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PURPOSE. In the pathogenesis of diabetic retinopathy, retinal
mitochondria become dysfunctional, their DNA is damaged,
and capillary cells undergo accelerated apoptosis. Matrix met-
alloproteinase-2 (MMP2) becomes activated and proapoptotic,
and the therapies that inhibit the development of diabetic
retinopathy alleviate MMP2 activation. The authors sought to
elucidate the possible mechanism by which activated MMP2
contributes to mitochondrial dysfunction.

METHODS. The effect of the regulation of MMP2 on mitochon-
drial dysfunction and the subcellular localization of the molec-
ular chaperone important for mitochondrial integrity (Hsp60)
and gap junction protein connexin 43 were investigated in
retinal endothelial cells. The results were confirmed in retinal
mitochondria isolated from diabetic mouse overexpressing Mn-
SOD and in the retinas of normal rats that received intravitreal
administration of MMP2.

RESULTS. High glucose increased MMP2 and decreased con-
nexin 43 in the mitochondria of retinal endothelial cells. Al-
though the Hsp60 gene transcript was increased, its abundance
in the mitochondria was decreased, and its interaction with
MMP2 was increased. In mice, the overexpression of MnSOD
protected retinal mitochondria from diabetes-induced in-
creases in MMP2 and decreases in Hsp60 and connexin 43.
MMP2 administration in normal rats damaged the retinal mito-
chondria, decreased Hsp60 and connexin 43, and accelerated
the apoptosis of retinal capillary cells.

CONCLUSIONS. Elevated MMP2 in the mitochondria degrades its
membranes by modulating Hsp60 and damaging connexin 43,
and this activates the apoptotic machinery. Better understand-
ing of MMP2-mediated mitochondrial damage could help iden-
tify new strategies for the treatment of this blinding disease.
(Invest Ophthalmol Vis Sci. 2011;52:3832–3841) DOI:
10.1167/iovs.10-6368

Retinopathy, one of the most common microvascular com-
plications of diabetes, is the leading cause of acquired

blindness in young adults. Many biochemical and molecular
mechanisms have been proposed to explain its development,
but the exact molecular mechanism remains elusive. In the
pathogenesis of diabetic retinopathy, retinal microvascular
cells (pericytes and endothelial cells) and other cells, including
glial cells and neuronal cells, are lost selectively through apo-
ptosis.1–3 Retinal capillary cell apoptosis precedes the appear-

ance of the microvascular histopathology characteristic of di-
abetic retinopathy,2,4,5 suggesting that accelerated apoptosis
can account for the pericyte “dropout” and the formation of
“ghosts.” Increased oxidative stress and inflammatory media-
tors are linked to this accelerated loss of capillary cells,6–8 but
its mechanism is not clearly understood.

Retinal mitochondria become dysfunctional, superoxide
levels are elevated, and their pore transition is significantly
increased in diabetes.4,9–11 In mice, these mitochondrial ab-
normalities and the development of diabetic retinopathy can
be prevented by the overexpression of manganese superoxide
dismutase (MnSOD), suggesting a major role of mitochondria
in the development of diabetic retinopathy.11,12 In addition,
superoxide generated by mitochondria are considered to act as
unifying molecules in regulating major pathways implicated in
the development of diabetic retinopathy.13 However, how
diabetes damages the mitochondria remains to be explored.

Matrix metalloproteinase (MMP), a member of proteinase
family, regulates major biological functions, including tissue
repair and cell signaling. Among the MMPs, MMP2 is the most
ubiquitous.14 Our recent studies have shown that the activa-
tion of MMP2 in diabetes has a proapoptotic role in the loss of
retinal capillary cells.11,15 High glucose–induced MMP2 activa-
tion damages mitochondria, which can be attenuated by the
inhibition of MMP2 activation.11 However, there is little infor-
mation regarding the crosstalk between MMP2 activation and
mitochondrial dysfunction.

