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Discovery of Potential Sorbitol Dehydrogenase Inhibitors from Virtual

Screening
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Abstract: Sorbitol dehydrogenase (SDH) is the second enzyme in the polyol pathway of glucose metabolism and is a
possible target for the treatment of the complications of diabetes. In this study the molecular modelling program DOCK
was used to analyse 249,071 compounds from the National Cancer Institute Database and predict those with high affinity
for SDH. From a total of 21 tested the 7 compounds including flavin adenine dinucleotide disodium hydrate, (+)-
Amethopterin, 3-hydroxy-2-napthoic(2-hydroxybenzylidene) hydrazide, folic acid, N-2,4-dinitrophenyl-L-cysteic acid,
Vanillin azine and 1H-indole-2,3-dione,5-bromo-6-nitro-1-(2,3,4-tri-O-acetyl-a-L-arabinopyranosyl)-(9Cl), were shown
to inhibit SDH and displayed ICsg values of 0.192 uM, 1.1 pM, 1.2 uM, 4.5 pM, 5.3 pM, 7 uM and 28 pM, respectively.
These compounds may aid the design of pharmaceutical agents for the treatment of diabetes complications.

INTRODUCTION

Sorbitol dehydrogenase (SDH) is expressed in all
mammalian tissues, including the brain, lens, erythrocytes
and liver [1,2]). The enzyme has attracted considerable
interest owing to its implication in the development of
diabetic complications such as cataracts, neuropathy, retino-
pathy and nephropathy [3]. The structure of human SDH
with and without the bound inhibitor 2-hydroxymethyl-4-(4'-
N,N-dimethylaminosulfonyl-1-piperazino) pyrimidine (SDI-
158) has been recently published [4]. The overall structure
was found to be similar to those of rat SDH {5], NADPH-
dependant whitefly ketose reductase [6], and human liver
ADH [7]. The catalytic zinc atom was coordinated by His69,
Cys44, Glu70 and a water molecule (tetra-coordination) in
both the apo- and holoenzyme structures. In the ternary
structure, penta-coordination of the zinc occurred with
simultaneous interactions with the N1 nitrogen and O30
oxygen of SDI-158 and dissociation of Glu70.

Prior to the year 2000, only one known in vivo prototype
SDH inhibitor (SDI), SDI-158, was reported in the literature.
Since then the synthesis of pyridine derivatives, which had a
4’-N,N-dimethylaminosulfonyl-1-piperazino group at the 4-
position and various functionalities, including hydrogen,
CH,0H, CHO, CONH, and CN, at the 2-position were
reported [8]. The inhibitory activities of these derivatives
were investigated to determine their potential as novel SDIs.
The pyridine group was selected as a template because of its
similarity to the pyrimidine group in SDI-158 and the
various functionalities at 2-position of the pyridine ring were
then used to establish structure-activity relationships.
However, when tested against SDH, these compounds were
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Campus), Parkville, Victoria 3052, Australia; Tel: +61 3 9903 9691; Fax:
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1573-4064/06 $50.00+.00

shown to be less effective inhibitors than SDI-158, hence it
was concluded that the pyrimidine moiety is important for
the active site interactions. New SDH inhibitors were
synthesised by replacing the dimethylaminosulfonyl group in
SDI-158 with a variety of heterocycles and found to inhibit
SDH ‘with the most potent ICsy value equal to 10 nM [9].
Based on these findings, the dimethylaminosulfonyl group
was targeted and an SDI with an ICsy value of 4 nM that has
very good drug-like properties, including a long plasma half-
life, was recently reported [10].

The program DOCK (version 4.0) [11] is used to orient
small molecules into potential binding sites of proteins by
matching the receptor pocket to the ligand atoms or surfaces.
An energy score is given based on the complementarity
between the ligand and the receptor, i.e. geometry as well as
overall chemical complementarity and steric fit. The docking
methodology used in this study has been described in detail
in the literature [12,13]. In this case, the crystal structure of
the human SDH holoenzyme [4] together with the DOCK
program were used to search the NCI database [14] for
possible compounds that may inhibit SDH or serve as new
templates for further inhibitor development.

