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Abstract
Matrix metalloproteinases (MMPs) degrade extracellular matrix and regulate many functions
including cell signaling. Oxidative stress is implicated in the development of diabetic retinopathy,
and MMP-2, the most ubiquitous member of the MMP family, is sensitive to oxidative stress. This
study aims to determine the regulation of MMP-2 by oxidative stress in the development of diabetic
retinopathy, and the role of MMP-2 in the apoptosis of retinal capillary cells. Effect of mitochondrial
superoxide scavenger on glucose-induced alterations in MMP-2, and its proenzyme activator-MT1-
MMP and physiological inhibitor-TIMP-2, was determined in retinal endothelial cells, and regulation
of their glucose-induced accelerated apoptosis by the inhibitors of MMP-2 was accessed. To confirm
in vitro results, effect of antioxidant supplementation on MMP-2, MT1-MMP and TIMP-2 was
investigated in the retina of streptozotocin-induced diabetic rats. Glucose-induced activation of
retinal capillary cell MMP-2 and MT1-MMP and decrease in TIMP-2 were inhibited by superoxide
scavengers, and their accelerated apoptosis was prevented by the inhibitors of MMP-2. Antioxidant
therapies, which are shown to inhibit oxidative stress, capillary cell apoptosis and retinopathy in
diabetic rats, ameliorated alterations in retinal MMP-2 and its regulators. Thus, MMP-2 has a pro-
apoptotic role in the loss of retinal capillary cells in diabetes, and the activation of MMP-2 is under
the control of superoxide. This suggests a possible use of MMP-2 targeted therapy to inhibit the
development of diabetic retinopathy.
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Introduction
Oxidative stress plays an important role in diabetic complications (1–7), and reactive oxygen
species (ROS) are considered as a causal link between elevated glucose and metabolic
abnormalities important in the development of diabetic complications (6). Retina and capillary
cells experience increased oxidative damage in diabetic milieu, and antioxidant defense
mechanism is impaired (2–4,7,8). Administration of antioxidants to diabetic rats prevents retina
from oxidative damage, and also the development of retinopathy. Furthermore, retinal
mitochondria become dysfunctional and start to leak cytochrome c into the cytosol, and
superoxide levels are elevated (4,8). Overexpression of the enzyme responsible for scavenging
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mitochondrial superoxide (MnSOD) prevents these diabetes-induced mitochondrial
alterations, and histopathology characteristic of diabetic retinopathy (8,9), thus suggesting a
major role of mitochondrial superoxide in the development of diabetic retinopathy.

Matrix metalloproteinases (MMPs), a class of approximately 25 known proteinases, are a
family of zinc enzymes that can degrade at least one component of the extracellular matrix.
They regulate major biological functions including tissue repair and cell signaling (10). The
most ubiquitous of the MMP family is MMP-2, a 72KD gelatinase that cleaves primarily type
IV collagen and aids advancing front of the migrating column of endothelial cells to migrate
through the basement membrane. MMP-2 is secreted as a latent pro-form that is processed into
the active molecule through interaction with membrane type 1–MMP (MT1–MMP) on the cell
surface at the location where it is needed (11). MT1-MMP initiates the activation pathway by
converting pro-MMP-2 into an activation intermediate that further undergoes autocatalytic
conversion to generate the mature enzyme of MMP-2. The interactions of MMP-2 and MT1-
MMP are regulated by their physiological tissue inhibitors, TIMPs (12). How MMP-2 and its
regulators contribute to the development of diabetic retinopathy remains to be clarified.

MMP-2 and MT1-MMP are sensitive to oxidative stress; low concentrations of ROS activate
pro-MMPs by oxidation of the sulfide bond in the pro-domain of the MMP and decrease TIMPs,
and peroxynitrite (formed between ROS and nitric oxide) activates pro-MMPs via interacting
with cytosolic glutathione (13–16). Increased levels of MMP-2 and MMP-9 are observed in
diabetic patients and animal models of diabetic retinopathy, and these increases are suggested
to contribute to the disruption of the overall tight junction complex and vascular permeability
and maintenance of blood retinal barrier (17–22). In the pathogenesis of diabetic retinopathy,
in addition to the impairments in the tight junction and blood retinal barrier, the apoptosis of
retinal capillary cells (pericytes and endothelial cells) and other non vascular cells is also
accelerated (23–25). Animal models have suggested that the detection of apoptotic capillary
cells can serve as a surrogate endpoint to screen efficacy of interventions to inhibit the
development of this microvascular complication of diabetes (24).

