
Overexpression of Matrix Metalloproteinase-10
and Matrix Metalloproteinase-3 in Human
Diabetic Corneas

A Possible Mechanism of Basement Membrane and
Integrin Alterations

Mehrnoosh Saghizadeh,* Donald J. Brown,*
Raquel Castellon,* Marilyn Chwa,*
Gang H. Huang,* Julia Y. Ljubimova,†

Shari Rosenberg,* Konstantin S. Spirin,*
Raisa B. Stolitenko,* Wakako Adachi,‡

Shigeru Kinoshita,‡ Gillian Murphy,§

L. Jack Windsor,¶ M. Cristina Kenney,* and
Alexander V. Ljubimov*
From the Ophthalmology Research Laboratories * and

Neurosurgical Institute,† Burns and Allen Research Institute,

Cedars-Sinai Medical Center, University of California Los Angeles

Medical School Affiliate, Los Angeles, California; the Department

of Ophthalmology,‡ Kyoto Prefecture University of Medicine,

Kyoto, Japan; the School of Biological Sciences,§ University of East

Anglia, Norwich, England; and the School of Dentistry,¶ Indiana

University, Indianapolis, Indiana

We have previously described decreased immuno-
staining of nidogen-1/entactin; laminin chains a1,
a5, b1,g1; and epithelial integrin a3b1 in human di-
abetic retinopathy (DR) corneas. Here, using 142 hu-
man corneas, we tested whether these alterations
might be caused by decreased gene expression levels
or increased degradation. By semiquantitative reverse
transcription-polymerase chain reaction, gene ex-
pression levels of the a1, a5, and b1 laminin chains;
nidogen-1/entactin; integrin a3 and b1 chains in dia-
betic and DR corneal epithelium were similar to nor-
mal. Thus, the observed basement membrane and
integrin changes were unlikely to occur because of a
decreased synthesis. mRNA levels of matrix metallo-
proteinase-10 (MMP-10/stromelysin-2) were signifi-
cantly elevated in DR corneal epithelium and stroma,
and of MMP-3/stromelysin-1, in DR corneal stroma.
No such elevation was seen in keratoconus corneas.
These data were confirmed by immunostaining, zy-
mography, and Western blotting. mRNA levels of five
other proteinases and of three tissue inhibitors of
MMPs were similar to normal in diabetic and DR cor-
neal epithelium and stroma. The data suggest that

alterations of laminins, nidogen-1/entactin, and epi-
thelial integrin in DR corneas may occur because of
an increased proteolytic degradation. MMP-10 overex-
pressed in the diabetic corneal epithelium seems to
be the major contributor to the observed changes in
DR corneas. Such alterations may bring about epithe-
lial adhesive abnormalities clinically seen in diabetic
corneas. (Am J Pathol 2001, 158:723–734)

Diabetic retinopathy (DR) remains the leading cause of
legal blindness in elderly people in the Western world.1 It
is a well-recognized vision-impairing complication of di-
abetes that mainly involves retinal vasculature. However,
both insulin-dependent and noninsulin-dependent diabe-
tes mellitus affect not only retina and lens, but also cor-
nea, tear film, eyelids, iris, ciliary body, and cranial
nerves.2 Corneal abnormalities such as epithelial defects
and fragility, recurrent epithelial erosions, decreased
sensitivity, abnormal wound repair, increased suscepti-
bility to injury, ulcers, edema, and increased autofluores-
cence have been clinically observed in patients with
diabetes and DR.2–7 At the cellular and molecular levels,
these diabetic abnormalities may be related to increased
epithelial basement membrane (BM) thickness,2,8 de-
creased number of hemidesmosomes,9–11 impaired
function of corneal endothelium,12 altered collagen,13

and abnormal deposition of complement proteins.14

These alterations have been discussed in detail in a
recent review.6

Because many of the diabetic corneal abnormalities
are apparently related to changes in cell adhesion and
tissue repair, they might be due to alterations of adhesive
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molecules of the extracellular matrix (ECM) and BM. We
have recently conducted a systematic study of .30 var-
ious ECM and BM components and their integrin recep-
tors in corneas from patients with diabetes and DR.15 Our
data showed that DR corneas had a significant decrease
in immunostaining for major epithelial BM components,
nidogen-1/entactin, laminin-1 (a1b1g1), laminin-10
(a5b1g1), and of their binding integrin, a3b1. These al-
terations, especially of a3b1 integrin, seemed to be spe-
cific for diabetic corneas because they were not pro-
nounced in corneas from patients with a common
edematous corneal disease, bullous keratopathy.15

We tested here whether BM and integrin alterations in
human diabetic and DR corneas could occur because of
decreased synthesis or increased degradation. Because
gene expression of the affected components did not
change with diabetes and DR, decreased synthesis
could not easily explain our previous data. On the other
hand, gene and protein expression of two matrix metal-
loproteinases (MMP), MMP-3 and MMP-10 (stromelysin-1
and stromelysin-2, respectively) was increased in dia-
betic corneas without DR and especially, in diabetic cor-
neas with DR. These data give reason to suggest that
overexpression of MMP-10, found both in corneal epithe-
lium and stroma (MMP-3 was expressed only in stroma),
may lead to the diabetes-related alterations of corneal
epithelial BM and laminin-binding integrin, a3b1.