Heat shock proteins (Hsps) are considered to maintain cell
homeostasis against oxidative stress,16 and, in the early stages
of diabetes in rodents, the expression of these proteins in the
retina is altered.17 Hsp60, a member of the Hsp family, is
localized primarily in the mitochondria and helps to maintain
mitochondrial function and integrity by acting as a chaperone
for the transport of proteins into the mitochondria.18,19 Its
regulation in the tumor cell is shown to result in the loss of
mitochondria membrane potential and in the activation of
caspase-dependent apoptotic machinery.20 How alterations in
mitochondrial Hsp60 contribute to the development of dia-
betic retinopathy is not clearly understood.

The present study was designed to elucidate the plausible
mechanism by which MMP2 contributes to the mitochondrial
dysfunction of retinal capillary cells, leading to their acceler-
ated loss. Using isolated retinal endothelial cells in culture, we
investigated the effect of the regulation of the MMP2 gene on
mitochondrial dysfunction and subcellular localization of
Hsp60 and the role of connexin 43, a gap junction protein, in
the mitochondrial damage. The in vitro results are confirmed in
retinal mitochondria from the diabetic mouse, in which mito-
chondrial dysfunction and the development of retinopathy are
protected by the overexpression of MnSOD. To further con-
firm the relationship among MMP2, Hsp60, and connexin 43,
the effects of the administration of MMP2 in the vitreous of
normal rats on retinal mitochondrial Hsp60, connexin 43, and
retinal capillary cell apoptosis are investigated.
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MATERIALS AND METHODS

Retinal Endothelial Cells

Bovine retina endothelial cells (BRECs) were prepared and were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) containing 15%
fetal calf serum (heat inactivated), 5% replacement serum (Nu-serum;
BD Biosciences, San Jose, CA), heparin (50 �g/mL), endothelial growth
supplement (25 �g/mL), and antibiotic/antimycotic in an environment
of 95% O2 and 5% CO2 in Petri dishes coated with 0.1% gelatin.4

Endothelial cells from passages 3 to 5 were transfected with MMP2
siRNA (Santa Cruz Biotechnology, Santa Cruz, CA) using the methods
routinely used in our laboratory.11 Briefly, siRNA duplex (0.25–1 �g) was
diluted into 100 �L siRNA transfection medium; the cells were washed
and incubated with the transfection complex (consisting of the siRNA and
transfection reagent) for 8 hours at 37°C. Parallel incubations were carried
out using nontargeting scrambled siRNA. At the end of the incubation, the
medium containing transfection complex was replaced with fresh incu-
bation medium that was supplemented with 20 mM glucose or 5 mM
glucose. Cells were incubated for 4 additional days, and the incubation
medium was replaced with fresh medium every 48 hours. Transfection
efficiency was evaluated by quantifying the gene expression of MMP-2,
and, as shown in Figure 1A, the gene expression of MMP-2 was silenced
in the cells transfected with siRNA. Cells incubated in 20 mM mannitol,
instead of glucose, served as osmolar control.

Mice

Hemizygous MnSOD transgenic mice with a C57BL/6 background,
developed using human �-actin-MnSOD expression construct 2, were
generated by microinjecting fertilized eggs harvested from female
B6C3 (C57BL/6 � C3H) F1 hybrid mice mated with male B6C3 F1
mice. The hemizygous MnSOD-Tg mice were bred for 7 to 8 genera-
tions with wild-type C57BL/6 mice to generate experimental animals,
and the litters were genotyped by Southern blot analysis. A group of
MnSOD-overexpressing mice (Tg) and their wild-type (WT) littermates
(8–10 weeks old) were made diabetic by streptozotocin injection (55
mg/kg) for 5 consecutive days.12 The mice, with blood glucose levels
250 mg/dL or higher 3 days after the last injection, were considered as

diabetic. These mice are routinely used in our laboratory.11,12,15 Ap-
proximately 6 months after the induction of diabetes, they were killed
by overdose of pentobarbital (120 mg/kg), and the retinas were imme-
diately isolated under a dissecting microscope and stored in liquid
nitrogen. Treatment of the animals conformed to the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research.

