/6 background (n � 8)27 received an alkali
burn as described above. Four animals were treated with
SN50 daily and four with control hyaluronan solution as
described above for 7 days at which time the animals
were killed 2 hours after an intraperitoneal injection with
BrdU. The eyes were processed for immunohistochem-
istry for BrdU.

Organ Culture of Mouse Eyes with an Epithelial
Defect

Organ culture of mouse eyes with a central round epithe-
lial defect (1.5 mm in diameter) was conducted as pre-
viously reported.30 In brief, after debridement of the cen-
tral corneal epithelium the eyeball was enucleated and
placed in a well of a 24-well culture plate. Medium was
supplemented with either mouse recombinant TNF-� (10
ng/ml; R&D Systems, Minneapolis, MN), SN50 (100 �g/
ml), or a peptide JNK inhibitor (10 �mol/L, catalog no.,
420116; Calbiochem, San Diego, CA). After 10 hours of
incubation the specimens were labeled with BrdU for 2
hours and then fixed in 4% paraformaldehyde. Paraffin
sections were immunostained for BrdU as previously re-
ported. Four specimens were prepared for each culture
condition and epithelial cells with BrdU-labeled nuclei
were counted and statistically analyzed by using the
unpaired t-test.

Results

Macrosopic Observation of the Affected Cornea

Healing of the corneal surface was evaluated by observ-
ing the presence or absence of an epithelial defect/
ulceration, and the degree of corneal stromal opacifica-

Table 1. Primers and Oligonucleotide Probes

Transcript Sequence

mTGFb1 F:5�-gcaaca tgtggaact ctaccagaa-3�
R:5�-gac gtcaaaagacagccactc-3�
P:5�-acc ttg gtaaccggctgctgaccc-3�

mMCP1 F: 5�-tgg ctcagccagatgcagt-3�
R:5�-ccagcc tac tcattg ggatca-3�
P: 5�-ccccac tca cctgctgctactcattca-3�

mMMP9 F:5�-agaccaagg gtacagcctgttc-3�
R:5�-ggcacg ctggaatga tctaag-3�
P:5�-cgcacg agt tcggccatgcac-3�

mTIMP-1 F:5�-gcc tacaccccagtcatgga-3�
R:5�-ggcccg tga tgagaaactctt-3�
P: 5�-tgg ata tgc ccacaagtcccagaacc-3�

F, forward primer; R, reverse primer; P, probe.
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tion and the incidences of these findings are summarized
in Figure 1a. At days 7 or 12, 100% or 67% of corneas
receiving the vehicle showed remaining epithelial defects
or stromal ulceration, whereas 42% or 20% of corneas
had such disorders in the SN50 inhibitor-treated group,
respectively (significant by �2 test; P � 0.005 or P � 0.05
at days 7 or 12, respectively). Figure 1b shows the ap-
pearance of healing corneas in the control or SN50-
treated groups. Stromal opacification was observed in
corneas of each group even at day 12, although it
seemed less in the SN50-treated group as compared
with the control group. These results indicate that topical
SN50 administration is effective in treating corneal alkali
burns, and thus, further analyses were performed to ex-
amine the mechanism of its efficacy.

H&E Histology

H&E-stained sections (Figure 1c) show infiltration of
mononuclear cells and morphologically polymorphonu-
clear cells in the corneal stroma and anterior chamber
with an epithelial defect in the central cornea of both
control and SN50-treated groups at day 3 (Figure 1c; B,
B’, C, C’). At day 7 no corneas were resurfaced in the
control group (Figure 1c, D and D’), whereas topical
SN50 administration accelerated epithelial regeneration
(Figure 1c, E and E’). Inflammation by mononuclear cells
in the stroma also seemed less in treated corneas as
compared with control corneas. At day 12 the cornea
shown in Figure 1c, F and F’, was resurfaced in associ-
ation with abundant stromal cell repopulation and remain-
ing inflammation, whereas a SN50-treated cornea was
well healed with markedly less inflammation in the stroma
(Figure 1c, G and G’). Stromal neovascularization was not
prominent in the central burned area of specimens of
each group throughout the healing interval.

NF-�B Signaling Status in Burned Corneas

To examine if the SN50 inhibitor suppresses signaling
through NF-�B, we performed Western blotting and im-
munohistochemistry with an antibody against the phos-
phorylated p65 subunit of NF-�B and total RelA. Western
blotting detected bands representing total RelA at 65 kd
and phospho-RelA at 85 kd in the control specimen that
were decreased with SN50 treatment at both days 7 and
12 (Figure 2a) indicating suppression of NF-�B signaling
by SN50.