The purpose of this study is to investigate the potential role of MMP-2 and investigation of the
possible mechanism by which it contributes in the development of diabetic retinopathy. Role
of mitochondrial superoxide on glucose-induced alterations in MMP-2 and its proenzyme
activator, and MMP-2 inhibitors on accelerated apoptosis were determined in retinal capillary
cells. The effect of antioxidant therapies, which we have shown to inhibit diabetes-induced
increased oxidative stress and the development of retinopathy (26,27) on the regulation of
retinal MMP-2 and its regulators was investigated in the retina of diabetic rats. Since retina is
a complex tissue with multiple cell types, to conclusively establish the role of MMP-2 in the
pathogenesis of diabetic retinopathy, we have investigated also the effect of diabetes on the
activation of MMP-2 in the microvessels isolated from diabetic rat retina.

Methods
Bovine retinal endothelial cells: Retinal endothelial cells were prepared from bovine eyes, and
primary cultures of the cells from 4–7th passage were employed for the experiments as routinely
used in our laboratory (4,28). The cells exhibited their typical ‘cobblestone’ morphology and
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 15% fetal calf
serum (heat inactivated), 5% Nu-serum, heparin (50μg/ml), endothelial growth supplement
(25μg/ml) and antibiotic/antimycotic in 95% O2 and 5% CO2. The cells were incubated in the
DMEM containing 2% heat inactivated fetal calf serum, 10% Nu-serum, 50μg/ml heparin,
1μg/ml endothelial growth supplement and antibiotic/antimycotic supplemented with 5mM
glucose or 20mM glucose for 4–5 days in the presence or absence of inhibitors of MMP-2;
10μM of MMP-2 inhibitor I (cis-octadecenoyl-N-hydroxylamide oleoyl-N-hydroxylamide;
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EMD Biosciences, Gibbstown, NJ) (29), or 5μM of MMP-2 inhibitor II (4-(4–
9Methanesulfonamido) phenyl)methyloxirane) (26), or 200μM of a cell permeable MnSOD
mimic- MnTBAP (Biomol, Plymouth Meeting, PA) (4). The medium and the inhibitors were
replaced every other day. At the end of incubation medium was collected, and the cells were
washed with phosphate buffer saline and collected. Osmotic controls included the cells
incubated in identical experimental conditions with 20mM mannitol instead of 20mM glucose.

Human endothelial cells
In order to confirm that human retinal endothelial cells express similar patterns of MMP-2
activation as bovine cells, some of the key experiments were repeated in the endothelial cells
obtained from human retina. Endothelial cells were prepared from human eyes by the methods
described by Chen and associates (31). The cells were cultured in DMEM containing fetal
bovine serum (10%), bovine pituitary endothelial growth factor (15μg/ml) and ITS (insulin/
transferrin/selenium), Gluta Max and antibiotic/antimycotic (1% each). Cells from passages
3rd–5th were incubated in the DMEM incubation medium containing 1% fetal bovine serum,
9% Nu-serum, 0.5μg/ml endothelial growth factor, 0.5% ITS, and 1% each Gluta Max and
antibiotic/antimycotic, with 5mM glucose or 20mM glucose for 4–5 days in the presence or
absence of inhibitors of MMP.

Rats
Rats, male (200 to 220g) were made diabetic by streptozotocin (55mg/kg body weight). To
allow slow weight gain while maintaining hyperglycemia (blood glucose levels of 20–25mM),
small dose of insulin (1–2 IU, Humulin N, Eli Lilly, IN) was administered 3–5 times/week.
After establishment of diabetes (3 days after streptozotocin administration; blood glucose
>250mg/dl), a group of diabetic rats received powder diet (Purina 5001) either supplemented
with α-lipoic acid (400mg/kg, diabetes+LA) or with micronutrients consisting mainly
antioxidants (vitamin C, 50mg; vitamin E, 0.5g; β-carotene, 1.5mg; zinc oxide, 8mg and copper
oxide, 0.2mg/kg BW; diabetes+AO). Age-matched normal rats served as controls. Each group
had 12 or more rats, and the entire rat colony was housed in metabolic cages. The rats were
weighed two times a week and their feeders weighed once every week to calculate the amount
of food consumed. Glycated hemoglobin (GHb) was measured at two months of diabetes, and
every three months thereafter. The rats were maintained in the experiment for 11–12 months;
the retina was isolated by gently separating from choroid, and frozen immediately at −80°C
for biochemical measurements, or processed immediately for microvessel isolation (please see
below). Treatment of the animals conformed to the Association for Research in Vision and
Ophthalmology Resolution on the Use of Animals in Research, and the Institutional guidelines.
The severity of hyperglycemia, as reported earlier (26,27), was similar in diabetes and diabetes
+LA or diabetes+AO groups. Portions of the retina from some of these rats have been used by
us in our previous studies (26,27).

