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PURPOSE. In the pathogenesis of diabetic retinopathy, matrix metalloproteinase (MMP)-9
damages retinal mitochondria, activating the apoptotic machinery. Transcription of MMP-9 is
regulated by nuclear factor kappa B (NF-jB), and the activation of NF-jB is modulated by the
acetylation of its p65 subunit. Sirtuin 1 (Sirt1), a deacetylase, plays an important role in the
acetylation-deacetylation of p65. The goal of this study is to investigate the role of Sirt1 in the
activation of MMP-9 in diabetic retinopathy.

METHODS. The effect of hyperglycemia and Sirt1 activator, resveratrol, on acetylation of p65
and its binding at MMP-9 promoter—and mitochondrial damage and apoptosis—was assessed
in the retinal endothelial cells. Role of oxidative stress in the regulation of Sirt1 was evaluated
in the cells incubated in H2O2. The results were confirmed in the retina from diabetic mice
with Sod2 or MMP-9 gene manipulated.

RESULTS. High glucose decreased Sirt1 activity and increased p65 acetylation, and resveratrol
prevented increase in p65 acetylation, binding of p65 at MMP-9 promoter and MMP-9
activation, mitochondria damage, and cell apoptosis. While Sirt1 was decreased by H2O2,
MMP-9 was significantly increased. Retina from wild-type diabetic mice presented similar
decrease in Sirt1, and diabetic mice with Sod2 overexpression or MMP-9 deletion had normal
retinal Sirt1. Retinal microvasculature from human donors with established diabetic
retinopathy also had decreased Sirt1.

CONCLUSIONS. Thus, in diabetes, increase in oxidative stress inhibits Sirt1 and p65 is
hyperacetylated, increasing the binding of p65 at MMP-9 promoter. Prevention of Sirt1
inhibition, via modulating acetylation of p65, should protect activation of MMP-9 and inhibit
the development of diabetic retinopathy.
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Retinopathy remains one of the most feared complications of
diabetes. Clinical and experimental studies have shown a

strong relationship between chronic hyperglycemia and the
development of diabetic retinopathy.1,2 Many metabolic abnor-
malities that are triggered in hyperglycemic milieu, including
polyol pathway, protein kinase C activation, and oxidative
stress3,4—and a number of genes associated with these
pathways5—have been implicated in the development of
diabetic retinopathy, but the underlying mechanism of how
hyperglycemia causes its development remains elusive.

Diabetic environment also stimulates secretion of matrix
metalloproteinases (MMPs), a class of approximately 25 zinc-
dependent proteinases important in degrading at least one
component of the extracellular matrix, and increased levels of
MMP-2 and MMP-9 are observed in the vitreous, retina, and
retinal capillary cells of diabetic patients and rodents.4,6–11

Matrix metalloproteinases have a wide range of cellular
functions, including apoptosis, proliferation, differentiation,
and angiogenesis. Among this MMP family, MMP-9 is the largest
and the most complex member.12 We have shown that diabetes
activates retinal MMP-9 via Ras/Raf/MEK/ERK signaling cas-
cade,8,10 and in the pathogenesis of diabetic retinopathy,
activated MMP-9 plays an apoptotic role via damaging retinal
mitochondria.9 The regulation of MMP-9 is mediated by number
of transcriptional factors (e.g., AP-1, NF-jB, and SP1 are

associated with its transcription).13 Our recent study has
shown that epigenetic modifications in MMP-9 promoter,
brought up by diabetic environment, regulate the interactions
of MMP-9 with p65 subunit of NF-jB; due to hypomethylation
of lysine 9 of histone 3 at MMP-9 promoter, that lysine 9 is
acetylated, and this enables p65 to bind with MMP-9

promoter.11

Activation of NF-jB is regulated by its acetylation-deacety-
lation; while acetylated form of NF-jB is considered active,
removal of acetyl group results in the loss of its transcriptional
activity.14 Nicotinamide adenine dinucleotide (NAD)-dependent
deacetylase sirtuin-1 (Sirt1) is considered to play an important
role in the acetylation of NF-jB.15,16 In addition, in human
fibrosarcoma cells, Sirt1 is also implicated in the regulation of
MMP-9.17 Sirtuin 1 is present in both the nucleus and cytoplasm
with dominant expression in the nucleus, and its levels are
regulated by oxidative stress and intracellular redox thiol (GSH/
GSSG) pool.18–20 However, how acetylation-deacetylation status
by Sirt1 regulates MMP-9 in the retina in diabetes remains to be
investigated.