NCI DATABASE SEARCH

The coordinates of the human SDH/NAD" complex (PDB
code: 1PL8) and the NCI database (249,071 compounds)
were used to search for potential inhibitors or drug templates
of SDH. The DOCK program [11] read 234,244 compounds,
of which 230,747 compounds were docked successfully. A
total number of 3,497 compounds were skipped due to the
chemical and physical filters utilised by the program. This
includes ignoring compounds that contain heavy atoms such
as Zn, Al, Au or Ag or compounds that had too many or
incorrectly assigned rotatable bonds. 15,756 compounds
(6.3% of the database) were found to be chemically toxic
(i.e. containing atoms such as Pt, Hg, Pu, Cr or Ir) and were
also excluded from the database. Hydrogen atoms, partial

© 2006 Bentham Science Publishers Ltd.



240 Medicinal Chemistry, 2006, Vol. 2, No. 3

charges, atomic potentials and bond orders for the complexes
were assigned using the automatic procedures within the
InsightlI 2.1 package (Biosym Technologies Inc., San Diego,
CA). Arginine, lysine, aspartate and glutamate amino acids
were charged while the histidines were uncharged, with
hydrogen atoms fixed at the Ne2. The Zn atom present in the
active site of SDH was charged (2+). Using the program
Concord the compounds were downloaded from the NCI
database without altering their ionization states. Based on the
SDH/SDI structure, a box was used to define the active site
and included the Zn atom and Zn binding ligands. The
docked compounds were restricted to the specified box. The
top-ranked 3,000 compounds were checked for commercial
availability using the NCI database website (www.cactus.
nci.nih.gov) and only those compounds that were available
were analysed thoroughly for their interactions with the
active-site residues and Zn atom using the molecular
modelling program Insightll (Biosym Technologies, San
Diego, CA, USA). Compounds that had good interactions
were then chosen for ICsp measurements as described below.

SDH EXPRESSION AND PURIFICATION

The coding region of human SDH (SORD) was isolated
from the liver cDNA library, inserted into a prokaryotic
expression vector (pET23 (+) Novagen, Madison, WI, USA)
and transformed into E. coli BL21 (DE3) (Novagen) [15].
Briefly, SDH was purified from the supernatant by ammonium
sulfate precipitation, anion exchange chromatography and
affinity chromatography following established procedures
[16]. The concentration, purity and enzymatic activity of
SDH were examined at each step.

INHIBITORY ASSAY FOR SDH

Enzyme activity was determined using a Shimadzu UV-
vis spectrophotometer (model UV160A) by following the
increase in absorbance of NADH at 340 nm. SDH was tested
for compound inhibition using compound stocks made up in
50% DMSO. The reaction was carried out with a 1 ml assay
sample containing 42 mM glycine buffer pH 9.9, 9.9 mM D-
sorbitol and 0.5 mM B-NAD" and different concentrations of
compounds. Initially, the buffer and water were equilibrated
to a constant temperature of 25° C in a hot water bath and a
final concentration of DMSO in the assay not exceeding 2%
was used. The reaction was commenced by addition of the
substrate. One milli-unit (mU) of activity was defined as the
amount of enzyme needed to oxidise 1 milli-mole of
substrate per minute under initial velocity conditions at room
temperature (20° C).