Materials and Methods

Tissue

Normal and diabetic autopsy corneas were obtained
from the National Disease Research Interchange (Phila-
delphia, PA) within 40 hours after death. Keratoconus
corneas removed during penetrating keratoplasty were
received from collaborating surgeons within 30 hours
after surgery. They were used as a control group to
assess specificity of changes observed in diabetic cor-
neas. For reverse transcription-polymerase chain reac-
tion (RT-PCR) only corneas received within 30 hours after
death or surgery were used. The diabetic group con-
sisted of 33 age-matched normal corneas (from 30 indi-
viduals; mean age, 70.2 years; 31 corneas without ocular
history, and two corneas after uneventful radial keratot-
omy that were used only for immunostaining), 45 diabetic
corneas without DR (from 34 individuals; 23 with insulin-
dependent diabetes mellitus and 22 with noninsulin-de-
pendent diabetes mellitus; mean age, 67.5 years), and
37 diabetic corneas with DR (from 26 individuals; 22 with
proliferative DR, 27 with insulin-dependent diabetes mel-
litus, and 10 with noninsulin-dependent diabetes mellitus;
mean age, 65.6 years). The keratoconus group, in which
corneas came from significantly younger people than
diabetics, consisted of eight age-matched normal cor-
neas (from eight individuals; mean age, 27.9 years) and
11 keratoconus corneas (from 11 individuals; mean age,
33.7 years). Eight diseased corneas were used as posi-
tive controls to test antibodies to various proteinases in
immunohistochemistry. They included one neovascular-

ized cornea with an ulcer, one neovascularized cornea
with an acid burn, one cornea with herpetic scar, three
failed corneal transplants, and two corneas after failed
laser in situ keratomileusis. To confirm staining specificity,
antibodies to proteinases were additionally used to stain
sections of one normal brain, one meningioma, three
glioblastomas multiforme, and one astrocytoma.

In diabetic corneas, all ECM and integrin abnormalities
were previously documented in the central part only
where Bowman’s layer lies underneath the epithelium.15

Also, in keratoconus corneas, only a central part removed
during transplantation was available. Therefore, for gene
expression analysis by RT-PCR, normal and diabetic cor-
neas were trephined before freezing and central parts
only analyzed to ensure adequate comparison between
groups. For some RT-PCR experiments, epithelium,
stroma, and endothelium of trephined corneas were me-
chanically separated and then frozen. The vast majority
of corneas were analyzed individually, without being
pooled. Only in six diabetic and DR cases, trephined
corneas were cut in half and then one half was embed-
ded in OCT for immunofluorescence and the other one
used for RT-PCR or Western blotting with pooling halves
from fellow eyes. Because of this fact and the small
amount of tissue available from a trephined cornea, a
different set of normal and diabetic or keratoconus cor-
neas was analyzed by semiquantitative RT-PCR, Western
blotting/zymography, and immunofluorescence.

Semiquantitative RT-PCR

Immediately on arrival, corneas were trephined, frozen in
liquid nitrogen, and stored at 280°C. The RT-PCR pro-
cedure has been described in detail previously.16 Briefly,
total RNA was isolated from whole corneas or from me-
chanically separated epithelium, stroma, and endothe-
lium with TRIZOL reagent (Life Technologies Inc., Gaith-
ersburg, MD) as per the manufacturer’s instructions.
cDNA was synthesized from 2.0 mg of total RNA using
SuperScript II reverse transcriptase (Life Technologies,
Inc.). cDNA samples were subjected to PCR using spe-
cific primers for different ECM proteins, proteinases, and
for b2-microglobulin (b2-MG) that served as an internal
standard for sample normalization. Most primers were
designed using the Primer3 Internet software program
(The Whitehead Institute, Boston, MA) and their specific-
ity was confirmed by BLAST (National Library of Medi-
cine, Bethesda, MD) Internet software-assisted search of
nonredundant nucleotide sequence database.16-18 The
sequences of primers for RT-PCR are shown in Table 1.

PCR was performed with 5 to 25 ng of reverse-tran-
scribed RNA, Taq polymerase buffer (Promega Biotech,
Madison, WI) containing 200 mmol/L dNTPs, 1.25 U Taq
polymerase, and 250 nmol/L of sense and anti-sense
primers, in a total volume of 50 ml. Each cycle consisted
of 30 seconds of denaturation at 94°C, 30 seconds of
annealing, and 45 seconds elongation at 72°C. b2-MG
amplification was used to normalize the samples. Nor-
malized samples were amplified in a linear range estab-
lished using serial cDNA dilutions and varying the num-
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ber of cycles. Routine RT-PCR controls without RT or with
normal human genomic DNA as a template were nega-
tive. Amplified products were separated by electrophore-
sis in 3% agarose gels and visualized under UV light after
staining with ethidium bromide.

For Southern blot analysis, PCR products were trans-
ferred to positively charged Hybond N1 (Amersham Inc.,
Arlington Heights, IL) nylon membranes using an alkaline
blotting procedure. Filters were hybridized with oligonu-
cleotide probes (Table 1) 59 end-labeled with [g-32P]ATP
(222 TBq/mmol; Dupont-New England Nuclear, Boston,
MA), washed at high stringency, and exposed to Kodak
X-OMAT AR (Eastman Kodak, Rochester, NY) X-ray film.
To confirm sequence identity, PCR fragments were ex-
cised from the gels, purified using Wizard PCR Prep
(Promega Biotech), reamplified, cloned into Plasmid PCR
II using TA cloning kit (Invitrogen, Carlsbad, CA), and
sequenced in an automated sequencer at the Cedars-
Sinai DNA Sequencing Core Facility.

Indirect Immunofluorescence

Corneas were embedded in OCT and OCT blocks and
sections were stored at 280°C. General procedure, sec-
ondary antibodies, and routine controls were as de-
scribed previously.15,16 Primary antibodies are listed in
Table 2. Because there are controversial data in the
literature about tissue localization of various proteinases
and little work has been done on cryostat sections, we
have compared many antibodies using various patholog-
ical cases as positive controls and several fixation proto-
cols. The necessity for this strategy has been recently
emphasized.19 The recommendations for immunohisto-
chemical use of particular antibodies are also described
in Table 2.

The evaluated fixation protocols included: 1) 100%
acetone at 220°C for 15 minutes, 2) 100% methanol at

220°C for 15 minutes, 3) 1% formalin in phosphate-
buffered saline (PBS) (0.37% formaldehyde) at room tem-
perature for 5 minutes, 4) 2% formalin in PBS at room
temperature for 5 minutes, 5) 70% ethanol plus 1% for-
malin at room temperature for 10 minutes, and 6) no
fixation. Acetone, ethanol-formalin, and methanol fixa-
tions dramatically reduced fluorescence intensity when
compared with 1 or 2% formalin. Also, when no fixative
was used, staining intensity was somewhat lower than
after formalin fixation. For most experiments, 2% formalin
fixation was used. However, 1% formalin was used for
MMP-10 analysis because 2% formalin yielded strong,
apparently nonspecific, staining of cell borders in the
corneal epithelium with antibody IVC5 (not shown here),
which was not seen with any other fixation method, nor
with any other MMP-10 antibody.