Retinal microvessels
Freshly isolated whole retina was incubated in distilled water for one hour at 37°C. This was
followed by 5 minutes incubation with DNase (2mg/ml). The retinal vasculature was isolated
under a microscope by repetitive inspiration and ejection through Pasteur pipettes. Retinal
blood vessels isolated by this method show a normal complement of nuclei and were devoid
of nonvascular materials (32).

MMP-gelatinase assay
MMP-2 activity was measured in the culture medium or tissue lysate by zymography. Equal
amounts of protein (10–20μg) were electrophoresed under non-reducing conditions into 10%
SDS-PAGE gels polymerized with 1mg/ml gelatin. The gels were washed with 2.5% Triton
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X-100 for 30 minutes with gentle shaking followed by a 30-minute wash with distilled water.
The gels were then incubated overnight at 37°C in substrate buffer containing 50mM Tris-HCl,
pH 8.0, 5mM CaCl2 and 0.02% NaN3, and stained with Coomassie blue (Simply Blue Safe
Stain, Invitrogen, Carlsbad, CA). This was followed by de-staining with distilled water (33).
Active MMP-2 (67kD) band was detected in the zymogram and quantified using Un-Scan-It
Gel digitizing software.

Gene expressions
Gene expression was determined by semi-quantitative reverse transcription-Polymerase Chain
Reaction (PCR) and by real time quantitative RTPCR. RNA extracted from retina or cells using
TRizol reagent was converted to cDNA using the High capacity cDNA reverse transcription
kit with RNase inhibitor. For semi-quantitative PCR, 0.5μg of cDNA template was added to
10pmol of forward and reverse primer and 1 unit of GoTaq DNA Polymerase (Promega,
Madison, WI). The primers for the target and housekeeping genes are provided in Table I.
Following the PCR amplification, the DNA was run on a 1.2% agarose gel at 80V. DNA ladder,
100bp, was simultaneously run on each gel. Primers for the target genes were designed using
Applied Biosystems software Primer Express 3.0 and synthesized by Integrated DNA
Technologies (Coralville, IA). The bands were visualized with the UVP Bio-Doc it Imaging
System (UVP LLC., Upland, CA), and band intensities were quantified by UnScan-It software
as reported earlier (8,27).

To confirm the effect of diabetes on retinal MMP-2, mRNA levels of MMP-2 and its regulators
were also quantified using quantitative real-time PCR by the methods routinely used in our
laboratory (27,33). Each sample was measured in triplicate β-microglobulin (B2M) was used
as a housekeeping gene. Genebank accession numbers of Taqman PCR primers for MMP-2,
TIMP-2 and MT1-MMP B2M are NM_031054.2, NM_021989.2, NM_031056.1 and
NM_012512.1 respectively. The standard PCR conditions included 2 minutes at 50°C and 10
min at 95°C followed by 40 cycles of extension at 95°C for 15 seconds and one minute at 60°
C. Threshold lines were automatically adjusted to intersect amplification lines in the linear
portion of the amplification curves and cycle to threshold (Ct) were recorded automatically.
Data were normalized with B2M mRNA (housekeeping gene) and the fold change in gene
expression relative to normal was calculated using the ddCt method.