The DOCK program results suggested 21 compounds
that may potentially inhibit SDH. These compounds were
purchased and after the initial testings 7 compounds were
found to be active. The active compounds included flavin
adenine dinucleotide disodium hydrate, (+)-Amethopterin, 3-
hydroxy-2-napthoic(2-hydroxybenzylidene) hydrazide, folic
acid, N-2,4-dinitrophenyl-L-cysteic acid, Vanillin azine and
1H-indole-2,3-dione,5-bromo-6-nitro-1<2,3,4-tri-O-acetyl-o.-
L-arabinopyranosyl)-(9Cl). The corresponding ICso values
were 0.192 uM, 1.1 M, 1.2 uM, 4.5 pM, 5.3 uM, 7 uM and
28 uM, respectively. The molecular formulae and chemical
structures of the 7 active compounds are shown in Table 1.

Darmanin et al.

For comparison and validation of the inhibitory assay the
ICso value of SDI-158 was also determined and was found to
be in agreement with the published value [8). In addition,
SDI-158 was docked into the active site of SDH and the
resulting orientation was found to be similar to that observed
in the crystal structure of the ternary complex [4]. The most
potent compound, with an ICsy value of 0.192 uM and 5.2-
fold greater potency than SDI-158, is flavin adenine di-
nucleotide disodium hydrate. 1H-indole-2,3-dione,5-bromo-
6-nitro-1-(2,3,4-tri-O-acetyl-o.-L-arabinopyranosyl)-(9Cl) was
the least potent with a 28-fold less potency compared to SDI-
158.

While previous studies on SDIs were focused on the
design and synthesis of analogues for SDI-158 [9-12], our
study revealed novel classes of potential inhibitors with in
vitro potencies in the micro molar range. The new
compounds include a ring system, which seems to be a pre-
requisite for SDH inhibitors and bind to a hydrophobic
portion of the active site. Additionally, hydroxyls, sulfonic
or nitro functional groups interacted with the polar residues
and the catalytic zinc atom. Vanillin azine and 3-hydroxy-2-
napthoic(2-hydroxybenzylidene) hydrazide have comparable
structures including hydroxyl groups and benzyl rings, while
(+)-Amethopterin is an analogue of folic acid. The proposed
interactions between the most active compound (flavin
adenine dinucleotide disodium hydrate) and the active site
residues of SDH are shown in Fig. 1.

Similar to SDI-158 {4}, the potencies of the compounds
in vitro are likely due to their interactions with the catalytic
zinc. Additional interactions may include the stacking against
the nicotinamide ring of NAD", the numerous van der Waals
contacts and a small number of H-bonds between the
compounds and the protein. The proposed models suggest
that flavin adenine dinucleotide is coordinated to the zinc
atom by oxygen and nitrogen atoms (1.8 A and 1.9 A,
respectively) from the flavin ring which n-stacks against the
nicotinamide ring of NAD" (Fig. 1). (+)-Amethopterin is H-
bonded to His49 (3.0 A) and Thr121 (2.9 A). The zinc atom
is likely coordinated by nitrogen atoms of the diamino-
pteridin ring (3.2 A and 3.9 A). In case of the 3-hydroxy-2-
napthoic(2-hydroxybenzylidene) hydrazide the zinc atom
may be coordinated by a nitrogen atom from the 2-
hydroxybenzylidene moiety (2.7 A). Folic acid is H-bonded
to Serd6 (3.7 A), Thr121 (3.1 A), Glul55 (2.8 A) and Ser276
(2.3 A), and may coordinate to the zinc atom through two
nitrogens from its 4-pteridinol ring (3.2 A and 3.8 A). N-2,4-
Dinitrophenyl-L-cysteic acid is likely coordinated through its
sulfomethyl oxygen to the zinc atom (2.4 A). Vanillin azine
forms an H-bond with Thr121 (3.0 A) and may coordinate to
the zinc atom through an imine nitrogen (2.4 A). In the case
of 1H-indole-2,3-dione,5-bromo-6-nitro-1-(2,3,4-tri-O-acety!l-
o-L-arabinopyranosyl)-(9Cl), the zinc atom is likely
coordinated by an ester oxygen (2.3 A).