Routine controls without primary antibodies were in-
cluded with each experiment and were negative (see
Figure 8). Each antibody was analyzed at least twice on
most cases, with identical results. Since this work was
being done over a considerable amount of time, different
number of cases was analyzed for different proteinases.
Purified monoclonal antibodies were used at 20 to 30
mg/ml, and polyclonal antibodies were diluted according
to suppliers’ recommendations.

Zymography

Gelatin zymography was done as described.20 Briefly,
frozen whole corneas were pulverized under liquid nitro-
gen, and extracted with 50 mmol/L Tris-HCl, pH 7.4, with
10 mmol/L CaCl2 and 0.25% Triton X-100, for 30 minutes
at 4°C. The cleared solution is referred to as S1 fraction.
The pellet was heat-extracted again in 50 mmol/L Tris-
HCl, pH 7.4, with 10 mmol/L CaCl2 and 0.15 mol/L NaCl
at 60°C for 6 minutes. The extract was cleared again and
the supernate is referred to as S2 fraction. Samples were

Table 1. RT-PCR Primers and Hybridization Oligonucleotides Used in this Study

Gene Forward primer Reverse primer Product size, bp Hybridization oligonucleotide

a1 LN AAGTGTGAAGAATGTGAGGATGGG CACTGAGGACCAAAGACATTTTCCT 441 CCTGCGTACAGTGTTCCTTGGGTTACAGAG

a5 LN CTGAGGACTGAAGTGAAAACTCAAG AACTGGTAGGAGTCTCGGGTG 473 GTCTGGCACCATTTACAACTTCAGTGG

b1 LN CCAAGATCCTTATCATGAGACCCTG GATCTAAAGCACGAAATATCACCTC 342 GTATAGATACTTCGCCTATGACTGTGAG

N-1/EN CTGGGGAAGGTTTATTATCGAG TGAGAATGTCGTATGGAACTGC 276 GGAGATCTCTTTCCAGCCTAGTAGCGCGGTGGT

a3 INT TACTACTTCGAGAGGGAAAGAGGAAG GAAGGTCTGGGTAGAAGTTCTCATC 358 GCAAAGTGTACATCTATCACAGTAGCTCTA

b1 INT TTATCCTTCTATTGCTCACCTTGTC ATAACCTCTACTTCCTCCGTAAAGC 426 CCTAAGTCAGCAGTAGGAACATTATCTG

MMP-1* CGACTCTAGAAACACAAGAGCAAGA AAGGTTAGCTTACTGTCACACGCTT 786 ND

MMP-2 GGGACAAGAACCAGATCACATAC CTTCTCAAAGTTGTAGGTGGTGG 446 AATGGCAAGGAGTACAACAGCTGCACTGAT

MMP-3 GAACAATGGACAAAGGATACAAC AAATGAAAACGAGGTCCTTGCTAG 460 CGGAACCTGTCCCTCCAGAACCTGGGAC

MMP-7* GGTCACCTACAGGATCGTATCATAT CATCACTGCATTAGGATCAGAGGAA 373 ND

MMP-9* GTATTTGTTCAAGGATGGGAAGTAC GCAGGATGTCATAGGTCACGTAG 515 ND

MMP-10 ACCTGGGCTTTATGGAGATATTC TCATATGCAGCATCCAAATATGATG 452 CAAAATCTGTTCCTTCGGGATCTGAGATG

MMP-14 CGCTACGCCATCCAGGGTCTCAAA CGGTCATCATCGGGCAGCACAAAA 497 CATAATGAAATCACTTTCTGCATCCAGAATTACACC

TIMP-1 CTGTTGTTGCTGTGGCTGATAG CTTTTCAGAGCCTTGGAGGAC 507 ACCTTATACCAGCGTTATGAGATCAAGATGACC

TIMP-2 TCTGGAAACGACATTTATGG GTTGGAGGCCTGCTTATGGG 501 TGGGGTCTCGCTGGACGTTGGAGGAAAGAAGGAA

TIMP-3 CATCAAGCAGATGAAGATGTACC GGTAGTAGCAGGACTTGATCTTGC 269 CTCACCCTCTCCCAGCGCAAGGGGCTGAACTATC

CV/L2† TACGGCTTTGAAGGAGCAAAT AGAATTAAGCAATGAGTCCTTTGA 378 GGACAGCATGTCTGGGGAAATTTTATCTTGAAACTG

U-PA CACACACTGCTTCATTGATTACC TGGTGACTTCAGAGCCGTAGTAG 404 TCGTCTACCTGGGTCGCTCAAGGCTTAACTCCAACA

T-PA TGTGTGGAGCAGTCTTCGTTTC CCTGGTATCTATTTCACAGCAC 334 GAGCCAGATCTTACCAAGTGATCTGCAGAGATGAA

b2-MG CTCGCGCTACTCTCTCTTTCTG GCTTACATGTCTCGATCCCACTT 335 GTCTTTCAGCAAGGACTGGTCTTTCTATCTCTTGTA

LN, laminin; N-1/EN, nidogen-1/entactin; INT, integrin; CV/L2, cathepsin V/L2; U-PA, urokinase-type plasminogen activator; T-PA, tissue plasminogen activator; b2-MG,
b2-microglobulin; bp, base pairs; ND, not designed. *, from Giambernardi et al.; †, from Adachi et al. All primers are from 59 to 39.
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normalized for protein using the bicinchoninic acid pro-
tein assay as per the manufacturer’s recommendations
(Pierce Chemical Co., Rockford, IL). Equal amounts of
protein per sample were electrophoresed in 10% nonre-
ducing Laemmli sodium dodecyl sulfate gels with 1%
gelatin. Gels were soaked in 1% Triton X-100 for 30
minutes, rinsed and incubated overnight in the assay
buffer containing 50 mmol/L Tris-HCl, pH 7.4, with 5

mmol/L CaCl2 and 0.02% NaN3. The gels were then
stained with Coomassie Brilliant Blue and destained in
acetic acid/methanol (10%/10% v/v). Gelatinase bands
appeared clear against the blue background. Casein
zymography was done in the same way as gelatin zy-
mography, using precast 12.5% casein-containing gels
(Bio-Rad, Hercules, CA). Separate control gels were in-
cubated in the assay buffer supplemented with 2 mmol/L