To further characterize the suppression of RelA/NF-�B
signaling in tissue, we performed immunohistochemistry.
Epithelium and keratocytes in an uninjured cornea exhib-
ited almost no immunoreactivity for phospho-p65 (data
not shown). The results showed that topical administra-
tion of SN50 effectively blocked phosphorylation and nu-
clear translocation of the p65 subunit of NF-�B in both
healing epithelial (Figure 2b, asterisks and stars) and
stromal cells (Figure 2b, arrows). No specific staining
was detected in the negative control (data not shown).

JNK Signaling Status in Burned Corneas

To examine if administration of the SN50 NF-�B inhibitor
affects the signaling through JNK, we performed Western
blotting and immunohistochemistry with an antibody
against the phosphorylated JNK and total JNK. Western
blotting detected phospho-JNK at 46 kd in healing
burned corneas in control group at days 7 and 12 as
compared with that in an uninjured control (Figure 3a).
Administration of SN50 suppressed phospho-JNK at both
days 7 and 12. Additionally, the level of total JNK was
decreased in corneas involved in active wound healing at
days 7 and 12 and was restored in a SN50-treated cor-
nea at day 12.

To further characterize the effect of SN50 inhibitor on
JNK signaling in tissue, we performed immunohisto-
chemistry. Epithelium and keratocytes in an uninjured

Figure 1. Healing of an alkali-burned mouse cornea treated with topical
SN50. a: Percentage of corneas with epithelial defect (including ulceration) at
each healing interval. The incidence of epithelial defect/ulceration is signif-
icantly higher in the control group than in the treated group at days 7 and 12
as judged by the �2 test. b: Macroscopic observation shows similar initial
resurfacing in both control (A) and SN50-treated groups (D) at day 3 after
alkali burning. Recurrence of the epithelial defect with stromal opacification
is observed more frequently in the control group at days 7 (B) and 12 (C) as
compared with SN50-treated group (E, F). c: Histology of burned corneas
stained with H&E. A: An uninjured cornea. Stratified epithelium and stroma
are seen. There is no histological difference between central corneas in the
control (B) and SN50-treated group (C) at day 3. The epithelium shows a
large defect and many inflammatory cells are observed. At day 7 the burned
cornea in the control (D) shows more stromal inflammation, and a large
epithelial defect as compared with the SN50-treated corneas that has been
resurfaced with a thin epithelium (E). At day 12 the control cornea still shows
marked inflammation and hypercellularity in the stroma (F), whereas the
treated cornea exhibits a well-regenerated epithelium with a less stromal
inflammation (G). Regenerated epithelium in control exhibits conjunctiva-
like appearance with goblet cells (arrowheads). A’ to G’ are high-magnifi-
cation pictures of the central area of the healing corneas in A to G, respec-
tively. Scale bar; 100 �m (A–G), 25 �m (A’–G’).
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cornea exhibited almost no immunoreactivity for phos-
pho-JNK (data not shown). Immunoreactivity of phospho-
JNK was weaker in epithelium and stromal cells in the
SN50-treated burned cornea (Figure 3b, C and D) as

compared with nontreated cornea (Figure 3b, A and B).
No specific staining was detected in the negative control
(data not shown).

Expression of BM Components, MMP-9 and
TIMP-1, and Endogenous MMP Activity
Detected by in Situ Zymography

Corneal ulceration is initiated by the destruction of the
epithelial BM in an alkali-burned cornea.1–3 It is known
that MMPs secreted by activated corneal cells (epithelial
cells and keratocytes) and macrophages degrade epi-
thelial BM even though alkali exposure itself does not
break it.1–3 We examined the integrity of the epithelial BM
by immunohistochemical detection of collagen IV and
laminin. Type IV collagen was readily observed in normal
epithelial BM. Collagen IV was detected in stroma, but
not beneath the regenerated epithelium in control cor-
neas (Figure 4a, A), whereas epithelial BM type IV colla-
gen was maintained in the inhibitor group (Figure 4a, B).
At day 12 normal epithelial BM was restored in the inhib-
itor group, but BM components were strongly expressed
in stromal cells with a thick deposition in the subepithelial
area of the stroma (not shown). Laminin was detected
strongly in stromal cells in control corneas at day 7 (Fig-
ure 4a, C) and faintly at day 12 (Figure 4a, E). It was
expressed weakly in epithelial BM and stroma at day 7

Figure 2. Detection of the p65 (RelA) subunit of NF-�B and phosphorylated
RelA in burned corneas. a: Western blot for phospho-RelA, RelA, and actin.
Western blotting shows up-regulation of phosphorylation of RelA at days 7
and 12 in control specimens with vehicle administration as compared with an
uninjured control. This increased phosphorylation is suppressed in SN50-
treated specimens at both time points. b: Immunohistochemical detection of
phospho-RelA. In a control cornea phospho-p65 is detected in the healing
epithelia (asterisks) and stromal cells (arrows) at days 7 (A) and 12 (C),
whereas it is very faintly observed in the healing central epithelium (stars)
in corneas treated with topical SN50 (B, D). E to H represent nuclear
localization by DAPI staining of A to D, respectively. Scale bar, 20 �m.