This was the first study on the discovery of potential
SDH inhibitors from virtual screening and resulted in a 33%
success rate. From a total of 21 compounds tested 7 com-
pounds were found to inhibit SDH with ICs, values in the
micro molar range. Similar studies performed on the much
more investigated aldose reductase, the first enzyme of the
polyol pathway, have resulted in a similar success rate [17].
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nitro-1-(2,3,4-tri-O-acetyl-a-L-

arabinopyranosyl)-(9CI)

Compound Molecular Formula ICs (bM) Structure
Vanillin azine CisHjN204 7 CHy
] 0-CH;
HO A@/\\N N o
1H-Indole-2,3-dione,5-bromo-6- CisH1;BINOyy 28 0. CHs 0

o
HC O ciy

Fig. (1). Stereoview of the most active compound (flavin adenine dinucleotide disodium hydrate) identified from the NCI database and its
proposed interactions with the SDH active site. Residues within 4 A of the compound, H-bonds and the proposed coordination between the
zinc atom and the compound (dashed lines) are shown.
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Involvement of Insulin-like Growth Factor-I and
Insulin-like Growth Factor Binding Protein-3 in Corneal
Fibroblasts during Corneal Wound Healing

Kanako Izumi, Daijiro Kurosaka,' Takeshi Iwata,® Yoshibisa Oguchi,'
Yasubiko Tanaka,* Yukibiko Masbima,' and Kazuo Tsubota'

Purrost. The involvement of downstream messengers of trans-
forming growth factor (TGF)-8 in the differentiation of corneal
fibroblasts into myofibroblasts was investigated. The effects of
insulin-like growth factor (AIGF)-I and insulin-like growth factor
binding protein (IGFBP)-3 upregulated by TGF- were exam-
ined in human corneal fibroblasts, and the possible involve-
ment of IGF axis components in corneal wound healing was
assessed in a mouse model.

Mernops. Human corneal fibroblasts were incubated with
TGF-B2 or IGF, to investigate IGF-1, IGF-II, IGFBP-3, type I
collagen, and a-smooth muscle actin (a-SMA) mRNA, as well as
IGFBP-3 protein expression, during myofibroblast differentia-
tion. DNA synthesis was evaluated with a 5-bromo-2’-deoxyuri-
dine (BrdU) incorporation assay. IGFBP-3 mRNA expression,
protein expression, and immunolocalization were investigated
in mouse corneas after photorefractive keratectomy (PRK).

ResuLts. TGF-82 treatment induced expression of IGFI and
IGFBP-3 mRNA and of IGFBP-3 protein in human corneal fibro-
blasts. TGF-82 and IGF both stimulated expression of type 1
collagen. TGF-82 but not IGFI potently stimulated a-SMA
mRNA expression. IGF1 potently stimulated basal DNA synthe-
sis, whercas IGFBP-3 inhibited it. IGF-1 potently stimulated
proliferation of TGF-B2-activated myofibroblasts without re-
versing the activated fibrogenic phenotype, whereas IGFBP-3
suppressed IGF-linduced proliferation of corneal fibroblasts.
IGFBP-3 mRNA and protein increased in mouse corneas soon
after PRK, when in vivo immunostaining of the corneas
showed expression of IGFBP-3 in the deep layer of the corneal
stroma.

Concrusions. These results suggest that during corneal wound
healing, TGF-8 stimulates IGF axis components, whereas
IGFBP-3 may modulate IGF-Iinduced myofibroblast proliferation
to suppress corneal mesenchymal overgrowth. (Invest Oph-
thalmol Vis Sci. 2006;47:591-598) DOI:10.1167/i0vs.05-0097

uring corneal wound healing leading to scar formation,
keratocytes are activated, turn into fibroblasts, and even-
tually transformed to a-smooth muscle actin (a-SMA)-cxpress-
ing myofibroblasts,'~> Myofibroblasts arc central to wound
healing, as they generate the contractile forces necessary for
wound closure.*%7 However, regulation of myofibroblast dif-
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ferentiation and proliferation is crucial, because an excessive
number of myofibroblasts results in excessive scar formation.®
Soluble mediators of wound repair, such as growth factors, are
important in regulating myofibroblast differentiation and pro-
liferation.