Intravitreal Injection of MMP2

Wistar rats (weight range, 220–225 g) were kept under deep anesthe-
sia, and a sterilized solution of recombinant active MMP2 (5 ng/5 �L;
Enzo Life Sciences International, Inc., Plymouth Meeting, PA) was
injected into the vitreous of the right eye, as previously described by
us.21 For the control, the left eye received 5 �L sterile PBS. The animals
were killed 4 days after intravitreal administration, and either the eyes
were suspended in 10% formalin to prepare retinal microvasculature
(trypsin digestion) or the retina was carefully dissected to prepare the
mitochondria as described. The animals were used 4 days after the
intravitreal administration of MMP2 because at 4 days after intravitreal
injection, erythropoietin has been shown to normalize the upregulation of
proapoptotic and proinflammatory genes in the diabetic rat retina.22

Isolation of Mitochondria and Cytosol

Mitochondria were isolated using a mitochondria isolation kit (Pierce,
Rockford, IL) according to the manufacturer’s instruction.12 Briefly,
retina or BRECs were homogenized in reagent A solution using 10 to 12
strokes of the Dounce homogenizer. An equal volume of reagent C was
added to the homogenate, mixed by inverting, and was centrifuged at
700g for 10 minutes at 4°C. The supernatant was centrifuged at
12,000g for 15 minutes, and the pellet (mitochondria fraction) was
washed with PBS by centrifuging at 12,000g for 5 minutes. The resul-
tant mitochondrial pellet was suspended in mitochondria lysis buffer
(2% CHAPS in 25 mM Tris, 0.15 M NaCl, pH 7.2), and the supernatant
was centrifuged at 105,000g for 90 minutes to obtain the cytosolic
fraction. Protein concentrations were determined by the bicinchoninic
acid assay (Sigma-Aldrich, St. Louis, MO). Nuclear contamination in the
mitochondria fraction was determined by quantifying the expression
histone H2B23 and cytosolic contamination by measuring two proteins

FIGURE 1. Effect of high glucose on
mitochondrial MMP2 and its regula-
tion in retinal endothelial cells.
BRECs were transfected with MMP2-
siRNA (si) or scrambled siRNA (SC)
and were incubated in 5 mM or 20
mM glucose for 4 days. (A) To deter-
mine transfection efficiency, gene
expression of MMP2 was quantified
by semiquantitative PCR. Shown is
an agarose gel image from two sets of
normal (untrans) and MMP2-si–trans-
fected (siRNA) cells. Mitochondria
were prepared from the MMP2-
siRNA transfected and untransfected
cells incubated in normal or high glu-
cose. (B) To evaluate the purity of
mitochondria, protein expressions of
Cox IV, H2B, and �-actin were quan-
tified, and the Western blot is from
two sets of normal untransfected
cells. The activity of MMP2 was quan-
tified in the mitochondrial fraction
by (C) in situ zymography and (D)
ELISA. Each measurement was made
in duplicate in three to four different
cell preparations, and the values ob-
tained from the untransfected cells
incubated in 5 mM glucose are considered as 100%. 5 mM, 5 mM glucose, 20 mM, 20 mM glucose; 20�si, cells transfected with MMP2-siRNA
followed by 20 mM glucose treatment; 20�SC, cells transfected with scrambled RNA and treated with 20 mM glucose; mannit, 20 mM mannitol.
*P � 0.05 compared with the values obtained from the cells incubated in 5 mM glucose or 20 mM mannitol. #P � 0.05 compared with
untransfected or scrambled RNA-transfected cells treated with 20 mM glucose.
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that are found largely in the cytosol, �-actin24 and glyceraldehyde
dehydrogenase (GAPDH). Figure 1B shows that the mitochondria frac-
tion was devoid of nuclear and cytosolic contamination, as evidenced
by the expressions of H2B and �-actin, and the activity of GAPDH23 in
the mitochondria was undetectable.

Activity of MMP2

For quantifying the gelatinase activity of MMP2, mitochondrial protein
was analyzed by electrophoresis on SDS-polyacrylamide gels contain-
ing 1 mg/mL gelatin. Samples were loaded on the gels without dena-
turation in the presence of reducing agents. The gels were washed
with 2.5% Triton X-100 and stained with 2% (vol/vol) Coomassie blue
G-250. After destaining, the bands were photographed on a light box.11

The activity of MMP2 was also quantified with an ELISA kit (Matrix
Metalloproteinase-2 Biotrak Activity Assay System; Amersham, Buck-
inghamshire, UK) according to the manufacturer’s instructions.
Briefly, MMP2 standards (0.5– 4 ng) or 25 �g mitochondria were
incubated overnight at 4°C in wells precoated with anti-MMP2.
Active MMP2 was detected (without p-aminophenylmercuric ace-

tate) using a specific peptide chromogen medium by reading the
resulting color at 405 nm.