Figure 3. Detection of c-Jun-N-terminal kinase (JNK) and phosphorylated JNK
in burned corneas. a: Western blot for phospho-JNK, JNK, and actin. Western
blotting shows up-regulation of phosphorylation of JNK at day 7 in control
specimens with vehicle administration as compared with an uninjured control.
This increased phosphorylation is suppressed in SN50-treated specimens at both
time points. b: Immunohistochemical detection of phospho-JNK. The healing
corneal epithelium at the migrating edge (A, C) and also peripheral epithelium
(B, D), as well as stromal cells, are markedly labeled with anti-phospho-JNK
antibody in nontreated (A, B) corneas while immunoreactivity of phospho-JNK
is weaker in the SN50-treated burned cornea (C, D). Scale bar, 10 �m.

Figure 4. Degradation of epithelial BM and expression of matrix-degrading
enzymes in burned corneas. a: Expression pattern of BM components.
Immunofluorescent detection of type IV collagen and MMP-9 in burned
corneas at day 7. The BM zone does not exhibit a linear immunoreactivity for
type IV collagen in association with its deposition by stromal keratocytes in
a control cornea (A), whereas BM type IV collagen is preserved in a SN50-
treated cornea (B, arrows). Laminin was detected strongly in stromal cells in
control corneas at day 7 (C) and faintly at day 12 (E). It was seen in epithelial
BM at day 7 (D) and never observed in the stroma at day 12 in the SN50
group (F). b: Real-time RT-PCR shows decreased expression of mRNAs of
mmp-9 and timp-1 in SN50-treated corneas at day 7. Mean � bar (SD). c:
Expression pattern of matrix-degrading enzymes. MMP-9 expression in heal-
ing epithelium and keratocytes is more marked in control cornea (A) as
compared with topical SN50 administration (B) at day 7. Although immuno-
reactivity for TIMP-1 was observed in both healing epithelium and stromal
cells in control (C) and SN50 (D) groups at day 12, that in stromal cells was
more marked in the control cornea. d: In situ zymography detects MMP
activity in the cornea in control group (A, asterisks), but not in the SN50-
treated cornea (B) at day 7. C and D: The MMP inhibitor abolishes the
degradation of gelatin, indicating that the degradation of gelatin shown in A
depends on endogenous MMPs. Scale bars: 20 �m (a); 40 �m (c); 50 �m (d).
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(Figure 4a, D), but had disappeared by day 12 in the
SN50 group (Figure 4a, F).

Real-time PCR showed up-regulation of mRNA expres-
sion of mmp-9 and timp-1 in a burned cornea and sup-
pression of this up-regulation by administration of SN50
(Figure 4b). Similarly, immunoreactivity for MMP-9 was
more marked in control corneas (Figure 4c, A) as com-
pared with SN50-treated corneas (Figure 4c, B) at days 7
and 12 (not shown). Although immunoreactivity for
TIMP-1 was observed in both healing epithelium and
stromal cells in control (Figure 4c, C) and SN50 (Figure
4c, D) groups, that in stromal cells was more marked in
the control cornea. In immunostaining no specific stain-
ing was detected in the negative control (data not
shown).

In situ zymography was performed to examine if SN50
treatment suppresses MMP activity in healing corneas at
day 7. A marked MMP activity was detected in the cornea
in the control group (Figure 4d, A; asterisks), but not in
the SN50-treated cornea (Figure 4d, B). MMP activity was
detected in the central cornea during the healing period.
The activity was abolished by adding an MMP inhibitor to
the assay system, indicating that the gelatinolytic activity
is specific for MMP and not other proteases (Figure 4d, C
and D).