Protein expression
Expression of MT1-MMP was determined by western blot technique using 25–30μg of retinal
proteins separated by SDS-PAGE on a 10% gel. After blotting the proteins onto nitrocellulose
membrane and blocking them in 5% nonfat milk, the membranes were incubated with
monoclonal antibody against anti MT1-MMP (Calbiochem, Gibbstown, NJ), rinsed, and
incubated with anti-mouse horseradish peroxidase-coupled secondary antibody for one hour.
The target protein was enhanced by ECL reagent (Santa Cruz Biotechnology, Santa Cruz, CA),
and determined by autoradiography. β-actin (Sigma-Aldrich, St Louis, MO) was used as the
house-keeping protein (Sigma-Aldrich, St Louis, MO). The band intensity was quantified using
Un-Scan-It Gel digitizing software (Silk Scientific Inc, Orem, UT).

Superoxide levels
Mitochondria were isolated from the cells by centrifugation and the levels of superoxide were
measured by lucigenin method as reported earlier (4,8).

Apoptosis
Cell death was determined by Cell Death Detection ELISAPLUS (Roche Diagnostics,
Indianapolis, IN) by quantifying cytoplasmic histone-associated DNA fragments formed by
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internucleosomal degradation of genomic DNA during apoptosis. The cytoplasmic fraction of
the cells was transferred onto a streptavidin-coated microtiter plate and incubated for two hours
at room temperature with a mixture of peroxidase-conjugated anti-DNA and biotin-labeled
anti-histone. The plate was washed, incubated with the ABTS (Roche Diagnostics), and
absorbance was measured at 405 nm (4,28).

Statistical analysis
The results are presented as mean ± SD, and analyzed statistically using the nonparametric
Kruskal-Wallis test followed by Mann-Whitney test for multiple group comparisons. Similar
conclusions were achieved by using ANOVA with Fisher or Tukey.

Results
High glucose activates MMP-2 and its regulators in bovine retinal endothelial cells

Incubation of endothelial cells in high glucose for five days increased MMP-2 gene expression
by 30–35% (Figure 1a) and the gelatinase activity by about 55% (Figure 1b) relative to the
cells incubated in 5mM glucose. Furthermore, high glucose altered the major physiologic
inhibitor and proenzyme activator of MMP-2; 40% decrease in TIMP-2 (Figure 1c) and 25%
elevation in MT1-MMP were observed in the same cell preparations (Figure 1d). Incubation
of retinal endothelial cells with 20mm mannitol did not have any effect on the activation of
MMP-2 (Figure 1b), suggesting that the increase in MMP-2 or its regulators in high glucose
conditions is not due the increased osmolarity, but is the result of elevated glucose itself.

Glucose-induced alterations in MMP-2 and its regulators are prevented by inhibitors of
MMP-2 activation and mitochondrial superoxide

Two distinct inhibitors of MMP-2, MMP-2 inhibitor I and II, attenuated glucose-induced
increases in the gelatinolytic activity of MMP-2 (Figure 1b) and mRNA levels of MMP-2 and
MT1-MMP (Figures 1a and c), and in retinal endothelial cells. These MMP-2 inhibitors also
prevented glucose-induced alterations in TIMP-2 and MT1-MMP gene expressions (Figure 1c
and d).

Addition of MnSOD mimic, MnTBAP, which we have shown to prevent glucose-induced
mitochondrial dysfunction (4), and increased superoxide levels (Figure 2a) ameliorated
elevation in MMP-2 and MT1-MMP experienced by retinal endothelial cells in high glucose
conditions, and also prevented reduction in TIMP-2 expression (Figure 1a–1d). However,
MMP-2 inhibitor did not produce any inhibitory effect on MMP-2 when the cells were
incubated in 5mM glucose (Figure 1b).

Inhibition of high glucose mediated increase in MMP-2 protects retinal endothelial cells from
increased apoptosis

Apoptosis was increased by 75% in the bovine retinal endothelial cells incubated in 20mM
glucose for 5 days (Figure 2b), and this is consistent with our previous results. Inclusion of
MMP-2 inhibitors (I or II) in high glucose medium prevented the cells from undergoing
apoptosis. Percent of apoptotic cells in the presence of either of the two MMP-2 inhibitors was
decreased by over 80% compared to the cells that were incubated in high glucose without any
inhibitor.

Endothelial cells from human retina present similar effects of high glucose on MMP-2 and
TIMP-2 as bovine retina

As observed with bovine retinal endothelial cells, endothelial cells prepared from human retina
also showed a significant (40%) increase in MMP-2 activity in high glucose conditions, and
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inhibitor I of MMP-2 prevented such activation (Figure 3a). The gene expression of MMP-2
was elevated by 30% (Figure 3b) and that of TIPM-2 was decreased by 25% (Figure 3c)
compared to the cells incubated in 5mM glucose conditions. These results suggest that the
effect of high glucose on MMP-2 is not restricted to bovine retina, and human retina capillaries
also present increased MMP-2.