Protein Expression
The protein expression of Hsp60, connexin 43, Bax, Bcl-xl, and cyto-
chrome c were determined by the Western blot analysis. Mitochondrial or
cytosolic protein (25–30 �g) was separated on a 4% to 20% SDS-PAGE.
After transferring the proteins onto nitrocellulose membrane, the mem-
branes were blocked in 5% nonfat milk and incubated with the antibody
against the target protein (obtained from Santa Cruz Biotechnology). The
target protein was enhanced with ECL reagent and determined by auto-
radiography. Membranes were reprobed with Cox IV or �-actin to evalu-
ate the lane-loading control for mitochondria or cytosol, respectively.
Band intensities were quantified by graph digitizing software (Un-Scan-It;
Silk Scientific, Orem, UT), as reported previously.11,12

Coimmunoprecipitation
BRECs, incubated in 5 mM or 20 mM glucose for 4 days, were rinsed with
cold PBS and homogenized in the lysis buffer containing 30 mM Tris-HCl

FIGURE 2. Effect of MMP2-siRNA on
mitochondrial function. Mitochon-
drial content of (A) Bax and Bcl-XL
and (B) connexin 43 was quantified
by Western blot analysis using Cox
IV as a loading protein. Each mea-
surement was performed in at least
three different cell preparations. The
values, represented as mean � SD,
obtained from the cells incubated in
5 mM glucose are considered as
100%. *P � 0.05 compared with the
values obtained from the cells incu-
bated in 5 mM glucose or 20 mM
mannitol. #P � 0.05 compared with
the cells untransfected or transfected
with scrambled RNA and incubated
with 20 mM glucose.
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buffer pH containing 10 mM EGTA, 5 mM EDTA, 1% Triton X-100, 250
mM sucrose, 1 mM NaF, 1 mM phenylmethylsulfonyl fluoride, and 1 mM
Na3VO4. Protein (l20 �g) was incubated overnight at 4°C with 2 �g of
Hsp6O or MMP2 antibody, followed by incubation of the protein-antibody
complex for 1 hour at 4°C with A/G agarose beads (Santa Cruz Biotech-
nology) that had been prewashed with the lysis buffer.23 The beads were
then boiled in SDS sample loading buffer, and MMP2 and connexin 43,
respectively, were detected by Western blot analysis.

Gene Expression

Gene expression of Hsp60 was determined using conventional semi-
quantitative PCR. cDNA template (0.5 �L) was added to 1 U DNA
polymerase (GoTaq; Promega, Madison, WI), and 10 pmol of forward
and reverse primers (BRECs HSP60: forward, 5�-TGGTCTTCAAGTT-
GTGGCAG-3�; reverse, 5�- CTTTCAAGAGCATGGCATCA-3�; Mouse
HSP60: forward, 5�-TATTGAACAGAGTTGGGGAAAAGTCC-3�; reverse,

5�-GCTCATCATTCAGGGTTTTTCCATC-3�). �-Actin was used as an in-
ternal standard. The standard PCR conditions included 2 minutes at
95°C followed by 30 to 35 cycles of denaturation at 95°C for 1 minute,
annealing at 50° to 55°C for 2 minutes, and extension at 72°C for 1
minute. After completing the amplification, the PCR products were
analyzed on a 1.2% agarose gel, and a 100-bp DNA ladder was used as
a marker. The bands were visualized with imaging software (Bio-Doc it
Imaging System; UVP LLC, Upland, CA), and band intensities were
quantified by graph digitizing software (Un-Scan-It; Silk Scientific).