The differentiation of keratocyte into myofibroblasts has
been shown to be induced by TGF-B.37*? TGF-8 isoforms
regulate multiple biological processes including cell prolifera-
tion, extracellular matrix synthesis, angiogenesis, immune re-
sponse, apoptosis, and differentiation.”-'°~!? They have been
implicated in the pathogenesis of fibrosis, autoimmune dis-
eases, cancer, and other disorders.”'°~'? TGF-8 is a pluripo-
tent cytokine capable of inhibiting or stimulating cell growth,
depending on the nature of the target cell.’* TGF-8 is a potent
inhibitor of growth in a varicty of cpithelial ccll types, whercas
in stromal cells it stimulates cell growth.'%'3

Growth-promoting and metabolic regulatory activities of
insulin-like growth factor JGF)I and -II are modulated by a
family of six high-affinity insulin-like growth factor binding
proteins (IGFBPs) and mediated by two IGF receptors (IGF-IR
and -IIR), particularly IGF-IR.**~® Modulation of IGF actions by
IGFBP may bc positive or negative, depending on tissue type
and physiologic or pathologic states.**'7-2¢

IGFBP-3 is one of the six IGFBPs that regulate binding of
IGF-1 with the cognate IGFI receptor tyrosine kinase.” -2 By
modulating the binding of IGFI to its receptor, an individual
IGFBP can ecither inhibit or augment IGFI-stimulated
growth.>* 24-27 IGFBP-3 is a 40- to 45-kDa glycoprotein pro-
duced locally in many tissues, where it serves important para-
crine and autocrine functions in modulating cellular growth
and apoptosis.”*?%>2® [GFBP-3 activity at the cellular level is
regulated, not only by its rate of synthesis, but also by post-
translational modification and proteolysis.?®> Several IGFBP-3
proteases have been identified, including plasmin, matrix met-
alloproteases, kallikreins, prostate-specific antigen, and cathep-
sin D. This proteolysis results in IGFBP-3 fragments with a low
affinity for IGFs.>*3! IGFBP-3, like IGFBP-1 and IGFBP-5, is
capable of regulating cell growth independent of its effects on
IGF-Istimulated growth.*? For example, IGFBP-3 inhibits rep-
lication and promotes apoptosis in various cell lines in an
IGF-independent manner.>?> Not only IGFI but TGF-81 and
TGF-$2 enhance IGFBP-3 mRNA and protein expression in
both epithelial and stromal cell types.***> The IGF system
plays an important role in wound healing,'*"* and both IGF1
and IGFBP-3 are present in wound fluid in significant concen-
trations. #1512

To our knowledge, the IGFBP-3 system has not been inves-
tigated in comeal wound healing. To test our hypothesis that
IGF axis components regulate corneal scar formation, we in-
vestigated whether TGF-2 induces IGF-1 and IGFBP-3 expres-
sion and whether IGFBP-3 modulates IGF-Iiinduced myofibro-
blast proliferation in cultured corneal fibroblasts. We then
evaluated expression and localization of IGFBP-3 in mouse
cornea after photorefractive keratectomy (PRK).
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MATERIALS AND METHODS

Cell Culture

Human corneal fibroblasts were isolated from corneal limbal rims
donated by the Northwest Lions Eye Bank (Seattle, WA). Procedures
used in this human-cell in vitro research conformed to the tenets of the
Declaration of Helsinki. Corneal tissue was cut into pieces and incu-
bated in a humidified atmosphere of 5% CO, and 95% air at 37°C in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen-Gibco, Grand
Island, NY) containing 10% fetal bovine serum (FBS; Invitrogen-Gibco).
Cells in the third passage were used for experiments. The purity of celt
cultures was assessed by determining the reactivity with antibodies to
vimentin by immunofluorescence analysis. All fibroblasts were immu-
noreactive for vimentin but not for cytokeratin, suggesting the absence
of contamination by epithelial cells.