Diabetes activates MMP-2 in the retina and its microvessels and antioxidants inhibit such
activation

The gene expression of MMP-2 was increased by 35–70% in the retina from diabetic rats as
quantified by both semi-quantitative and quantitative PCR (Figures 4a and b). In the same
animals the gelatinolytic activity of MMP-2 was increased by about 50% (Figure 4c) compared
to the retina from age-matched normal rats. Similar increases in the gene expression and
gelatinase activity were observed in the microvessel preparations isolated from diabetic rat
retina (Figures 5a and b). Administration of α-lipoic acid or micronutrients immediately after
induction of diabetes in rats, which protect the retina from oxidative damage (26, 27), also
attenuated diabetes-induced increases in both the gene expression and gelatotinlytic activity
of MMP-2 (Figures 4a–c).

Modulators of MMP-2 are altered in the retina in diabetes, and antioxidant supplementation
prevents such alterations

Significant decreases in the gene expression of retinal TIMP-2 (25–30%), as shown in Figure
6a (semi-quantitative PCR) and Figure 6b (quantitative PCR) was observed in diabetic rats
compared to the age-matched normal rats. This decrease in TIMP-2 was accompanied by a
concomitant increase in the mRNA and protein expression of MT1-MMP compared to the
values obtained from normal rat retina (Figures 7a-c), suggesting that activation of retinal
MMP-2 is via decrease in its physiological inhibitor and increase in the proenzyme activator.

Administration of α-lipoic acid or micronutrients prevented diabetes-induced alteration in
retinal TIMP-2 and MT1-MMP; the levels of TIMP-2 and MT1-MMP were significantly
altered (higher or lower respectively) in diabetic rats receiving antioxidants compared to the
diabetic rats without any supplementation (p<0.05; Figures 4, 6 and 7).

Discussion
This is the first report showing a novel role of MMP-2 in the pathogenesis of diabetic
retinopathy. The data show that MMP-2 has a pro-apoptotic role in the retinal capillary cells,
the cells that show histopathology of diabetic retinopathy, and MMP-2 and its membrane bound
proenzyme activator are activated and the physiological activator is down regulated in retinal
endothelial cells in high glucose conditions. Regulation of mitochondrial SOD, which we have
shown to decrease glucose-induced oxidative stress, mitochondrial dysfunction and apoptosis
of capillary cells (4,9), regulates these alterations in MMP-2, TIMP-2 and MT-1-MMP.
Further, we show that inhibition of MMP-2 by its selective inhibitor protects endothelial cells
from glucose-induced accelerated apoptosis, a phenomenon that can predict the development
of pathology of diabetic retinopathy (20). Results from our in vivo model of diabetic
retinopathy show that MMP-2 and MT1-MMP are activated and TIMP-2 is downregulated in
the retina at duration of diabetes when retinopathy can be observed in rats, and the therapies
that inhibit diabetic retinopathy (26,27) also inhibit activation of MMP-2 and MT1-MMP.
Thus, our in vitro and in vivo data convincingly suggest a critical role of MMP-2 in the
pathogenesis of retinopathy in diabetes, and provide a possibility that MMP-2 activation
inhibitors could potentially retard the development of diabetic retinopathy.
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Increased expression of MMP-2 is reported in retinal endothelial cells incubated in the presence
of advanced glycation end products (22), and in retinal pericytes incubated in high glucose or
in heavily oxidized and glycated LDL (21,34). Further, MMPs are activated in the retina,
vitreous and fibrovascular tissues in patients with diabetic retinopathy, and activated
proMMP-2 is observed also in the neovascular retinal membranes of patients with proliferative
diabetic retinopathy (14–20,34–37). In patients with proliferative diabetic retinopathy
activation of proMMP-2 in the fibrovascular tissues is postulated to be via its interaction with
MT1-MMP and TIMP-2 (36). Our exciting results show that MMP-2 is activated in the retina
and its microvessels at duration of diabetes (10–12 months) when capillary cell apoptosis and
histopathology characteristic of diabetic retinopathy can be observed in rats. This implies that
MMP-2 is important in the development of diabetic retinopathy, a disease that is largely
microvascular (38).