Apoptosis and Histopathology in
Retinal Microvessels

Retinal microvessels were isolated by incubating the formalin-fixed
retina in 3% crude trypsin solution (prepared in Tris-HCl buffer, pH
7.8) containing 0.2 M sodium fluoride. Detection of apoptotic vascular

FIGURE 3. Effect of high glucose on
Hsp60 and its regulation by MMP2. (A)
Gene expression of Hsp60 was quanti-
fied by semiquantitative PCR and was
adjusted to the mRNA levels of �-actin
in each sample. (B) Mitochondrial and
cytosolic fractions were prepared by
differential centrifugation. Hsp60 was
quantified by Western blot analysis,
and the band intensity of Hsp60 was
adjusted to the expression of the Cox
IV and �-actin (mitochondrial and cy-
tosolic fractions, respectively). West-
ern blots are representative of three
different experiments. *P � 0.05 com-
pared with the values obtained from
the cells incubated in 5 mM glucose or
20 mM mannitol. #P � 0.05 compared
with values obtained from the cells un-
transfected or transfected with scram-
bled RNA and incubated with 20 mM
glucose.
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cells was performed by terminal deoxyribonucleotide transferase
(TdT)-mediated dUTP nick end labeling (TUNEL; In Situ Cell Death kit;
Roche Molecular Biochemicals, Indianapolis, IN). After TUNEL stain-
ing, the microvessels were stained with periodic acid-Schiff–hematox-
ylin and examined by light microscopy.7,12

Statistical Analysis

Data are reported as the mean � SD, and experimental groups were
compared using the nonparametric Kruskal-Wallis test followed by the
Mann-Whitney test for multiple-group comparison. Similar conclusions
were reached by using ANOVA with the Fisher or Tukey test.

RESULTS

Retinal Endothelial Cells

High Glucose Activates Mitochondrial MMP2. Gelati-
nase activity of MMP2 was increased by 35% in mitochondria
obtained from the cells incubated in high glucose (Fig. 1C), and
this was confirmed by ELISA (Fig. 1D). In addition, the cells
exposed to high glucose had damaged mitochondrial integrity,
as evidenced by a 45% increase in Bax, a 30% decrease in
Bcl-XL, and a 50% decrease in connexin 43 in their mitochon-
dria (Figs. 2A, 2B).

Exposure of retinal endothelial cells to high glucose signif-
icantly increased the gene expression of Hsp60 (Fig. 3A), but
its protein expression was decreased in the mitochondria and
increased in the cytosol fraction (Fig. 3B).

Regulation of Mitochondrial Dysfunction by MMP2.
To determine the effect of MMP2 on mitochondrial damage, the
MMP2 gene was manipulated by MMP2 siRNA. The transfection
of BRECs with MMP2-siRNA prevented the glucose-induced acti-
vation of mitochondrial MMP2 (Figs. 1C, 1D) and also protected
mitochondrial integrity (Figs. 2A, 2B). This was accompanied by
the amelioration of glucose-induced decreased accumulation of
connexin 43 and Hsp60 in the mitochondria (Figs. 2B, 3B). Values
obtained from the cells incubated in high glucose, but transfected
with MMP2 siRNA or with scrambled RNA, were significantly
different (P � 0.05) from each other.

Interactions of MMP2 with Hsp60 and with Connexin
43. Coimmunoprecipitation studies were performed on BRECs
incubated in 5 mM glucose or 20 mM glucose for 4 days.
Interaction of MMP2 with Hsp60 was significantly increased in
the cells exposed to high glucose (Fig. 4A), but interaction
with connexin 43 was decreased (Fig. 4B) compared with the
values obtained from cells incubated in normal glucose.

Retinas of Diabetic Mice

Six months of diabetes in mice increased MMP2 activity in the
retinal mitochondria by approximately 25% (Fig. 5A). The in-
tegrity of mitochondria was compromised as evidenced by
decreased mitochondrial cytochrome c and increased Bax ex-
pression (Fig. 5B). In the same retina, although Hsp60 gene
expression was increased by 60% (Fig. 6A), its abundance in
the mitochondria was decreased with the concomitant in-
crease in its cytosolic levels (Fig. 6B). This was accompanied by
the decreased expression of connexin 43 in the retinal mito-
chondria (Fig. 6C).