Table 2. Antibodies to Proteinases Used for Immunostaining in this Study

Proteinase
Antibody and

name Use for immunostaining Source

MMP-1/collagenase mAb VI3 Good NeoMarkers
mAb COMY
4A2

Weak staining NeoMarkers

mAb 41-1E5 Unusual staining Chemicon
MMP-2/gelatinase A mAb 42-5D11 Nonspecific staining Chemicon

mAb CA-4001* Nonspecific staining NeoMarkers
mAb VB3 Weak staining NeoMarkers
mAb VID2 Good NeoMarkers
mAb A-Gel
VC2*

Unusual staining NeoMarkers

mAb Gel-B
IIA5

Weak staining NeoMarkers

mAb KO VIIB1 Some nonspecific staining NeoMarkers
Sheep pAb
0211

Weak staining Biogenesis

MMP-3/stromelysin-1 mAb SL-1 IIIC4 Weak staining Chemicon
mAb 55-2A4 Good Calbiochem
mAb 10D6 Good R&D Systems
mAb SL-1 IID4 No staining detected L.J. Windsor
Rabbit pAb
AB812

Also detects MMP-10 Chemicon

MMP-7/matrilysin mAb ID2 Good NeoMarkers
MMP-9/gelatinase B mAb GE-213 Good, stronger than pAb NeoMarkers

mAb IA4 Weak staining NeoMarkers
mAb IA5 No staining detected NeoMarkers
mAb IIA5 Weak staining NeoMarkers
mAb IVA2 Some nonspecific staining NeoMarkers
mAb VIIC2 Weak staining NeoMarkers
mAb 56-2A4 Weak staining Chemicon
Sheep pAb
0911

Good Biogenesis

MMP-10/stromelysin-2 mAb IVC5 Good, somewhat weak L.J. Windsor†

mAb IB1 No staining detected NeoMarkers
mAb VC3 Weak staining NeoMarkers
mAb IIA1 No staining detected NeoMarkers
mAb IIIB3 Mostly stains epithelium L.J. Windsor
mAb IID6 No staining detected L.J. Windsor
mAb IIID1 Weak staining L.J. Windsor
mAb 142-9B11 Unusual staining Chemicon
Sheep pAb
D248-6

Good G. Murphy

MMP-14/MT1-MMP mAb 114-6G6 Good Chemicon
Urokinase Goat pAb #398 Weak staining American Diagnostica

mAb #394 Some nonspecific staining American Diagnostica
mAb 2B2.10.6 Good Serotec
Rabbit pAb
8701

Good L.J. Windsor

Rabbit pAb
8703

Good, stronger than 8701 L.J. Windsor

Goat pAb
AB776

High background Chemicon

Tissue plasminogen activator mAb PAM-3 Good American Diagnostica
Procathepsin V/L2 Rabbit pAb

AS-923
Good W. Adachi/S. Kinoshita

Unusual staining, the pattern did not match those of any other antibody to the same MMP.
*The antibody recognizes only the proform of MMP-2.
†Also available from NeoMarkers.
mAb, mouse monoclonal antibody; pAb, polyclonal antibody.
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phenylmethyl sulfonyl fluoride to block serine proteinases
or with 10 mmol/L ethylenediaminetetraacetic acid to in-
hibit MMPs. Addition of phenylmethyl sulfonyl fluoride did
not alter the band pattern, and ethylenediaminetetraace-
tic acid eliminated gelatinolytic and caseinolytic bands.

Western Blot Analysis

Frozen and powdered whole corneas were extracted as
above and the protein was determined by the bicincho-
ninic acid method (Pierce Chemical Co.). The extracts
were heated at 95°C for 10 minutes in 43 Laemmli’s
sample buffer with proteinase inhibitors and 2-mercapto-
ethanol (Boehringer Mannheim, Indianapolis, IN). Equal
amounts of protein per sample were electrophoresed in 4
to 20% gradient sodium dodecyl sulfate gels (Bio-Rad).
Western blotting with goat anti-mouse alkaline phospha-
tase conjugate as a secondary antibody was as described.16

Primary mouse monoclonal antibodies 10D6 to MMP-3 (R&D
Systems, Minneapolis, MN) and IVC5 to MMP-10 (NeoMark-
ers, Fremont, CA) were used at 3 to 5 mg/ml.

Statistical Analysis

Immunostaining results were analyzed using a double-
sided Fisher’s exact test, and RT-PCR results, by non-
parametric Mann-Whitney test (InStat software program;
GraphPad Software, San Diego, CA).

Results

BM and Integrin Gene Expression Is Not
Decreased in Diabetic Corneas

Our previous finding of decreased immunostaining of
non-DR diabetic and especially DR corneas for laminins,
nidogen-1/entactin, and epithelial integrin a3b1 could be
due either to decreased synthesis or increased degrada-
tion. To assess changes in synthesis, gene expression
levels were analyzed by semiquantitative RT-PCR. When
whole corneal RNA was used, gene expression of a1 and
b1 laminin chains, nidogen-1/entactin, and integrin sub-
units a3 and b1 was increased approximately twofold in
non-DR diabetic or DR corneas (Figure 1 and Table 3).
Because the diabetes-related BM and integrin alter-
ations15 likely concerned epithelial cell products, gene
expression of the affected components was evaluated in
separated corneal epithelium. Gene expression of a1,
a5, b1 laminin chains; nidogen-1/entactin; and integrin
subunits a3 and b1 did not significantly change in non-DR
diabetic or DR corneal epithelium (Figure 2 and Table 3).

