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Mitochondria dysfunction plays a significant role in the apoptosis of retinal cells. Diabetes activates ret-
inal matrix metalloproteinases (MMP-9 and MMP-2), damages retinal mitochondria and activates the
apoptotic machinery. This study is to investigate the temporal relationship between the activation of ret-
inal MMPs and mitochondria damage in the development of diabetic retinopathy. Time course of activa-
tion of cytosolic MMP-9 and MMP-2 was investigated in the retinal endothelial cells incubated in high
glucose for 6-96 h, and correlated with their mitochondrial accumulation and mitochondrial damage.
This was confirmed in the retina from rats diabetic for 15 days to ~12 months (streptozotocin-induced).
The results show that the activation of cytosolic MMP-9 and MMP-2 is an early event, which is followed
by their accumulation in the mitochondria. Increased mitochondrial MMPs dysfunction them and begin
to damage their DNA, which initiates a vicious cycle of reactive oxygen species. Thus, modulation of these
gelatinase MMPs by pharmacological agents during the early stages of diabetes could provide a strategy
to inhibit the development of diabetic retinopathy.
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1. Introduction

Matrix metalloproteinases (MMPs), a family of proteolytic en-
zymes which were originally characterized only by their cytosolic
localization and ability to degrade extracellular matrix proteins,
have now been identified in many intracellular organelles
including nucleus and mitochondria [1-4]. The gelatinase MMPs
(MMP-9 and MMP-2) are secreted as proenzymes, and their
activation requires proteolytic processing. In diabetes increased
levels of these MMPs are reported in many tissues, including
cardiomyoctes, kidney, retina, plasma, fibrovascular tissues and
lung [1,4-7], and are considered to be involved in the neovascular-
ization. Our recent work has shown that these MMPs, in addition to
contributing to the neovascularization associated with diabetic
retinopathy, in the background stage of the disease their activation
facilitates apoptosis of retinal capillary cells [8-11].

Diabetes damages the retinal mitochondria and elevates super-
oxide levels [12-14]. Our recent work has shown that in pathogen-
esis of diabetic retinopathy, activated MMP-9 and MMP-2 damage
the mitochondria disturbing the integrity, and activating the
apoptotic machinery [4,9,10]. Furthermore, the retinal vasculature
of diabetic mice with MMP-9 gene abrogated is protected from
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accelerated apoptosis and the development of histopathology
characteristic of diabetic retinopathy [4]. In the development of
diabetic retinopathy, increase in oxidative stress in the retina
precedes mitochondria damage and capillary cell apoptosis [12],
and a compensatory mechanism involving mitochondria biogene-
sis and repair system helps protect the mitochondria in the initial
stages of the hyperglycemia. However, sustained hyperglycemic
insult overwhelms this compensatory mechanism damaging the
mitochondria and initiating the apoptotic machinery [12,15].
Whether the activation of retinal MMPs in diabetes precedes
mitochondria damage remains to be established.

In this study, we have investigated the temporal relationship
between the activation of retinal gelatinase MMPs (MMP-9 and
MMP-2) and the damage of mitochondria in diabetes using isolated
retinal endothelial cells, exposed to high glucose insult for various
time points, and also in the retina of rats diabetic for 15 days to
~12 months.

2. Methods
2.1. Retinal endothelial cells
Endothelial cells isolated from calf retina (BRECs) were cultured

on polystyrene dishes coated with 0.1% gelatin. Cells were incu-
bated for 6-96 h in Dulbecco’s Modified Eagle Medium (DMEM)
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containing 2% heat inactivated fetal bovine serum, 10% Nu-serum,
50 pg/ml heparin and 1 pg/ml endothelial growth factor with or
without 20 mM glucose for 6-96 h [9,12,15]. At the end of the
incubation, the cells were trypsinized, rinsed with PBS, and used
for further analysis. Cells incubated in 20 mM mannitol, instead
of 20 mM glucose, served as osmotic control.