Monocyte/Macrophage Invasion into the
Affected Stroma

Invasion of monocytes/macrophages plays an important
role in tissue healing in various organs including an alkali-
burned cornea.31 We therefore examined the presence
and distribution of monocytes/macrophages by using im-
munohistochemistry with F4/80 antibody in the healing
stroma in each group. The results showed that the stroma
contained F4/80-labeled cells and there was no obvious
difference of the presence of such cells in the stroma at
day 3 (data not shown) and day 7 [Figure 5, a (A and B)
and b] between control (A) and SN50-treatment (B)
groups. However, at day 12, the number of F4/80-labeled
monocytes/macrophages was less in NF-�B inhibitor-
treated corneas (Figure 5a, D) as compared with control
corneas [Figure 5, a (C) and b] (P � 0.01 by unpaired
t-test). No specific staining was detected in the negative
control (data not shown).

Myofibroblast Generation in the Affected Stroma

It is well established that during corneal wound healing
keratocytes differentiate to myofibroblasts expressing
�-SMA, which is one of the hallmarks of scar tissue for-
mation in corneal stromal scarring. We therefore exam-
ined the expression pattern of �-SMA in affected cor-
neas. At day 3 no �-SMA-positive cells were detected in
the affected stroma in both groups (Figure 5c, A and B).
At day 7, many �-SMA-positive cells were observed in
corneas of the control group [Figure 5, c (C) and d],
whereas only a few stromal cells were labeled for �-SMA
[Figure 5, c (D) and d] in the SN50-treatment group. At
day 12 �-SMA-expressing cells were still detected in the

stroma, especially in the anterior stroma beneath the
regenerated epithelium in control eyes [Figure 5, c (E)
and d], whereas few cells were labeled in the SN50
treatment group [Figure 5, c (F) and d]. No specific
staining was detected in the negative control (data not
shown).

Expression of TGF-� and MCP-1

Because TGF-� is a chemoattractant for monocytes/mac-
rophages in healing tissue, we hypothesized that re-
duced invasion of monocytes/macrophages might result
from decreased expression of TGF-�, leading to further
suppression of keratocyte activation. Thus, immunohisto-
chemistry and real-time RT-PCR were performed to ex-
amine tissue TGF-� levels. Immunohistochemistry de-
tected a similar expression pattern of intracellular TGF-�1
in control (Figure 6a, A) and treated corneas (Figure 6a,
B), whereas accumulation of extracellular secreted
TGF-�1 [Figure 6a, C (asterisk) and D] and TGF-�2 [Fig-
ure 6a, E (asterisk) and F] in burned stroma was more
marked in control corneas (Figure 6a, C and E) than in
SN50-treated corneas (Figure 6a, D and F). There was no
obvious difference of expression of TGF-�3 in healing
epithelia and stroma between control (Figure 6a, G) and

Figure 5. Immunohistochemical analysis of stromal healing in burned cor-
neas. a: Presence and distribution of F4/80-positive monocytes/macrophages
in the burned corneal stroma. Labeled cells are distributed throughout the
stroma in corneas in both control and SN50-treated groups at days 7 (A, B),
whereas there are significantly fewer cells in the treated group (D) as
compared with the control group (C) at day 12. b: Bar chart of the number
of monocytes/macrophages in the central stroma determined as described in
Materials and Methods. The number of monocytes/macrophages in the
stroma of control corneas was similar at days 3 and 7, whereas it was much
less in SN50-treated corneas than in control corneas at day 12. Mean � bar
(SD). c: Expression pattern of �-SMA in stromal cells during healing. At day
3 no �-SMA-positive cells are observed in the burned stroma of both groups
of corneas (A, B), whereas its expression is more marked in the stroma of a
control cornea (C) as compared with that of a treated cornea (D) at day 7. Iris
stromal cells are also labeled with anti-�-SMA antibody (Iris). At day 12
�-SMA-expressing cells were still detected in the stroma, especially in the
anterior stroma beneath the regenerated epithelium in the control group (E),
whereas few cells were labeled in SN50 treatment group (F). d: Bar chart of
the number of �-SMA-positive stromal cells (myofibroblasts) in the central
stroma determined as described in Materials and Methods. The number of
�-SMA-positive stromal cells in control corneas was similar at day 3, whereas
it was much less in SN50-treated corneas than in control corneas at days 7
and 12. Mean � bar (SD). Asterisks, corneal stroma; AC, anterior chamber.
Scale bars, 100 �m (b, c).
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treated (Figure 6a, H) groups. No specific staining was
detected in the negative control (data not shown).