Gene Expression of MMP-3 and MMP-10 Is
Elevated in Diabetic But Not in Keratoconus
Corneas

The results presented above suggested that the ob-
served alterations in diabetic and DR corneas were un-

likely to be caused by a decreased synthesis of affected
components. Another possibility was that there was in-
creased degradation of these components in diabetic
corneas. Therefore, we have next analyzed gene and
protein expression of a number of extracellular or surface
proteinases in corneal epithelium and stroma including
MMP-1, MMP-2, MMP-3, MMP-7, MMP-9, MMP-10, and
MMP-14, two plasminogen activators (urokinase and tis-
sue plasminogen activator), and a recently described
cathepsin V/L2 localized at the level of corneal epithelial
BM.21

Gene expression of MMP-1, MMP-7, and MMP-9 in
corneal epithelium or stroma could not be revealed by
semiquantitative RT-PCR in the conditions used, with sev-
eral sets of primers for each enzyme (not shown here). In
the epithelium, MMP-2 and MMP-3 were not expressed
and gene expression of cathepsin V/L2, urokinase, or
tissue plasminogen activator did not differ in normal,
non-DR diabetic, or DR corneas (Figure 3 and Table 3). In
contrast, MMP-10 showed significantly increased gene
expression in non-DR diabetic and DR corneal epithelium
compared to normal (Figure 3 and Table 3). In the
stroma, gene expression of MMP-14, cathepsin V/L2,
urokinase, or tissue plasminogen activator did not differ
significantly in diabetic versus normal corneas (Figures 4
and 5 and Table 3). However, significantly increased
gene expression of MMP-2, MMP-3, and MMP-10 was
noted in diabetic and DR stromal cells (Figure 4 and
Table 3).

To verify that changes of MMP-3 and MMP-10 gene
expression were specific for diabetic corneas, semiquan-
titative RT-PCR was conducted on corneas from an un-
related common corneal thinning disorder, keratoconus.
In keratoconus corneas, gene expression of MMP-10 was
not changed compared to age-matched normal corneas,
and that of MMP-3 was significantly decreased (Figure
6). Therefore, MMP-3 and MMP-10 gene expression
seemed to be selectively elevated in diabetic corneas.

Corneas contain three natural tissue inhibitors of met-
alloproteinases (TIMPs) that modulate MMP activity.22–24

Figure 1. RT-PCR analysis of BM and integrin gene expression in whole
human corneas. Lanes 1 to 5: Normal corneas. Lanes 7 to 13: Non-DR
diabetic corneas. Lanes 14 to 17: DR corneas. 2RT, negative control without
RT. Note increased expression of mRNAs for BM components and integrin
subunits in non-DR diabetic and DR corneas. Autoradiograms of Southern
blots are shown. Samples were normalized with respect to b2-MG cDNA
amplification.
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Therefore, it was important to find out whether TIMP gene
expression was also elevated in diabetic corneas. When
gene expression of TIMP-1, TIMP-2, and TIMP-3 was
analyzed in the epithelial or stromal cells, no significant
changes were noted in non-DR diabetic and DR groups
(Figure 7 and Table 3).

MMP-3 and MMP-10 Show Increased
Immunostaining in Diabetic Corneas

Carefully pretested antibodies to various proteinases (Ta-
ble 2) have been used in immunofluorescence studies of
normal, diabetic, and keratoconus corneas. In agreement

with our inability to detect MMP-1, MMP-7, and MMP-9
gene expression by RT-PCR, these enzymes were only
seen in occasional keratocytes of 1 to 2 cases per each
group of corneas (not shown here). The same was true for
MMP-2 and MMP-14 despite the presence of their mRNA
in the corneas. Possibly, their amounts were too low to be
detected by the immunostaining method used.

Procathepsin V/L2 was revealed in the epithelial BM
and limbal blood vessels. The staining intensity was sim-
ilar among different groups of corneas (Table 4). Uroki-
nase antibodies stained the epithelium and some kerato-
cytes. Tissue plasminogen activator was revealed in
some keratocytes (often also positive for urokinase) and

Table 3. Changes in Gene Expression in Diabetic and DR Corneas Revealed by RT-PCR

Gene Normal Diabetic DR

a1 laminin
Whole cornea 0.08 6 0.02 0.20 6 0.04* 0.23 6 0.06*
Epithelium 0.29 6 0.1 0.07 6 0.03*‡ 0.25 6 0.06

a5 laminin
Whole cornea ND ND ND
Epithelium 0.42 6 0.08 0.41 6 0.08 0.35 6 0.07

b1 laminin
Whole cornea 0.10 6 0.01 0.20 6 0.02* 0.20 6 0.03*
Epithelium 0.61 6 0.10 0.80 6 0.05 0.78 6 0.08

Nidogen-1/entactin
Whole cornea 0.13 6 0.06 0.45 6 0.05* 0.49 6 0.11*
Epithelium 0.35 6 0.18 0.70 6 0.17 0.70 6 0.20

a3 integrin
Whole cornea 0.11 6 0.02 0.26 6 0.01* 0.24 6 0.04*
Epithelium 0.41 6 0.11 0.47 6 0.07 0.54 6 0.07

b1 integrin
Whole cornea 0.05 6 0.01 0.14 6 0.01* 0.12 6 0.02*
Epithelium 0.34 6 0.07 0.37 6 0.06 0.43 6 0.04

MMP-2†

Stroma 0.11 6 0.03 0.56 6 0.05* 0.41 6 0.08*
MMP-3†

Stroma 0.09 6 0.02 1.10 6 0.45* 1.74 6 0.32*
MMP-10

Epithelium 0.35 6 0.24 0.87 6 0.24 1.28 6 0.14*
Stroma 0.07 6 0.06 0.77 6 0.15* 0.38 6 0.13*