2.2. Rats

Wistar rats (male, ~200 g) were made diabetic by streptozoto-
cin injection and maintained diabetic for 15 days to ~12 months
[8,12]. At the end of the desired duration of diabetes, rats were sac-
rificed and the retina was immediately isolated. Age-matched nor-
mal rats served as control, and each group had 7 or more rats.
Treatment of rats was carried out as per the guidelines of the Na-
tional Institute of Health Principles of Laboratory Animal Care, the
Association for Research in Vision and Ophthalmology resolution
on the use of animals in research, and the institutional guidelines.

2.3. RNA isolation and gene expression

RNA was extracted from BRECs or retina by Trizol reagent
(Invitrogen, Carlsbad, CA, USA). RNA (1 pg) was utilized to make
cDNA using the High Capacity cDNA reverse transcription kit from
Applied Biosystem (Foster City, CA, USA). Gene expression of MMP-
9 in BRECs was assessed by TagMan assay (primer NM_174744.2 -
Applied Biosystems) using 18s rRNA as an internal control. Rest of
the genes, including mtDNA encoded genes Cytb and ND6, were
quantified by SYBR green-based real time PCR (qPCR) with melting

Table 1
Primers for the target genes.

Target Sequence

BRECs mRNA

TIMP-1 Forward 5'-GTACCTGCGTCCCACCCCACC-3’
Reverse 5'-GGCAGGCAGGCCAGGTGGCGG-3'

Cytb Forward 5'-CGATACATACACGCAAACGG-3'
Reverse 5'-AGAATCGGGTAAGGGTTGCT-3'

ND6 Forward 5'-CGTGATAGGTTTTGTGGGGT-3'
Reverse 5'-GCCAGTAACAAATGCCCCTA-3’

B - actin Forward 5'-CGCCATGGATGATGATATTGC-3’
Reverse 5'-AAGCCGGCCTTGCACAT-3'

Rat-mRNA

MMP-9 Forward 5'-AAGGACGGTCGGTATTGGAAGTTCT-3’
Reverse 5'-CAGCAGCGTCTGGCCTGTGTA-3’

TIMP-1 Forward 5'-TGCCCCAACCCACCCACAGA-3'
Reverse 5'-GCTGGGGTGTAGGCGAACCG-3'

MMP-2 Forward 5'-CTGGCCGGAGTGACGGCTTC-3’
Reverse 5'-GTGCCCTGGAAGCGGAACGG-3'

TIMP-2 Forward 5'-AAGCCCTCCCTGAGCCGTGT-3'
Reverse 5'-GCCAAGCACCCCTCACCACA-3'

CytB Forward 5'-CCCACAGGATTAAACTCCGA-3’
Reverse 5'-GTTGGGAATGGAGCGTAGAA-3'

ND6 Forward 5'-CCCAGCCACCACTATCATTC-3'
Reverse 5'-CATCGTACTCCTGCTTGCTG-3’

B - actin Forward 5'-CCTCTATGCCAACACAGTGC-3'
Reverse 5'-CATCGTACTCCTGCTTGCTG-3’

curve analysis on ABI 7500 (Applied Biosystems) using gene-spe-
cific primers and B - actin as a housekeeping gene (Table 1). The
quantification of the transcripts was performed by ddCt method
as routinely performed in our laboratory [4,9,16].

2.4. Isolation of mitochondria

Mitochondria were isolated using Mitochondria Isolation kit
from Invitrogen (Pierce, Rockford, IL, USA) [4,17]. Mitochondrial
pellet was rinsed with PBS and re-suspended in buffer containing
protease inhibitor. Protein was quantified by the bicinchoninic acid
protein assay (Sigma-Aldrich St. Louis, MO, USA).

2.5. Protein expression

Homogenate or mitochondria fraction (30-60 ng protein) was
separated on an 8-20% SDS-PAGE and transferred to a nitrocellu-
lose membrane. After blocking the membrane with 5% nonfat milk
for 1 h, the membrane was incubated with the antibody against the
protein of interest. The loading controls included pg-actin for
homogenate and Cox IV for mitochondria.

2.6. Activation of MMP-9 and MMP-2

Activation of MMP-9 and MMP-2 was quantified by in situ
zymography using 8% non-reducing SDS-PAGE containing 0.1%
gelatin, as previously reported by us [4,8,16,18]. The intensity of
the pro- and active-bands was quantified using Kodak digitizing
software.