Real-Time RT-PCR Confirmed the Suppression of Ex-
pression of mRNA of TGF-�1 in Burned Corneas by Top-
ical SN50 (Figure 6c)

Increased TGF-� levels in tissue induce chemoattrac-
tion of monocytes/macrophages either directly or indi-
rectly via induction of MCP-1. MCP-1 is a chemokine that
attracts macrophages into tissues31 and its expression
depends on various signaling pathways, ie, signals via
NF-�B and/or TGF-�.32–34 Thus, we hypothesized that
both the presence of the SN50 NF-�B inhibitor, as well as
suppression of TGF-� expression might result in reduc-
tion of MCP-1 expression. Immunohistochemical results
showed that MCP-1 expression was decreased in healing
epithelium, stromal keratocytes, and stromal matrix in the
SN50-treated group (Figure 6b, B and D) compared to
the control group (Figure 6b, A and C). No specific stain-
ing was detected in the negative control (data not
shown). Real-time RT-PCR also showed a marked sup-
pression of expression of MCP-1 mRNA in burned cor-
neas by topical SN50 (Figure 6c).

Cell Proliferation and Cell Death

Cell proliferation and cell death were examined by using
BrdU labeling and TUNEL staining, respectively, be-
cause NF-�B is reportedly involved in such cellular
events.35 The number of BrdU-positive cells in healing
epithelia was markedly higher in the SN50-treated group
(Figure 7a, B), as compared with control corneas (Figure
7a, A) at day 7 (Figure 7b, P � 0.01 by unpaired t-test).
At day 12 there was no significant difference in epithelial

Figure 7. Proliferation of healing epithelia of burned corneas as detected by
BrdU incorporation. a: Immunohistochemical detection of BrdU-labeled ep-
ithelial cells at days 7 (A, B) and 12 (C, D) in control (A, C) and SN50-treated
(B, D) corneas. Peripheral healing epithelia contain more BrdU-positive cells
in a SN50-treated cornea (B) as compared with a control cornea (A) at day
7. At day 12 the central corneas in both groups have a similar incidence of
BrdU-labeled epithelial cells. b: Bar chart of BrdU-positive cells/epithelium
in each experimental condition. Mean � bar (SD). c: Immunofluorescent
detection of cyclin D1 in an uninjured (A) or healing (B, C) epithelia at day
12 after alkali burn. Cyclin D1 is observed in the cytoplasm and occasionally
detected in nuclei of an uninjured epithelium (A) and healing epithelium in
control group at day 12 (B), whereas it is detected in the nuclei of the
majority of cells in the healing epithelium in SN50-group at day 12 (C). Scale
bars: 50 �m (a); 20 �m (c).

Figure 8. Treatment of an alkali burn in the central cornea of TNF-�-null
mice with topical SN50 for 7 days. There was no difference in epithelial
healing and stromal opacification in a healing, burned, TNF-�-null cornea
treated with vehicle (A) or SN50 (B). BrdU immunohistochemistry showed
an increase of BrdU-incorporated epithelial cells in a SN50-treated cornea
(D) as compared with a vehicle-treated cornea (C), both in the absence of
endogenous TNF-�. E: Bar chart of the number of BrdU-labeled cells in
regenerated epithelium. Scale bar, 50 �m.

Figure 6. Expression of cytokines and growth factors in burned corneas. a:
Immunohistochemical detection of TGF-�s. Immunohistochemistry detected
similar expression of intracellular TGF-�1 in control (A) and SN50-treated (B)
corneas, whereas accumulation of extracellular secreted TGF-�1 (C, D) and
TGF-�2 (E, F) in burned stroma was more marked in a control cornea (C and
E, asterisks) than in a SN50-treated cornea (D, F). There was no obvious
difference of expression pattern of TGF-�3 in healing epithelia and stroma
between control (G) and treated (H) groups. b: Expression pattern of
monocyte/macrophage-chemoattractant protein-1 (MCP-1) in affected cor-
neas at days 7 (A, B) and 12 (C, D). MCP-1 expression is more marked in
control corneas (A, C) as compared with SN50-treated corneas (B, D).
Mean � bar (SD). c: Real-time RT-PCR confirmed the suppression of expres-
sion of mRNA of tgfb1 and mcp-1. Scale bars, 40 �m (a, b).
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cell proliferation between groups [Figure 7, a (C and D)
and b]. Cyclin D1 expression was low in the cytoplasm
and nuclei of uninjured epithelium (Figure 7c, A) and
healing epithelium in the control group at days 7 (data not
shown) and 12 (Figure 7c, B), but was obviously higher in
nuclei of the majority of cells in the healing epithelium in
the SN50-group at days 7 (data not shown) and 12 (Fig-
ure 7c, C). TUNEL staining detected apoptotic cells in the
superficial layer of the regenerated epithelia at days 7
and 12 and there was no difference in the number of
positive cells between groups (data not shown).