Oxidative stress has been shown to regulate MMP-2 and MT1-MMP; ROS and peroxynitrite
activate MT-1-MMP in cultured human coronary smooth muscle cells (39). Sustained exposure
of hydrogen peroxide to human endothelial cells increases pro-MMP-2 activation through the
induction of MT1-MMP expression (40). A strong relation between oxidative stress and
regulation of MMP-2 and MT1-MMP is observed in various other pathological conditions.
Low concentrations of ROS are shown to activate pro-MMPs by oxidation of the sulfide bond
in the pro-domain of the MMP (13), and also activate MT1-MMP (41). Here, data are provided
to show that the therapies that inhibit oxidative stress and peroxynitrite in the retina of diabetic
rats (26,27) also inhibit MMP-2 and MT1-MMP up-regulation and TIMP-2 reduction,
suggesting that in diabetes retinal MMP-2 and its regulators are modulated by oxidative stress,
and the use of antioxidant mixtures confirms in ‘principle’ the regulation of retinal MMP-2 by
oxidative stress. However, how oxidative stress regulates retinal MMP-2 in diabetes is not
clear, but similar beneficial effect by lipoic acid, a powerful free radical scavenger that serves
as a coenzyme involved in mitochondrial metabolism (42), suggests that MMP-2 regulation in
diabetes could include its protection by preventing mitochondrial damage that the retina
experiences in diabetes. Furthermore, glucose increases oxidative stress and mitochondrial
damage in retinal endothelial cells, and inhibition of mitochondrial superoxide accumulation
that inhibits their accelerated apoptosis (4,43,44) also inhibits activation of MMP-2 and MT1-
MMP. In contrast, a recently published study has suggested that in human retinal endothelial
cells oxidative stress is increased by cytokines, but not by glucose (45). The reasons for such
discrepancies are not clear, but may include differences in cell preparation and other
experimental conditions.

MMPs, the main enzymes that hydrolyze most of the components of the extracellular matrix,
are precisely regulated by their main endogenous protein inhibitors, TIMPs (10,46). TIMP-2
is shown to facilitate the activation of MMP-2 via MT1-MMP and MT1-MMP acts as a receptor
for TIMP-2, and forms a tri-molecular complex with MMP-2 and TIMP-2 (47,48).
Dysregulation of MMPs is postulated to contribute to the development of diabetic
complications, including diabetic coronary and peripheral arterial disease. Urinary excretion
of MMP-2 in diabetic patients is shown to predict intra-renal pathologic processes that are
characteristic of nephropathy (49). Reduced level of MMP-2 in the myocardium of diabetic
rats is postulated to contribute to collagen degradation and matrix deposition in diabetic
myocardiopathy (50). MMP-2 and MMP-9 are also associated with increased angiostatin
expression in the human diabetic arterial vasculature, resulting in the pathogenesis of impaired
angiogenesis (51). Upregulation of MMPs in the retina is shown to play a role in the proteolytic
breakdown of the tight junction protein and vascular permeability (19) and in blood retinal
barrier breakdown (22). However, in the pathogenesis of diabetic retinopathy, manifestation
of TUNEL-positive retinal capillary cells precedes the appearance of acellular capillaries
(23,24), and our previous studies have demonstrated that inhibition of retinal capillary cell
apoptosis predicts the inhibition of the development of the late stages of the retinopathy in
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diabetic rodents (46). We show that the inhibition of MMP-2 in retinal endothelial cells also
attenuates apoptosis of these cells. This suggests that dysregulation of MMP-2 in diabetes is,
in part, contributing to the accelerated apoptosis of retinal capillary cells. In concomitant with
this in vitro data, our observations from diabetic rats show that administration of α-lipoic acid,
which prevents retinal oxidative stress and accelerated apoptosis of capillary cells (27), also
diminishes MMP-2 dysregulation. Similar diabetes-induced activation is also observed in the
retinal microvasculature, the site of histopathology of diabetic retinopathy, and the data from
isolated capillary cells further strengthens the role of MMP-2 in the apoptosis of capillary cells.
In support, inhibition of MMP-2 is shown by others to prevent loss of retinal pericytes in
diabetic conditions (21,52). How activation MMP-2 results in the apoptosis of retinal capillary
cells is not clear, but could include damage to the mitochondria resulting in leakage of
cytochrome c and activation of apoptosis. Others have shown that the activation of MMP-2
cleaves the nuclear poly ADP ribose polymerase (PARP), which induces apoptosis via
mitochondrial pathway releasing apoptosis-inducing factor from the mitochondria (53,54). In
the development of diabetic retinopathy, mitochondrial dysfunction and PARP activation are
considered important in the accelerated apoptosis of retinal capillary cells (4,8,9,55), thus,
further supporting the role of MMP-2 in the apoptosis of capillary cells.