Activation of MMP-9 in mitochondria was assessed by fluores-
cence kit (SensoLyte® Plus 520 MMP-9 Assay Kit, ANAspec Fre-
mont, CA, USA) using 30-40 pug protein. The MMP-9 induced
cleavage of a fluorogenic peptide was measured at 490 nm excita-
tion and 520 nm emission wavelengths.

2.7. Mitochondrial reactive oxygen species (ROS)

Mitochondrial ROS were quantified in BRECs using MitoTracker
Red (CM-H2XROS; Molecular Probes), a mitochondria-selective
dye that emits fluorescence when oxidized. The cells exposed to
5 or 20 mM glucose for 6-96 h were incubated with 400 nm Mito-
Tracker Red for 30 min and washed with PBS, followed by quanti-
fication of ROS at 579 nm excitation and 599 nm emission
wavelengths [4,17].

2.8. Statistical analysis

Statistical analysis was performed using Sigma Stat software,
and the data are expressed as means + standard deviation. The
Shapiro-Wilk test was used to test for normal distribution of the
data, and the data that did not present normal distribution, Krus-
kal-Wallis test followed by Dunn’s test was applied. p value
<0.05 was considered as statistically significant.

3. Results
3.1. Retinal endothelial cells

Within 6 h of high glucose exposure of BRECs, the activity of
MMP-9 was increased by 30%, and the increase was almost 2-fold
when the duration was extended to 24 h and beyond compared to
the values obtained from cells incubated in normal glucose. Consis-
tent with this, MMP-9 gene and protein expressions were also ele-
vated as early as 6 h of glucose insult, and they remained elevated
throughout the experiment (96 h). Increase in MMP-9 was accom-
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panied by decrease in the mRNA level of TIMP1, an endogenous tis-
sue inhibitor of MMP-9; within 6 h of high glucose exposure TIMP1
was decreased by ~40%, and at 24 h by >60% (Fig. 1A). In contrast,
the accumulation of MMP-9 and its activity in the mitochondria, as
determined, was not affected at 6 h of high glucose insult, but was
slightly elevated (not significantly) at 24 h compared to the values
obtained from cells incubated in normal glucose. However, at 48 h
MMP-9 activity was significantly increased (Fig. 1B). In the same
cell preparations, although increase in MMP-2 activity was not ob-
served at 6 h of glucose exposure, at 24 h it was increased signifi-
cantly, and continued to increase with extension of the duration.
Increase in MMP-2 activity was over 60% at 48 h compared to
the values obtained from the cells incubated in 5 mM glucose (data
not shown). As reported previously [4,18], incubation of BRECs
with mannitol did not increase these MMPs, suggesting that the
activation of by these enzymes englucose was not due to increase
in the osmolarity.

To investigate the effect of glucose on mitochondrial ROS, fluo-
rescence emitted by a mitochondria-specific dye was measured. As
shown in Fig. 2, levels of mitochondrial ROS, quantified by fluores-
cence emitted by a mitochondria-specific dye, at 24 h of high glu-
cose insult were slightly higher compared to the values obtained
from cells incubated in normal glucose, but the values didn’t
achieve statistical significance. However, after 48 h of high glucose
insult, mitochondrial ROS were increased by 80%. Consistent with
this, mtDNA transcription was not altered at 24 h, but was de-
creased by 25-35% at 96 h as shown by decreased expressions of
mtDNA encoded proteins, ND6 of complex I and Cytbh of complex
III (Fig. 2).

3.2. Rat retina

Both mRNA and protein expression of MMP-9 in the rat retina
was significantly elevated as early as 15 days of diabetes, and re-
mained elevated during the entire duration of the experiment
(~12 months of diabetes) compared to the values obtained from
age-matched normal rats. This increase in MMP-9 was accompa-
nied by ~50% decrease in TIMP1 mRNA at 2 months of diabetes
(Fig. 3A). However, in the retinal mitochondria, MMP-9 levels re-
mained unchanged at 15 days of diabetes, but at 2 months mito-
chondrial MMP-9 was slightly elevated, and at 6 months the
values were increased by 2-fold compared to those obtained from
age-matched normal rat retina (Fig. 3B).