Acceleration of Cell Proliferation in Regenerated
Epithelium by SN50 Treatment Is Dependent on
TNF-�/JNK Signal

Examination of epithelial cell proliferation in TNF-�-null
mice and an organ culture experiment were conducted to
elucidate the role of TNF-�-derived signals in accelera-
tion of epithelial cell proliferation by topical SN50 in post-
alkali burn healing corneal epithelium. There was no sig-
nificant difference in epithelial defect closure between
TNF-�-null corneas treated with SN50 and with vehicle
(Figure 8, A and B), although BrdU incorporation in heal-
ing epithelium was significantly higher in SN50-treated
corneas than in vehicle-treated corneas (Figure 8; C to
E). We then compared the level of induction of epithelial
cell proliferation by topical SN50 in C57BL/6 wild-type
mice (Figure 7b) and in TNF-�-null mice (Figure 8E) and
observed that SN50-induced epithelial cell proliferation at
day 7 was more marked in wild-type mice than in TNF-
�-null mice (P � 0.01 by unpaired t-test in Figure 7b
versus Figure 8E). This suggested that TNF-�-derived
NF-�B signaling partially suppresses cell proliferation di-
rectly or interferes with cellular proliferation-promoting
signals in healing corneal epithelium. Moreover, the ab-
sence of TNF-� itself did not seem to have a significant
effect on epithelial cell proliferation, further suggesting
that signals inducing cell proliferation targeted by TNF-
�/NF-�B might be also derived from TNF-�.

Organ culture experiments were performed to further
elucidate the roles of signals derived from TNF-�, ie,
NF-�B and JNK. Closure of the epithelial defect was
similar among each group (Figure 9a). Adding exoge-
nous JNK inhibitor did not affect epithelial cell prolifera-
tion in the healing corneal epithelium, whereas adding
SN50 accelerated BrdU incorporation in the regenerated
epithelium (Figure 9, b and c). However, SN50-induced
cell proliferation acceleration was abolished by the co-
presence of the JNK inhibitor (Figure 9, b and c). SN50-
induction of epithelial cell proliferation was more marked
in the presence of 10 ng/ml of exogenous TNF-�. The
effectiveness of inhibition of signals of NF-�B and JNK by
specific inhibitors was confirmed by immunohistochem-
istry using antibodies against phosphorylated forms of
the molecules (Figure 9, d and e). No specific staining
was detected in the negative control (data not shown).
These results indicate that TNF-�/NF-�B signaling blocks
the TNF-�/JNK pathway, which then accelerates cell
proliferation.

Discussion

In the present study we show that topical administration
of SN50, a cell-permeable peptide inhibitor of NF-�B,
prevents tissue destruction (epithelial defects/ulceration)
in a mouse cornea after a central alkali burn. Histological
findings show less inflammation as evaluated by mono-
cyte/macrophage invasion and less scarring as judged
by the absence of �-SMA-expressing cells in SN50-
treated corneas as compared with control burned cor-
neas at the final time point of day 12 after injury. Although
it is not completely understood whether the inhibitory
action of SN50 is specific to NF-�B signaling or results
from suppression of other signaling cascades,36 our re-
sults demonstrated that topical administration of this pep-
tide is beneficial in treating a corneal alkali burn in mice.
We have recently determined that transient adenoviral
Smad7 gene transfer to an alkali-burned mouse cornea
prevents tissue destruction and restores a transparent
cornea.37 We showed that exogenous Smad7 blocks not
only Smad signaling, but also nuclear translocation of the