We should acknowledge that although MMP-9, another member of the gelatinase family, is
also shown to be upregulated in the retina in diabetes, and MMP-9 is associated with blood
retinal barrier breakdown (17–19), the focus of our study, however, was on MMP-2. The role
of other MMPs in the development of diabetic retinopathy is beyond the scope of this study,
and cannot be ruled out.

In conclusion, the results presented here suggest that MMP-2 is regulated by increased
oxidative stress in diabetes, and MMP-2 has a novel pro-apoptotic role in the pathogenesis of
diabetic retinopathy. Attenuation of retinal capillary cell apoptosis, a phenomenon that predicts
the pathology associated with diabetic retinopathy, by MMP-2 inhibitors, and inhibition of
retinal MMP-2 activation in diabetic rats by antioxidant therapies that inhibit capillary cell
apoptosis, strongly implicates another novel pro-apoptotic role for MMP-2 in the pathogenesis
of diabetic retinopathy. Understanding the role of MMP-2 in the pathogenesis of diabetic
retinopathy should help lay ground for MMP-2 targeted therapy to retard the development/
progression of retinopathy, the sight threatening complication that is feared by diabetic patients.
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Figure 1.
Effect of high glucose on MMP-2 and its regulators in retinal endothelial cells: Bovine retina
endothelial cells from 4–7th passage were incubated in 5mM glucose or 20mM glucose medium
for 4–5 days in the presence or absence of 10μM MMP-2 inhibitor I or 5μM MMP-2 inhibitor
II, or 200μM MnTBAP. At the end of incubation medium was collected, and the cells were
washed with phosphate buffer saline and collected. (a) Gene expression of MMP-2 and that of
β-actin in the cells was determined by semi-quantitative PCR using the primers given in table
I. (b) The gelatinase activity of MMP-2 was determined in the medium. (c) and (d) The levels
of mRNA of TIMP-2 and MT1-MMP were determined by semi-quantitative PCR respectively,
and were adjusted to the mRNA levels of β-actin in each sample. Each measurement was made
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in duplicate in at least three different cell preparations. The values obtained from the cells
incubated in 5mM glucose are considered as 100% (control). *P<0.05 compared to the values
obtained from the cells incubated in 5mM glucose, and #P<0.05 compared to 20mM glucose.
20+I= 20mM glucose+10μM MMP-2 inhibitor I; 20+II=20mM glucose+5μM MMP-2
inhibitor II; 20+Mn=20mM glucose+200μM MnTBAP; 5+I=5mM glucose+10μM MMP-2
inhibitor I
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Figure 2.
Effect of inhibition of MMP-2 and MnTBAP on the apoptosis of retinal endothelial cells: (a)
Apoptosis was measured by performing ELISA for cytoplasmic histone-associated-DNA-
fragments using an assay kit from Roche Diagnostics. The graph shows the values obtained
from the cells incubated with glucose for five days, and these values were adjusted to the total
DNA. (b) Superoxide levels were measured in the mitochondria by lucigenin method. The
values obtained from the cells incubated in 5mM glucose are considered as 100%. Each
measurement was made in duplicate in at least four different cell preparations. *P<0.05
compared to the values obtained from the cells incubated in 5mM glucose, and #P<0.05
compared to 20mM glucose.
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Figure 3.
Effect of high glucose on MMP-2 activity in human retinal endothelial cells: Human retinal
endothelial cells from 3rd–5th passage were incubated in 5mM glucose or 20mM glucose
medium for 5 days in the presence or absence of 10μM MMP-2 inhibitor I. (a) The gelatinase
activity was measured in the medium and the gene expression of (b) MMP-2 and (c) TIMP-2
in the RNA isolated from the cells using TRizol reagent by semi-quantitative PCR. The values
obtained from the cells incubated in 5mM glucose are considered as 100% (control). The results
are presented as mean ±SD of the values obtained from three different cell preparations, with
each measurement made in duplicate. *P<0.05 compared to the values obtained from the cells
incubated in 5mM glucose, and #P<0.05 compared to 20mM glucose.
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Figure 4.
Effect of long-term diabetes on retinal MMP-2: Retina from rats diabetic for 12 months
receiving α-lipoic acid (Diab+LA) or antioxidants (Diab+AO), and age-matched normal rats
was used to measure (a) gene expression of MMP-2 was determined by RTPCR using the
primers given in table I. MMP-2 mRNA levels in each sample were normalized to β-actin
levels, and (b) was quantified by real time PCR method using Taqman PCR primers. Fold-
change relative to normal age-matched controls was calculated using the ddCt method. (c)
Gelatinase activity by zymography. 10–20μg retinal protein was electrophoresed under non
reducing conditions, incubated in substrate buffer and stained with Coomassie blue. Active
MMP-2 (67kD) band was detected in the zymogram and quantified using Un-Scan-It Gel
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digitizing software. Retina from five to seven rats in each group was analyzed. *P<0.05
compared to the values obtained from the retina of age-matched normal rats, and #P<0.05
compared to retina of diabetic rats without any supplementation.
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Figure 5.
Activation of MMP-2 in retinal microvessels in diabetes: (a) Gene expression of MMP-2 was
determined by semi-quantitative PCR using the primers described in table I, and (b) its
gelatinase activity by zymography in the microvessels isolated by osmotic shock method from
diabetic rats. *P<0.05 compared to the values obtained from the retinal microvessels of age-
matched normal rats
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Figure 6.
Effect of diabetes on retinal TIMP-2: TIMP-2 was measured in the same tissue samples as
given in figure 4. Gene expression of TIMP-2 was measured by both semi-quantitative (a) and
quantitative (b) PCR methods.
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Figure 7.
Activation of MT1-MMP in retina in diabetes: MT1-MMP gene expression was measured in
the same retina samples as used in figures 4 and 6 by (a) semi-quantitative PCR, and the
histograms represent mRNA levels (mean ±SD) of the MT1-MMP adjusted to that of β-actin
in the same sample from six or more rats in each group and quantitative (b) and by quantitative
PCR methods (c) Protein expression of MT1-MMP was determined by western blot using
mouse monoclonal antibody against MT1-MMP. The histograms represent protein expression
of MT1-MMP adjusted to the expression of β-actin in the same sample. *P<0.05 compared to
the values obtained from the retina of age-matched normal rats, and #P<0.05 compared to retina
of diabetic rats without any supplementation.
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TABLE 1
Primers for the target genes and housekeeping gene used for semi-quantitative PCR