For reverse-transcription polymerase chain reaction (RT-PCR) ex-
periments, human corneal fibroblasts were cultured at a density of
6.0 X 10*/mL in serum-free medium. After 24 hours, this medium was
replaced with serum-free medium containing TGF-82 (0.01-100 ng/
mL; R&D Systems, Minneapolis, MN), IGF-I (50 ng/mL; R&D Systems),
and anti-IGF-I neutralizing antibody (20 pg/mL; R&D Systems). Incu-
bation was continued for 12, 24, 48, or 72 hours before RNA was
extracted for analysis.

For Western blot analysis, human corneal fibroblasts were cultured
at a density of 6.0 X 10*/mlL in serum-free medium. After 24 hours, this
medium was replaced with serum-free medium containing 1 ng/mL
TGF-B2 for incubations continuing a further 12, 24, 48, or 72 hours
before collection of medium for analysis. The conditioned medium was
collected, centrifuged to remove cell debris, and stored at —80°C until
use.

Photorefractive Keratectomy

Animal procedures were performed in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research.
Six- to 8week-0ld mice (C57BL/6) were used. To induce corneal
wounds, first we anesthetized mice by an intraperitoneal injection of
10% pentobarbital (0.15 mg/10 g body weight). A drop of proparacaine
HCI (0.05%) was applied to the eye, and the cornea was centered
under the laser microscope. Two-millimeter corneal wounds were
produced in the right eye of each animal by transepithelial excimer
laser abrasion (2-mm optical zone; 42- to 44-um ablation depth; PTK
mode; model EC5000; Nidek, Yokohama, Japan). After excimer laser
treatment, tobramycin ointment (0.3%) was applied to the curneal
surface to prevent infection. No postoperative topical steroid was
administered. At 12 hours and 1, 3, 7, and 14 days after excimer laser
ablation, mice were euthanatized for excision of corneas under an
operating microscope, these were stored at —80°C until analysis.
Thirteen mice were euthanatized at each time point. Five mice at each
time point were used for RNA analysis, five for Western blot analysis,
and three for immunohistochemistry. Eight corneas from four mice
that did not undergo excimer ablation were used as the normal control
(day 0).

RNA Extraction

Total RNA was extracted from pooled corneas or cultured fibroblasts
after various experimental manipulations. Homogenization was per-
formed in extraction reagent (TRIzol; Invitrogen). Total RNA was
extracted from each sample by chloroform, precipitated with isopro-
panol, and washed with ethanol. RNA pellets were dissolved in dieth-
yipyrocarbonate (DEPC)-treated water and stored at —80°C. The total
RNA concentration was measured spectrophotometrically at 260 nm.