ROS Cytb ND6
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Fig. 2. Temporal relationship between high glucose exposure and mitochondrial
ROS and mtDNA encoded proteins in retinal endothelial cells. Mitochondrial
ROS were quantified in BRECs incubated with MitoTracker Red at the end of the
desired duration of high glucose insult. The resultant fluorescence was quantified at
579 nm excitation and 599 nm emission wavelengths. The transcripts of mtDNA-
encoded proteins Cyth and ND6 were quantified by real time qPCR using g-actin as
an internal control. Values are represented as mean + SD obtained from 3-4 cells
preparations, and each measurement is made at least in duplicate. *p <0.05
compared with 5 mM glucose.

Consistent with the results from retinal endothelial cells, 70%
increase in retinal MMP-2 was observed at 2 months and ~3-fold
at 6-12 months of diabetes. Increase in MMP-2 was accompanied
by 40% decrease in TIMP2, an internal inhibitor of MMP-2
(Fig. 3A). In concordance with MMP-9, MMP-2 in the mitochondria
was elevated significantly at 2 months of diabetes, and continued
to be elevated by at 6-12 months of diabetes compared to the val-
ues obtained from age-matched normal rats (Fig. 3B). Furthermore,
in accordance with our previous results demonstrating normal ret-
inal mtDNA at 2 months of diabetes in rats despite increase in oxi-
dative stress [15,19], transcripts of Cyt b and NDG6, the proteins
encoded by mtDNA, also remained unchanged, but at 6-12 months
of diabetes, they were decreased by 40% compared to the values
obtained from age-matched normal rats.

4. Discussion

Activation of MMPs is implicated in the development of a num-
ber of chronic diseases such as cancer, atherosclerosis and diabetes
[1,4,7,20-22]. Although MMP-2 and MMP-9 have gelatinase
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Fig. 1. Time course of glucose-induced activation of MMP-9 and MMP-2 in retinal endothelial cells. MMP-9 activity was quantified in BRECs incubated in high glucose for 6-
96 h by in situ zymography, and the ratio of the active and the pro-active MMP-9 bands was plotted in the accompanying histogram. mRNA levels of MMP-9 and TIMP1 were
quantified by real time qPCR. Protein expression of MMP-9 was determined by western blot technique. MMP-2 activity was performed by in situ zymography. (B) MMP-9
accumulation in mitochondria was assessed by western blot using Cox IV as loading control; the accompanying blot is representative of 3 different experiments. Its activity
was assessed in 30-40 pig mitochondria fraction by fluorescence kit. Each measurement was performed in duplicate using cells from 3-5 different preparations, and the
values are represented as mean = SD 5 = 5 mM glucose; 6 h, 24 h, 48 h = 20 mM glucose treatment for 6 h, 24 h, and 48-96 h respectively.*p < 0.05 compared to 5 mM glucose.
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Fig. 3. Effect of duration of diabetes in rats on retinal MMP-9 and MMP2: (A) Gene expressions of MMP-9, MMP-2 and their intracellular inhibitors TIMP1 and TIMP2
respectively, were quantified by real time qPCR in the retina from rats diabetic from 15 days to 6-12 months using gene specific rat primers and g-actin as an internal control.
Protein expression of MMP-9 was quantified by western blot technique. (B) Accumulation of MMP-9 and MMP-2 in the mitochondria was quantified by western blot
technique using Cox IV as loading control. Each measurement was made in 6-12 rats/group, and the values are represented as mean + SD *p < 0.05 compared to normal.
Values obtained from normal rats are considered as 1. N = normal, D1, D2 and D3 = rats diabetic for 15 days, 2 months and 6-12 months respectively.