Figure 9. Organ culture of mouse eyes with a corneal epithelial defect for 12
hours in the presence of TNF-�, SN50 NF-�B inhibitor, or an inhibitor of
c-Jun N-terminal kinase (JNKI). a: Fluorescein staining of the remaining
epithelial defect at 12 hours in the presence of 10 ng/ml of TNF-�. There is
no difference in the size of the remaining defect in cultures treated without
inhibitors (A), 10 �mol/L of JNKI (B), 100 �g/ml of SN50 (C), or with both
inhibitors (D). Similar results were obtained in a series of culture without
exogenous TNF-� (not shown). b: Immunohistochemical detection of BrdU-
incorporating cells in the regenerated epithelium. Adding exogenous TNF-�
or JNKI does not induce cell proliferation in healing epithelia, whereas
adding SN50 induces proliferation in the presence or absence of exogenous
TNF-�. Acceleration of epithelial cell proliferation by SN50 is abolished by
co-presence of JNKI. A, C, E, and G: Culture without exogenous TNF-�; B, D,
F, and H: culture with 10 ng/ml of TNF-�; A and B: control cultures; C and
D: with JNKI; E and F: with SN50; G and H: with both JNKI and SN50. c: Bar
chart of the number of BrdU-labeled cells in a whole corneal epithelium in
each culture condition. ****, P � 0.005 by Student’s unpaired t-test as com-
pared with control. d: Expression of phosphorylated p65 subunit of NF-�B
(RelA) in epithelium in each culture condition. Phospho-RelA is readily
detected in epithelium in control or JNKI-treated cultures both in the pres-
ence or absence of exogenous TNF-�. SN50 suppresses expression of phos-
pho-RelA both in the presence or absence of exogenous TNF-�. A, C, and E:
Culture without exogenous TNF-�; B, D, and F: culture with 10 ng/ml of
TNF-�; A and B: control cultures; C and D: with JNKI; E and F: with SN50.
e: Expression of phosphorylated JNK in epithelium in each culture condition.
Phospho-JNK is readily detected in epithelium in control or SN50 culture
both in the presence or absence of exogenous TNF-�. Adding JNKI sup-
presses expression of phospho-JNK both in the presence or absence of
exogenous TNF-�. A, C, and E: Culture without exogenous TNF-�; B, D, and
F: culture with 10 ng/ml of TNF-�; A and B: control cultures; C and D: with
JNKI; E and F: with SN50. Scale bars, 10 �m.
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phosphorylated p65/RelA subunit of NF-�B (S. Saika et
al, manuscript in submission). The present study evalu-
ates the contribution of blocking NF-�B signaling to the
efficacy of Smad7 gene transfer, as well as establishes a
new treatment strategy. Suppression of activation of
p65RelA by topical SN50 administration, shown both by
immunohistochemistry and Western blotting of tissue ex-
tracts, was considered to be due to both the direct effect
of SN50 on NF-�B signaling as well as to reduced ex-
pression of cytokines concomitant with a reduction of
inflammation. Although inhibitory effects of SN50 on sig-
nals other than the NF-�B cascade are reported to be
very low,18–21 we observed a similar suppression of in
vivo JNK signaling by SN50 as we did for in vivo NF-�B
signaling, suggesting the acceleration of healing might
result in a reduction of cytokines involved in activation of
JNK signaling.

Based on our results the mechanism of action of the
SN50 NF-�B inhibitor may include its suppression of
postburn up-regulation of growth factors, cytokines, che-
mokines, and metalloproteinases after alkali exposure.
Our study showed a suppression of expressions of
MMP-9, TGF-�s, and MCP-1 by using immunohistochem-
istry and real-time RT-PCR in corneas treated with SN50.
MMP-9 expression is critical to induce BM degradation
and ulceration and expression of many MMP family mem-
bers, including MMP-9, is modulated by NF-�B sig-
nal.38–43 Thus, there is a possibility that expression of
other MMPs might also be down-regulated by topical
SN50, although we did not examine expression of all
members of the MMP family. In situ zymography showed
an increased activity of MMP in the control cornea at day
7 that was suppressed with topical SN50. Therefore, an
increase in TIMP-1, possibly expressed in response to
up-regulation of MMPs, was not enough to counteract the
MMP activity because control corneas exhibited a de-
graded epithelial BM. MCP-1 is a chemokine that is a
potent chemoattractant for monocytes/macrophages.31

Macrophages that express various cytokines, ie, TGF-�s,
and are involved in tissue damage after alkali exposure of
the cornea. The decreased levels of TGF-�s and MCP-1
seen in SN50-treated eyes may contribute to the de-
creased invasion of monocytes/macrophages in treated
alkali-burned stroma, which also results in the down-
regulation of cytokine expression, including TGF-� auto-
induction, in tissue. It is also possible that inhibition of
NF-�B signaling might accelerate apoptosis of macro-
phages in tissue because this signal is required to main-
tain mitochondrial homeostasis in macrophages.44,45

We also showed suppression of myofibroblast gener-
ation in burned corneal stroma treated with SN50, al-
though it is not clear if expression of �-SMA is directly
modulated by signaling through NF-�B. On the other
hand, regulation of fibroblast-myofibroblast conversion, a
hallmark of wound healing of connective tissues such as
dermis or corneal stroma,22–25 by TGF-�/Smad signaling
is well-established. Thus, decreased TGF-� levels in
treated tissue is a plausible explanation for the suppres-
sion of keratocyte activation to myofibroblasts. Degrada-
tion of BM might also result in the activation of underlying
keratocytes and lead to generation of myofibroblasts.