MMP-14
Epithelium ND ND ND
Stroma 1.60 6 0.29 1.66 6 0.09 1.99 6 0.36

TIMP-1
Epithelium 0.19 6 0.07 0.21 6 0.04 0.24 6 0.07
Stroma 1.41 6 0.91 2.03 6 0.63 1.62 6 0.10

TIMP-2
Epithelium 1.42 6 0.16 0.98 6 0.18 1.27 6 0.14
Stroma 1.73 6 0.79 1.97 6 0.71 1.58 6 0.10

TIMP-3
Epithelium 0.28 6 0.07 0.32 6 0.05 0.38 6 0.03
Stroma 1.29 6 0.26 0.84 6 0.19 0.72 6 0.19

Cathepsin V/L2
Epithelium 0.66 6 0.05 0.64 6 0.06 0.50 6 0.13
Stroma 0.98 6 0.84 0.38 6 0.18 0.12 6 0.11

u-PA
Epithelium 0.45 6 0.17 0.42 6 0.07 0.52 6 0.12
Stroma 0.40 6 0.40 0.44 6 0.14 0.25 6 0.09

t-PA
Epithelium 0.66 6 0.17 0.69 6 0.08 0.76 6 0.13
Stroma 0.80 6 0.45 0.66 6 0.23 0.60 6 0.14

Each number (mean 6 standard error) represents a Southern blot band intensity of a given gene’s RT-PCR product relative to the respective b2-
microglobulin band intensity.

*Statistically significant when compared to normal group.
†No product was detected in the epithelium.
‡Significant decrease due to several negative samples (Fig. 1).
u-PA, urokinase; t-PA, tissue plasminogen activator; ND, not done.
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weakly in the epithelium. The epithelial staining for uroki-
nase and tissue plasminogen activator remained similar
in normal and diabetic corneas, but some diabetic and
DR cases had more positive keratocytes than normal
(Table 4).

MMP-3 and MMP-10 displayed little if any staining in
normal and keratoconus corneas (Figure 8). However, in
non-DR diabetic corneas, specific punctate staining for
MMP-3 was revealed in some keratocytes and the num-
ber of positive cells significantly increased in DR corneas
(Figure 8 and Table 4). The epithelium was negative in
accordance with RT-PCR data. The intensity of diffuse
epithelial staining for MMP-10 was at the background
level in normal corneas. The staining significantly in-
creased in a minority of non-DR diabetic and in most of
DR corneas (Figure 8 and Table 4). In normal corneas,
keratocytes were mostly negative. The number of cases

with positive keratocyte staining increased in non-DR
diabetic and especially in DR corneas (Figure 8 and
Table 4). These findings were in complete accordance
with RT-PCR data.

Stromelysin Activity Is Increased and MMP-2
Activity Is Not Changed in Diabetic Corneas

There was a discrepancy between our RT-PCR data
showing increased MMP-2 expression in diabetic cor-
neas and our inability to detect it by immunostaining in
most cases. To resolve this controversy, gelatinase ac-
tivity (mostly due to MMP-2 and/or MMP-9) was assayed
by zymography in detergent corneal extracts. We have
used our previous extraction protocol and obtained a
more soluble (detergent extract, S1) and a more insoluble
(heat extract, S2) fractions. Gelatin zymography revealed
one major band of lysis at ;65 kd, consistent with the
proform of MMP-2 (migration is increased in nonreducing

Figure 5. RT-PCR analysis of proteinase gene expression in normal and
diabetic corneal stroma. Lanes 1 to 3: Normal corneas. Lanes 4 to 7: Non-DR
diabetic corneas. Lanes 8 to 10: DR corneas. 2RT, negative control without
RT. No change in cathepsin V/L2 (CV/L2), urokinase (u-PA), and tissue
plasminogen activator (t-PA) gene expression is observed between normal,
non-DR diabetic, and DR corneas. Autoradiograms of Southern blots are
shown. Samples were normalized with respect to b2-MG cDNA amplification.

Figure 2. RT-PCR analysis of BM and integrin gene expression in normal and
diabetic corneal epithelium. Lanes 1 to 8: Normal corneas. Lanes 9 to 19:
Non-DR diabetic corneas. Lanes 20 to 24: DR corneas. 2RT, negative
control without RT. No significant gene expression difference is observed
between normal, non-DR diabetic, and DR corneas. Autoradiograms of
Southern blots are shown. Samples were normalized with respect to b2-MG
cDNA amplification.

Figure 3. RT-PCR analysis of proteinase gene expression in normal and
diabetic corneal epithelium. Lanes 1 to 5: Normal corneas. Lanes 6 to 13:
Non-DR diabetic corneas. Lanes 14 to 18: DR corneas. 2RT, negative
control without RT. Note increased expression of MMP-10 mRNA in non-DR
diabetic and DR corneal epithelium. No change in cathepsin V/L2 (CV/L2),
urokinase (u-PA), and tissue plasminogen activator (t-PA) gene expression is
observed between normal, non-DR diabetic, and DR corneas. MMP-2 and
MMP-3 are not expressed. Autoradiograms of Southern blots are shown.
Samples were normalized with respect to b2-MG cDNA amplification.

Figure 4. RT-PCR analysis of MMP gene expression in normal and diabetic
corneal stroma. Lanes 1 to 5: Normal corneas. Lanes 6 to 10: Non-DR
diabetic corneas. Lanes 11 to 15: DR corneas. 2RT, negative control without
RT. Note increased expression of MMP-2, MMP-3, and MMP-10 mRNA in
non-DR diabetic and DR corneas with no change in MMP-14 mRNA levels.
Autoradiograms of Southern blots are shown. Samples were normalized with
respect to b2-MG cDNA amplification.
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gels20) that is the major corneal MMP (Figure 9). This
band was present in all corneas and its intensity did not
differ significantly between groups in either S1 or S2
fraction. In normal corneas, very weak bands in the
MMP-9 size region were seen, and they were absent from
diabetic corneas.