PCR Procedure

First-strand cDNA was synthesized with reverse transcriptase (Super-
Script II; Invitrogen) and random primer, together with 1 ug of total
RNA from the sample. For RT-PCR, gene-specific primers were de-
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signed by computer (Primer Express software; Applied Biosystems,
Inc., [ABI] Foster City, CA) on the basis of fulllength cDNA sequence
data (provided by Celcla Discovery Systems; ABI). These were as
follows: for human IGFBP-3, 5'-CCCAACTGTGACAAGAAGGGATT-3'
(forward primer) and 5-CAGGCGTCTACTTGCTCTGCAT-3' (reverse
primer); for mouse IGFBP-3, 5'-CCATCCACTCCAT GCCAAGA-3' (for-
ward primer) and 5'-GGGACTCAGCACATTGAGGAA-3' (reverse
primer); for human IGFI, 5-CACCATGTCCTCCTCGCATCT-3’ (forward
primer) and 5-ATCCACGATGCTGTCTGAGG-3’ (reverse primer); for
human IGF-1, 5'-CCTGGAGACGTACTGTGCTACC-3" (forward primer)
and 5'-GCTCACTTCCGATTGCTGG-3' (reverse primer); for human
procollagen-al(), 5’-AGTCACCCACCGACCAAGAAA-3'  (forward
primer) and 5-CATAAGACAGCTGGGGAGCAAA-3’ (reverse primer);
for human a-SMA, 5'-CCAACTGGGACGACATGGAAA-3' (forward
primer) and 5-GCGTCCAGAGGCATAGAGAGACA-3' (reverse primer);
for human GAPDH, 5’-CAGCCTCAAG ATCATCAGCAAT-3' (forward
primer) and 5'-GGTCATGAGTCCTTCCACGATAC-3'(reverse primer);
and for mouse 18S 5-GATCGAAGACGATCAGATACC3' (forward
primer) and 5'-CCAGA CAAATCACTCCACC-3' (reverse primer). The
last two of these were used as the endogenous control. Realtime
quantitative PCR was performed with a commercial system (model
5000; ABD). Volumes of 50 uL were used for reactions in 96-well plates.
The amplification protocol specified incubation at 50°C for 2 minutes
and at 95°C for 10 minutes, followed by 40 cycles at 95°C for 15
seconds and 60°C for 1 minute. The PCR cycle number (C;) at which
fluorescence emission reached a threshold value above baseline emis-
sion was used to quantitate the original amount of each mRNA, which
was normalized to the amount of human GAPDH or mouse 18S.

IGFBP-3 Immunohistochemistry in Mouse
Corneal Sections

Eyes harvested at each time point were incubated in 4% paraformal-
dehyde and phosphate-buffered saline (PBS) overnight at 4°C. Paraffin-
embedded sections were cut at a 4-um thickness and affixed to glass
slides (Superfrost; Matsunami, Osaka, Japan). Formalin-fixed paraffin-
cmbedded sections of tissue were heated, dewaxed, and rehydrated
before blocking of endogenous peroxidase (0.1%, vol/vol hydrogen
peroxide). Sections were incubated with polyclonal rabbit antibody
against mouse IGFBP-3 (GroPep, Adelaide, Australia). Specific binding
was detected by an Alexa 488-conjugated anti-rabbit secondary anti-
body (Molecular Probes, Eugene, OR). The sections were counter-
stained with propidium iodine, and mounted in anti-fading solution
(Vector Laboratories, Burlingame, CA). In addition to the fluorescent
conjugate, primary antibody was detected with an immunoperoxidase
protocol (Envision kit; Dako, Ely, UK). Fluorescent images were pho-
tographed with a laser scanning confocal microscope (LSM510; Carl
Zeiss Meditec, Jena, Germany).

Western Blot Analysis

For Western blot analysis, 10 mL serum-free conditioned medium
collected from each flask was concentrated by centrifugation in a spin
column (Centricon 50; Millipore, Bedford, MA) to achieve a 200-fold
concentration. Protein from the concentrated conditioned medium of
corneal fibroblasts or protein extracted from mouse cornea after PRK
was analyzed for IGFBP-3 on 15% SDS-polyacrylamide gels and then
electrophoretically transferred to polyvinylidene difluoride (PVDF)
membrane. Overall protein concentrations were determined by the
Lowry assay. Transfer was performed at a constant voltage of G0 V for
1 hour. After transfer, the membrane was incubated in Tris-buffered
saline (TBS) containing 5% skim milk for 1 hour at room temperature.
The membrane was rinsed three times with TBS-0.1% Tween, and then
incubated with an antirhuman IGFBP-3 monoclonal antibody (R&D
Systems) or a polyclonal rabbit antibody against mouse IGFBP-3
(GroPep) for 2 hours at room temperature. The membrane was rinsed
with TBS-0.1% Tween and then incubated with horseradish peroxi-
dase-labeled goat anti-rabbit IgG (Jackson ImmunoResearch Laborato-