Finally, our study showed that the SN50 NF-�B inhibitor
stimulated cell proliferation in the healing corneal epithe-
lium, a process that is modulated by a complex autocrine
and paracrine interaction of cytokines. Nevertheless, it is
known that NF-�B signaling can modulate cell prolifera-
tion and cell death.36,46–48 One NF-�B-related signaling
mechanism believed to modulate cell proliferation is reg-
ulation (either stimulation or suppression) of activation of
cyclin D1.49–52 Furthermore, overexpression of domi-
nant-negative NF-�B or gene knockout of Ik-kinase is
reported to result in embryonic epidermal hyperprolifera-
tion.53–55 Recently it was reported that TNF-�-derived
NF-�B signaling counteracts the JNK’s effects on accel-
eration of epithelial cell proliferation.56,57 Because the
corneal epithelium is of a lineage similar to the epidermal
keratinocyte, a similar mechanism involving TNF-�/NF-�B
regulation of cell-cycle machinery might be involved, al-
though, dissimilar to epithelial cell proliferation in a de-
veloping embryo, cell proliferation in the healing corneal
epithelium is considered to be modulated by many sig-
naling cascades other than JNK. In the present study we
compared the level of induction of epithelial cell prolifer-
ation by topical SN50 in C57BL/6 wild-type mice with that
in TNF-�-null mice on a C57BL/6 background. Although
SN50 induced epithelial cell proliferation in a healing
alkali-burned cornea in TNF-�-null mice, this induction
was much less in TNF-�-null mice as compared with in
wild-type mice. This suggests that epithelial cell prolifer-
ation is partially counteracted by TNF-�-derived NF-�B
signaling, as well as by other cell proliferation-suppress-
ing cytokines, ie, TGF-�. To further examine the roles of
signals derived from TNF-�, ie, NF-�B and JNK, we used
an organ-cultured mouse eye that is free from inflamma-
tory cells from the systemic circulation. As expected, the
absence of either TNF-� or JNK signaling abolished the
cell proliferation-promoting effect of SN50 on healing cor-
neal epithelium. These results indicate that TNF-�/NF-�B
signaling blocks the TNF-�/JNK pathway which then ac-
celerates cell proliferation. In vivo induction of cell prolif-
eration by SN50 in TNF-�-null mice appears to depend
on reduced invasion of inflammatory cells from the sys-
temic circulation and subsequent reduction of prolifera-
tion-inhibitory cytokines by topical SN50 administration.
In vivo, the corneal epithelial defect is first covered with a
thin regenerated migrating epithelium that lacks prolifer-
ative potential and then once the defect has been resur-
faced, the epithelium begins to proliferate to re-establish
stratification.31 We have shown that a significant accel-
eration of cell proliferation in migrating corneal epithelium
by exogenous Sonic hedgehog was not sufficient to pro-
mote closure of an epithelial defect in organ-cultures of
mouse corneas.58 Cell proliferation acceleration by ex-
ogenous Sonic hedgehog was much more marked than
that observed by adding exogenous TNF-� and SN50
consistent with our observation that SN50-induced cell
proliferation did not promote closure of an epithelial de-
fect in an organ-cultured cornea. Nevertheless, it may not
be excluded that the mechanisms of accelerated healing
in vivo in the presence of the SN50 NF-�B inhibitor might
include direct induction of JNK-driven epithelial cell pro-
liferation and its suppression of up-regulation of TGF-�s
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that often inhibit cell proliferation. Blocking NF-�B could
also potentially affect apoptotic signaling by affecting the
c-Jun N-terminal kinase cascade,46–48 but the present
study detected no alteration of cell death in healing
epithelium.

The role of NF-�B signaling in wound healing appears
to be tissue-specific. For example, blocking this signal
suppresses tissue damage in inflammatory disorders in
joints and the skeletal system,11–17 whereas it retards
local healing in an inflammatory bowel disease mod-
el.59,60 Further work is needed to study the effects of
blocking NF-�B signaling in the repair of the conjunctiva
because the present alkali burn model is limited to the
cornea with the conjunctiva remaining intact.

Corticosteroid and nonsteroidal anti-inflammatory
drugs administered to reduce corneal inflammation pos-
sess activity to block NF-�B signaling. However these
drugs are not selective for this pathway and have many
side effects. To target a specific signaling pathway in-
volved in tissue inflammation may decrease undesirable
effects, keeping a potent anti-inflammatory action in a
burned cornea. Further study is needed to establish the
clinical utility of blocking NF-�B signaling in the treatment
of corneal alkali burn.
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