The overexpression of MnSOD prevented a diabetes-in-
duced increase in mitochondrial MMP2 in the retina; values
obtained from WT-diabetic mice and Tg-diabetic mice were
significantly different from each other (P � 0.05; Fig. 5A). In
the same animals, overexpression of MnSOD also protected
retinal mitochondrial dysfunction; the mitochondrial expres-
sions of cytochrome c, Bax, Hsp60 and connexin 43 were not
different from those obtained from WT-normal or Tg-normal
mice (Figs. 5B, 6B, 6C).

Intravitreal Administration of MMP2 in Rat

The effect of MMP2 on retinal mitochondrial HSP60, connexin
43, and vascular apoptosis was determined by administering
MMP2 in the vitreous of normal rats. As shown in Figure 7A,
MMP2 activity was increased in the retinal mitochondria by
approximately 50% compared with the values obtained from
the collateral eye that received PBS alone. In the same mito-
chondria fraction, MMP2 injection resulted in a 55% increase in
Bax expression, a 40% decrease in connexin 43, and a 30%
decrease in Hsp60 expression (Figs. 7B–D).

FIGURE 4. Immunoprecipitation of
Hsp60 and MMP2. BRECs, incu-
bated in 5 mM or 20 mM glucose
for 4 days, were immunoprecipi-
tated with anti-Hsp60 or anti-
MMP2. Relative abundance of
MMP2 in the Hsp60 immunopre-
cipitates (A) and that of con-
nexin43 in MMP2 immunoprecipi-
tates (B) were determined by
Western blot analysis using IgG as
the loading control. Results are ex-
pressed as mean � SD of three or
more experiments. Values obtained
from cells incubated in 5 mM glu-
cose are considered as 100%.
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To directly relate MMP2 to the capillary cell apoptosis and
histopathology characteristic of diabetic retinopathy, TUNEL
staining of retinal trypsin digests showed that the administra-
tion of MMP2 in the vitreous of the normal rat increased the
number of TUNEL-positive cells by 2.5-fold (Fig. 8A). In the
same retinal microvasculature, the number of acellular capil-
laries was also increased by more than 2.5-fold (Figs. 8A, 8B)
compared with the values obtained from the PBS-injected eye.

DISCUSSION

MMP2 has a proapoptotic role in the loss of retinal capillary
cells in diabetes, and the inhibition of MMP2 ameliorates mi-
tochondrial damage.11,15 Now we present data to show that
retinal mitochondria are the target of the diabetes-induced
increase in MMP2 and provide mechanistic details by which
activated MMP2 damages mitochondria. Our results demon-
strate that hyperglycemia activates MMP2, resulting in de-
creased Hsp60 in the mitochondria, decreased connexin 43,
and damaged mitochondrial transport pores. Bax translocates
into the mitochondria, and cytochrome c leaks out, activating

the apoptosis machinery. This is confirmed by our coimmuno-
precipitation data demonstrating that glucose induces increased
interactions between Hsp60 and MMP2 but decreased interac-
tions between MMP2 and connexin 43. The regulation of MMP2
by its genetic manipulation protects mitochondrial integrity and
prevents apoptosis. In support of these in vitro data, our in vivo
results show that the regulation of mitochondrial integrity by the
overexpression of MnSOD protects the diabetes-induced activa-
tion of MMP2 in the retinal mitochondria. This is accompanied by
amelioration in the reduced levels of Hsp60 and connexin 43,
and the leakage of cytochrome c from the mitochondria is
prevented. Furthermore, our exciting data show that the ad-
ministration of MMP2 in the vitreous of normal rats damages
the retinal mitochondria and increases the apoptosis of retinal
capillary cells and the formation of acellular capillaries, directly
supporting the role of MMP2 in mitochondrial damage by
Hsp60 and connexin 43.