Casein zymography was used to determine stromely-
sin activity. Because MMP-3 and MMP-10 have similar
sizes, this approach does not allow to separately assess
their activity. S1 fraction did not show any caseinolytic
bands (not shown here). In the minor S2 fraction, one
band at ;50 kd was observed, corresponding in size to
the slower moving band of the doublet of the MMP-3
standard. Some activity was seen in normal corneas and
it appeared to be increased in diabetic and DR corneas
(Figure 10). As with gelatinolytic activity, heterogeneity in
the band intensity from cornea to cornea within the same
group was evident.

In the presence of ethylenediaminetetraacetic acid but
not phenylmethyl sulfonyl fluoride, no gelatinolytic or ca-
seinolytic bands were revealed strongly suggesting that
they represented only MMP but not serine proteinase
activity (not shown here).

Increased expression of MMP-10 and MMP-3 mostly in
DR corneal S2 fractions was confirmed by Western blot-
ting although the bands were rather weak (not shown
here).

Discussion

In human diabetic and especially DR corneas, we previ-
ously found a significantly decreased immunostaining of
several major BM components and of an epithelial inte-
grin a3b1.15 These results agreed well with clinical obser-
vations of corneal epithelial abnormalities in diabetic cor-
neas.6 In this study, the mechanism of BM and epithelial
integrin alterations in diabetic human corneas was ex-
plored. Two major possibilities were tested: 1) decreased
synthesis of BM components and a3b1 integrin, and 2)
increased degradation of these components by extracel-
lular proteinases.

Laminin gene expression was previously found to be
increased in diabetic mouse kidneys.25 We also found
increased gene expression of laminin chains a1, a5, b1;
nidogen-1/entactin; and integrin chains in diabetic and
DR human corneas. This was probably due to stromal
and/or endothelial cell activity because the increase was
not seen in the epithelium (Figures 1 and 2). Although
posttranscriptional changes could not be ruled out by
these experiments, the data presented here suggested
that the observed alterations in diabetic corneas were
unlikely to be occuring because of decreased synthesis
of the affected components.

To explore a possible role of proteolytic degradation in
the observed BM abnormalities, gene and protein ex-
pression of various proteinases was studied. Seven
MMPs known to cleave select or many BM compo-
nents24,26–29 were chosen including MMP-1, MMP-2,
MMP-3, MMP-7, MMP-9, MMP-10, and MMP-14 as a
membrane-type MMP. We also looked at the expression
of the plasminogen activator system including urokinase
and tissue plasminogen activator, which is important for

Figure 6. RT-PCR analysis of MMP-3 and MMP-10 gene expression in normal
and keratoconus human corneas. Lanes 1 to 8: Normal corneas. Lanes 9 to
19: Keratoconus corneas. 2RT, negative control without RT. Note a de-
creased MMP-3 gene expression in keratoconus corneas and no change in
MMP-10 gene expression. Autoradiograms of Southern blots are shown.
Samples were normalized with respect to b2-MG cDNA amplification.

Figure 7. RT-PCR analysis of TIMP gene expression in normal and diabetic
corneal epithelium (left) and stroma (right). Left: Normal corneas (lanes 1
to 5); non-DR diabetic corneas (lanes 6 to 13); and DR corneas (lanes 14
to 18). Right: Normal corneas (lanes 1 to 3); non-DR diabetic corneas
(lanes 4 to 7); and DR corneas (lanes 8 to 10). 2RT, negative control
without RT. No change in epithelial expression of all genes is seen. A slight
overexpression of TIMP-2 and TIMP-3 genes in diabetic corneal stroma was
not statistically significant. Autoradiograms of Southern blots are shown.
Samples were normalized with respect to b2-MG cDNA amplification.

Table 4. Results of Corneal Immunostaining for Various
Proteinases

Proteinase*

Increase
in

diabetic
corneas

Increase
in DR

corneas

MMP-1, stroma 0/10 2/10
MMP-2, stroma 1/10 0/10
MMP-3, stroma 8/20†‡ 13/15†‡

MMP-7, stroma 0/10 2/10
MMP-9, stroma, epithelium 1/10 2/10
MMP-10

Stroma 5/10† 8/10†

Epithelium 2/10‡ 8/10†‡

MMP-14, stroma 0/10 2/10
Cathepsin V/L2, EBM 0/10 0/10
u-PA

Epithelium 1/10 2/10
Stroma 3/10 4/10

t-PA
Epithelium (weak) 1/10 2/10
Stroma 3/10 5/10

Number of abnormal cases to total number of cases is shown in
each cell.

*Staining localization is included.
†P , 0.05 between diabetic or DR group versus normal.
‡P , 0.05 DR versus diabetic.
EBM, epithelial basement membrane; u-PA, urokinase; t-PA, tissue

plasminogen activator.
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both BM degradation and activation of pro-MMPs.30,31

Finally, a newly discovered cathepsin V/L2 was studied
because it can degrade BM components and is localized
at the corneal epithelial BM.18,21,32

Gene expression of MMP-1, MMP-7, and MMP-9 was
not revealed in any corneal group. Gene expression of
MMP-14, urokinase, tissue plasminogen activator, and
cathepsin V/L2 did not change in diabetic corneal epi-
thelium and stroma. These data were essentially corrob-
orated at the protein level. Despite increased gene ex-
pression of MMP-2 in diabetic and DR corneal stroma,
immunostaining and gelatin zymography did not reveal
any diabetes-associated changes in its localization or
activity.

In the epithelium of diabetic and DR corneas, an in-
creased gene expression of MMP-10 was observed. In
the stroma of diabetic and DR corneas, an increased

gene expression of MMP-10 and especially MMP-3, was
found. Elevated gene expression of MMP-3 or MMP-10 in
diabetic corneas seemed specific because it was not
observed in keratoconus corneas.