activity and angiogenic properties, we have shown that these
MMPs have possibly dual role in the development of diabetic reti-
nopathy; in the early stages of the disease (pre-neovasculariza-
tion), MMP-2 and MMP-9 facilitate the apoptosis of retinal
capillary cells by damaging the mitochondria, and during the later
stages of the disease, they help in neovascularization [4,8-10]. In
the pathogenesis of the disease, although increase in ROS is an
early event, the damage of retinal mitochondria is seen at later
stages of the disease [12,15]. Here we show that the activation of
cytosolic MMP-9 and MMP-2 in the retina is an early event, how-
ever, their accumulation in the mitochondria is not seen till the
duration of diabetes is extended to two months. Furthermore, de-
spite increase in the mitochondrial MMPs, mitochondrial dysfunc-
tion and damage to mtDNA are not observed till the duration of
diabetes is further extended to 6 months. Similar phenomenon is
also observed in retinal endothelial cells exposed to high glucose.
These results suggest that diabetes activates cytosolic MMPs in
the retina, and these MMPs damage the mitochondria membrane,
and with time, MMPs accumulate in the mitochondria and begin
to damage their structure and mtDNA, which initiates a vicious cy-
cle of ROS.

Diabetic retinopathy is a progressive disease, and increase in
retinal oxidative stress precedes mitochondrial dysfunction and
capillary cell apoptosis. Despite increased oxidative stress at
2 months of diabetes [15,23], retinal mitochondria remain intact,
but at 6 months of diabetes they are dysfunctional and capillary
cells becomes apoptotic suggesting the role of mitochondrial dys-
function in the accelerated apoptosis of retinal capillary cells, a
phenomenon that can predict the development of microvascular
histopathology of diabetic retinopathy [12,24,25]. Activation of
MMP-9 is modulated by a complex mechanism involving H-Ras
mediated signaling steps, H-Ras-ERK-NF-kB pathway [8,18,26,27],

A MMP-9 & Mitochondria —y, AMito%chondrial

MMP-2 damage

and activation of redox-sensitive NF-kB in the retina in diabetes
is an early event which eventually contributes to vascular apopto-
sis [23]. Diabetic mice with MMP-9 gene abrogated have normal
retinal mitochondria, and their vasculature is protected from accel-
erated apoptosis and the pathology associated with diabetic reti-
nopathy [4]. Similarly, activation of MMP-2 also facilitates
apoptosis of retinal capillary cells by disrupting mitochondrial
membranes further corroborating the role of mitochondrial MMPs
in the development of diabetic retinopathy [9,10].

The results presented here show that even a short duration of
high glucose insult (15 days in in vivo and 6 h in in vitro model) in-
creases total MMP-9 and activates the enzyme, and the enzyme re-
mains active throughout the experiment (6-12 months in rodents
and 96 h in cells). This suggests that activated MMPs tries to enter
into the mitochondria membrane, possibly by damaging connexin
43 [10], and once they enter into the mitochondria, they damage
their structure and integrity. However, in the initial stages of the
damage, increased mtDNA biogenesis and repair mechanisms com-
pensate for the ROS-induced damage and protect the mitochon-
dria. However, sustained hyperglycemic insult overwhelms the
protective mechanism and mitochondrial ROS levels begin to in-
crease damaging mtDNA, and ultimately resulting in dysfunctional
electron transport system [15].

Thus, in conclusion, this study suggests that in the pathogenesis
of diabetic retinopathy activation of gelatinase MMPs (MMP-9 and
MMP-2) is an early event. Activated MMPs enter into the mito-
chondria, structure and integrity of the mitochondria are damaged
and cytochrome C leaks out into the cytosol, and this activates the
apoptotic machinery resulting in the loss of capillary cells and the
development of diabetic retinopathy [12,13]. Due to damaged
mitochondria, ROS levels continue to increase, and sustained in-
crease in ROS begins to damage mtDNA. The damaged mtDNA con-
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Fig. 4. Diabetes activates cytosolic MMP-9 and MMP-2, and activated MMPs damage the mitochondria. ROS production is increased and mtDNA is damaged resulting in cell
loss and the development of diabetic retinopathy. To make the bad situation worse, due to damaged mtDNA, transcription of mtDNA-encoded proteins of the electron

transport chain (ETC) is impaired further exacerbating ROS production and cell loss.
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tinues to dysfunction the ETC, and the vicious cycle of ROS contin-
ues (Fig. 4). Thus, our results further strengthens the importance of
early glucose control for diabetic patients, and suggests that mod-
ulation of these gelatinase MMPs by pharmacological agents dur-
ing the early stages of diabetes could provide a strategy to
prevent mitochondrial dysfunction and the development of dia-
betic retinopathy.
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