Species Gene Primer sequence

Rat MMP-2 fwd 5′-GCA CCG TCG CCC ATC A-3′
rev 5′-GTC TCG ATG GTG TTC TGG TCA A-3′

TIMP-2 fwd 5″-CAG CCC TAC GAA CCC ACA GA-3′
rev 5′-GCT TGG GAA CCT TGA GAG TGA T-3′

MT1-MMP fwd 5′-ATT TCC CAG GCC CCA ATA TC-3′
rev 5′-GAA GTT CTC GGT GTC CAT CCA-3′

Bovine MMP-2 fwd 5′-CTT CCC CCG CCA GCC CAA GTG GG-3′
rev 5′-GGT GAA CAG GGC TTC ATG GGG GC-3′

TIMP-2 fwd 5′-CCT CCT GCT GGG GAC GCT GC-3′
rev 5′-AGT CCT GGT GGC CTG ACG GG-3′

MT1-MMP fwd 5′-AAC ATC AAA GTC TGG GAA GG-3′
rev 5′-GTC TCC TCC TCA GTC CCC TC-3′

Human MMP-2 fwd 5′-CTG CTG AAG GAC ACA CTA AAG AAG A-3′
rev 5′-TTG CCA TCC TTC TCA AAG TTG TGA G-3′

TIMP-2 fwd 5-AAA CGA CAT TTA TGG CAA CCC TAT C-3′
rev 5′-ACA GGA GCC GTC ACT TCT CTT GAT G-3′
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