Differences in gene expression of stromelysins in dia-
betic corneas paralleled the increase in respective pro-
tein expression in diabetic and especially DR corneas.
Casein zymography of corneal extracts also revealed a
band similar in size to stromelysins that appeared to be
more expressed in diabetic and DR corneas. Similar
results were obtained for both MMP-3 and MMP-10 by
Western blotting (not shown here). Noteworthy, elevated
levels of MMP-3 and MMP-10 were not accompanied by
significantly increased TIMP levels, which would poten-
tially result in net increase of proteolytic activity.

Figure 8. Immunofluorescent analysis of MMP-3 and MMP-10 protein localization in normal, diabetic, and keratoconus corneas. No specific staining is seen in
normal and keratoconus (KC) corneas for both MMPs, as well as on sections of normal corneas incubated only with a secondary antibody (second AB, negative
controls). Epithelial and keratocyte staining for MMP-10 (polyclonal antibody D248-6) is seen in non-DR diabetic corneas and it is significantly increased in DR
corneas, especially in the epithelium. MMP-3 (monoclonal antibody 55-2A4) is only seen in stromal keratocytes in non-DR diabetic and especially, DR corneas.
e, epithelium; s, stroma.

Figure 9. Gelatin zymography of Triton X-100-soluble (S1) and heat-extract-
able (S2) material from normal, diabetic, and DR corneas. Lanes have been
normalized for total protein. One major band with mobility corresponding to
pro-MMP-2 (arrow) is seen. No significant differences can be observed in
gelatinase activity between corneal groups.

Figure 10. Casein zymography of heat-extractable (S2) material from nor-
mal, diabetic, and DR corneas. Lanes have been normalized for total protein.
One band of activity is seen around 50 kd (arrow), with mobility corre-
sponding to the upper band of the doublet of the MMP-3 standard. It is more
pronounced in diabetic corneas.
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These data support the idea that BM and integrin
alterations in diabetic and DR corneas may result from
degradation by select proteinases activated in diabetic
conditions. MMP-10 might well be one such proteinase
because it was the only one that was overexpressed in
diabetic corneal epithelium. The presence of collagenous
Bowman’s layer in human corneas between the epithe-
lium and the stroma makes it less likely that a stromal
proteinase may be involved in epithelial BM alterations.
However, it cannot be excluded completely.

MMP-3 and MMP-10 are closely related proteins and
belong to a group of broad spectrum MMPs capable of
degrading various ECM and BM components and acti-
vating other pro-MMPs.33–35 Their expression is impor-
tant for tissue development and remodeling, immune re-
sponse, as well as for wound healing.36–42 MMP-3 and/or
MMP-10 expression is also induced or increased in var-
ious pathological conditions including cancer, osteoar-
thritis, rheumatoid arthritis, and chronic gastrointestinal
and leg ulcers.24,43–50 MMP-3 may play a direct role in
mammary tumor development and may be considered as
a natural mammary tumor promoter.50,51

MMP-3 seems to be involved in the regulation of glo-
merular ECM turnover. Its expression is decreased in
diabetic nephropathy and this may contribute to mesan-
gial ECM expansion.52 To the best of our knowledge, no
studies have been conducted on MMP-10 in diabetes.
This report thus provides the first demonstration of
MMP-10 mRNA and protein in the cornea. It also docu-
ments MMP-10 increase in diabetic and DR corneas,
which may contribute to BM alterations and subsequent
epithelial abnormalities typical for these corneas.

What may be the mechanisms of increased expression
of MMP-3 and MMP-10 in diabetic corneas? The first
possibility concerns an abnormal activity of certain cor-
neal growth factors and cytokines.53 Our preliminary data
show that in diabetic and DR corneas, gene expression
of one such growth factor, insulin-like growth factor-I
(IGF-I), is significantly increased (M. Saghizadeh and
A. V. Ljubimov, unpublished data). IGF-I has been impli-
cated in DR development both directly54 and indirectly,
by up-regulating a potent angiogenic factor, vascular
endothelial growth factor.55,56 It was recently shown that
IGF-I can increase MMP-3 expression in the trabecular
meshwork cells.57 Moreover, at least MMP-3 can de-
grade IGF-binding proteins and in turn, modulate IGF-I
activity.58,59 However, other growth factors and cytokines
known to modulate the expression of stromelysins33,37,39

might also influence their activity in diabetic corneas.
The second possibility concerns nonenzymatic glyco-

sylation (glycation) of ECM and BM proteins as a result of
long-term diabetic hyperglycemia. Advanced glycation
end products have been found in the diabetic corneas
primarily in the epithelial BM.60 Interestingly, cultured
corneal epithelium showed reduced adhesion and
spreading on glycated laminin-1 (a1b1g1) that could
lead to abnormal adhesion of diabetic corneal epithelium.
Glycated BM type IV collagen may be turned over more
slowly than normal.61 This may result in turn, in an in-
crease of MMP expression, which would lead to en-
hanced proteolysis of other BM components, eg, laminins

and nidogen-1/entactin, and exacerbate diabetic epithe-
liopathy.

In summary, alterations of BM and epithelial integrin in
diabetic human corneas could occur because of proteo-
lytic degradation by specific proteinases, notably by
MMP-10. Increased proteolysis in the corneal epithelial
layer may be the molecular mechanism leading to abnor-
malities of epithelial cell adhesion and wound healing
typical for diabetic corneas. It should be noted, however,
that more direct experiments using, for example, treat-
ment of normal, diabetic, and DR organ-cultured corneas
with purified MMPs and their inhibitors, are needed to
demonstrate the actual involvement of select MMPs in
diabetic corneal alterations. Alternative mechanisms,
such as abnormal posttranscriptional and/or posttransla-
tional modifications of BM proteins and integrins leading
to their decreased expression in diabetic corneas, should
also be explored.

Note Added in Proof

When this paper was in press, the upregulation of MMP-
10/stromelysin-2 mRNA and protein was described in a
variety of skin wounds and ulcers, especially in chronic
inflamed diabetic and venous ulcers.62 The authors also
show that MMP-10 expression in keratinocytes can be
increased by several cytokines but not by cell-ECM in-
teractions and conclude that MMP-10 is important for the
normal wound healing process.
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