Mitochondria are the principal endogenous source of super-
oxide, and increased superoxide accumulation in diabetes ini-
tiates a cascade of damaging events through the production of
additional superoxide and other damaging radicals.9,12 Mito-

FIGURE 5. Effect of MnSOD overex-
pression on mitochondrial MMP2
and dysfunction in the mouse retina.
(A) MMP2 was quantified by ELISA
using 20 to 25 �g retinal mitochon-
dria obtained from MnSOD-Tg mice
kept diabetic for 6 months. (B) Cyto-
chrome c and Bax contents were de-
termined by Western blot analysis in
the retinal mitochondria, and the
band intensities were adjusted to the
expression of the Cox IV in each
lane. Measurements were made in
duplicate in five to seven mice in
each group. Western blots are repre-
sentative of three different experi-
ments. Results are expressed as
mean � SD. Values obtained from
WT nondiabetic mice are considered
as 100%. WT-N, wild-type nondia-
betic mice; WT-D, wild-type diabetic
mice; Tg-N, MnSOD transgenic non-
diabetic mice; Tg-D, MnSOD trans-
genic diabetic mice. *P � 0.05 com-
pared with WT nondiabetic mice.
#P � 0.05 compared with WT dia-
betic mice.
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chondrial dysfunction of the retinal capillary cells is shown to
play a major role in the pathogenesis of diabetic retinopathy by
activation of the apoptotic pathway.10 Oxidative stress is one
of the major activators of mitochondrial MMPs.25 Here, in an

extension of our recent study showing a proapoptotic role for
MMP2 in the loss of retinal capillary cells in diabetes,11,15 we
show for the first time that hyperglycemia activates MMP2 in
the mitochondria, damaging their integrity, and that the pro-

FIGURE 6. Effect of MnSOD overex-
pression on retinal Hsp60 and con-
nexin 43. (A) Gene expression of
Hsp60 was quantified in the retina by
semiquantitative PCR using �-actin as
an internal control. Hsp60 (B) and
connexin 43 (C) abundance were de-
termined by Western blot in freshly
prepared mitochondrial and cytoso-
lic fractions using Cox IV (for mito-
chondria) and �-actin (cytosol) as
loading controls. The Western blots
are representative of three different
experiments. Values obtained from
WT nondiabetic mice are considered
as 100%. *P � 0.05 compared with
the values obtained from the samples
obtained from WT normal mouse ret-
ina. #P � 0.05 compared with those
obtained from WT diabetic mice.
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cess is mediated by the regulation of Hsp60 and connexin 43.
This is also confirmed by our in vivo experiment; the intravit-
real injection of MMP2 to a normal rat increases MMP2 activity
and induces the modulation of Hsp60 and connexin43 content
in the mitochondria.

Retinal cells, including capillary cells and nonvascular cells,
undergo accelerated apoptosis in diabetes, and this precedes
the histopathology characteristic of diabetic retinopathy.1,3

Given that retinopathy is a slowly progressing complication of
diabetes and that apoptosis is a rapidly consummated phenom-
enon,26 even a small number of apoptotic capillary cells ob-
served in the diabetic retina2,4 can have a major impact on the
formation of acellular capillaries and pericyte ghosts. Mito-
chondrial dysfunction is considered one of the possible mech-
anisms responsible for the accelerated apoptosis of capillary
cells.4,10 Increased superoxide in the retina and its capillary
cells damages mitochondrial membranes,11,12,27 the mem-
branes lose their potential, Bax translocates to the mitochon-
dria, and cytochrome c leaks out.4,12,28 Here, our results from
MnSOD-Tg mice confirm that the damage to the mitochondria
occurs possibly by way of the superoxide-mediated activation

of mitochondrial MMP2, which initiates a cascade of events
resulting in apoptosis. In support, others have shown that the
activation of MMP2 in cardiomyocytes damages mitochondria
and releases cytochrome c into the cytosol.29

Heat-shock proteins, a family of highly conserved proteins,
function as intracellular molecular chaperones of newly syn-
thesized polypeptide chains by helping them translocate across
subcellular membranes to their appropriate cellular compart-
ments. These proteins also reduce cellular stress by clearing
the damaged proteins.30,31 Hsp60 is mainly a mitochondrial
protein important in facilitating protein folding and maintain-
ing mitochondrial integrity, and in stress state, it accumulates
in the cytosol.20,32 Depending on the cell type and insult,
Hsp60 can act as a proapoptotic or a prosurvival protein.33–35

Reduced expression of Hsp60 by an antisense oligonucleotide
is shown to release cytochrome c into the mitochondria and to
induce apoptosis.36 Because the apoptosis of retinal capillary
cells is an early predictor of histopathology characteristic of
diabetic retinopathy, the inhibition of Hsp60 translocation
from the mitochondria to the cytosol by MMP2-siRNA im-
plies that Hsp60 is one of the mediators by which mitochon-

FIGURE 7. Effect of MMP2 adminis-
tration on mitochondrial dysfunc-
tion, Hsp60, and connexin 43. Reti-
nal mitochondria, prepared from
normal rats that received intravitreal
injections of MMP2 or PBS, was ana-
lyzed for (A) MMP2 activity (ELISA)
(B) dysfunction by quantifying the
Bax content, and (D) Hsp60 and (C)
connexin 43 abundance. Western
blot analyses are representative of
three different experiments. Norm
and MMP2 represent retinas of rats
that received intravitreal injections
of PBS and MMP2 respectively. *P �
0.05 compared with the values ob-
tained from retinal mitochondria of
PBS-injected eyes.
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drial MMP2 contributes to apoptosis. This is also confirmed
by our coimmunoprecipitation results showing increased
interactions between Hsp60 and MMP2 in high-glucose con-
ditions. Hsp60 can also interact with another member of the
heat shock protein family, Hsp7037; this is implicated in a
conformational change in Bax and in the regulation of cyto-
chrome c release from the mitochondria.38 Diabetes in-
creases Bax expression in the retinal mitochondria.4,11 Here
we show that the translocation of Bax and cytochrome c across
the mitochondria is under the control of MMP2-Hsp60 interac-
tions, further confirming the role of Hsp60 in mitochondrial
damage. Our results are consistent with those reported by
others showing increased gene expression of Hsp60 in the
retina 7 days after the induction of diabetes in rodents.17

However, the data presented here clearly demonstrate that,
despite the increased expression of retinal Hsp60 in diabetes,
its mitochondrial accumulation is significantly decreased.

Connexin 43, a member of the Gap junction protein that
helps in cell-cell communication and transfer of ions, is shown
to be downregulated in the retina in diabetes, and this down-
regulation is considered an early trigger in the apoptosis of
retinal capillary cells.39 In cardiac tissue, mitochondrial con-
nexin 43 is shown to regulate mitochondrial physiology and
myocyte apoptosis.40 Our data show that high glucose de-
creases connexin 43 expression in the mitochondria, which
can be prevented by the regulation of MMP2. Thus, it is
plausible that MMP2 activation induces the loss of mitochon-
drial potential by modulating the abundance of Hsp60. This
opens up mitochondrial transition pores by disrupting con-
nexin 43. The apoptotic machinery is activated, and the cells
start to undergo accelerated apoptosis. In support, high-glu-
cose exposure, in addition to increasing interactions between
Hsp60 and MMP2, decreases interactions between MMP2 and
connexin 43. This is further strengthened by our results from
the injection of MMP2 in the vitreous of normal rats; MMP2
administration damages retinal mitochondria and decreases
Hsp60 and connexin 43 in the mitochondria, accompanied by
increased capillary cell apoptosis and acellular capillaries, a
hallmark of diabetic retinopathy.

Diabetes-induced retinal mitochondrial dysfunction and ret-
inopathy development are prevented by the overexpression of
superoxide dismutase.12 Overexpression of MnSOD in mice, in
addition to protecting the activation of mitochondrial MMP2,
also regulates Hsp60 and connexin 43 and strongly suggests

that the activation of mitochondrial MMP2 has a major role in
the development of diabetic retinopathy by accelerating cap-
illary cell apoptosis.

In summary, we have provided a mechanism by which
activated MMP2 in the mitochondria results in the accelerated
apoptosis of retinal capillary cells in diabetes. The activation of
mitochondrial MMP2 damages the retinal mitochondria by
modulating Hsp60 and connexin 43. This allows cytochrome c
to leak out and activate the apoptotic machinery. Better un-
derstanding of MMP-2–mediated mitochondria damage path-
ways will help identify novel targets for the treatment of this
blinding disease.
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