The goal of this study is to investigate the role of Sirt1 in the
activation of MMP-9 in the development of diabetic retinopathy.
Using retinal endothelial cells, we investigated the effect of
high glucose on Sirt1 activity. The role of Sirt1 in the regulation
of MMP-9 was evaluated by using Sirt1 activator, resveratrol, on

Copyright 2014 The Association for Research in Vision and Ophthalmology, Inc.

www.iovs.org j ISSN: 1552-5783 5653

Downloaded from iovs.arvojournals.org on 06/27/2019

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by CiteSeerX

https://core.ac.uk/display/357547859?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


the acetylation of p65, its binding at MMP-9 promoter and
mitochondria damage. The results were confirmed in retina
from mice with MMP-9 gene manipulated, and the key findings
were investigated in the retinal microvasculature from human
donors with diabetic retinopathy.

METHODS

Retinal endothelial cells were isolated from calf eyes (BRECs),
and cells from the fourth to seventh passage (~80%
confluence) were incubated for days either in normal glucose
(5 mM) or high glucose (20 mM glucose added to the medium).
To investigate the effect of Sirt1 on MMP-9, Sirt1 activity
analogue resveratrol (25 lM21; Sigma-Aldrich Corp., St. Louis,
MO, USA) was added during 4 days of normal or high glucose
incubation. Each experiment included osmotic control where
the cells were incubated in 20 mM mannitol instead of 20 mM
glucose.8,10,11

To determine the effect of increased oxidative stress on
Sirt1, cells were exposed to 250 lM H2O2 for 1 hour,22,23

quickly washed with DMEM, and incubated in 5 mM glucose
for 4 additional days. The choice of these conditions is based
on our previous study showing activation of a small molecular
weight G-protein, H-Ras under similar conditions, and H-Ras is
considered to play a major role in the regulation of MMP-9
activation.10,12,22

Mice, wild-type (WT) C57BL/6 J or MMP-knockout (KO;
B6.FVB [Cg]-MMP-9tm1Tvu/J) were obtained from Jackson
Laboratory (Bar Harbor, ME, USA), and mice overexpressing
Sod2 (Sod2-Tg) have been produced in our laboratory.9,23,24 A
group of MMP-KO and WT mice, and Sod2-Tg and their WT

littermates were made diabetic by streptozotocin injection (55
mg/kg BW) for 5 consecutive days. Mice with blood glucose
250 mg/dL or higher, 3 days after the last injection of
streptozotocin, were considered diabetic. Age-matched normal
WT and MMP-KO mice were used as controls. Seven months
after induction of diabetes, mice were killed by carbon dioxide
asphyxiation and the retina was isolated for analysis. The
treatment of the animals conformed to the Association for
Research in Vision and Ophthalmology Resolution on the Use
of Animals in Research and Institutional Guidelines (Wayne
State University).9,10,23,25

Human retina was enucleated within 6 to 8 hours after
death from eyes obtained from the Midwest Eye Banks (Ann
Arbor, MI, USA). Donors with established proliferative retinop-
athy (aged 54–77 years) had diabetes for 10 to 30 years. Age-
matched nondiabetic donors (aged 55–77 years) served as
control. A small portion of the freshly isolated retina (~5 mm2)
was incubated in distilled water for 1 hour at 378C, and after
hypotonic shock, the debris was cleaned from the vasculature
under a microscope by repetitive inspiration and ejection
through Pasteur pipette. Retinal microvessels from these
donors have been used by us recently for other parameters,
and as shown previously, the microvessels prepared by this
method are generally devoid of nonvascular components.10,26

Chromatin immunoprecipitation (ChIP) was carried out
using an assay kit (ChIP Assay Kit, catalog #17-295; Millipore
Corp., Temecula, CA, USA). Retina and cells were cross-linked
and sonicated, and the protein-DNA complex (100–120 lg)
was immunoprecipitated with the antibody against p65
(Abcam, Cambridge, MA, USA), or normal rabbit IgG.
Fragments of DNA were recovered by phenol:chloroform:

TABLE. Primers Used

Bovine

MMP-9 Forward 50 -AGACGCCACAACACTCCCA-30

Reverse 50 -TCCTCTCCCTGCTCCACCTG-30

MMP-9 promoter Forward 50 -CAGACGCCACAACACTCCCA-30

Reverse 50 -TCCTCTCCCTGCTCCACCTG-30

Sirt1 Forward 50 -ACACGAATGGAAACCGTTGG-30

Reverse 50 -GGCTTACAGGGCCTATCCAG-30

p65 Forward 50 -CAATGGCTCGACAGTAGCG-30

Reverse 50 -GCGTACGAAGGGTCAGAAGG-30

Cytb Forward 50 -CGATACATACACGCAAACGG-30

Reverse 50 -AGAATCGGGTAAGGGTTGCT-30

b-actin Forward 50 -CCTCTATGCCAACACAGTGC-30

Reverse 50 -CATCGTACTCCTGCTTGCTG-30

Mouse

MMP-9 Forward 50 -GGGGTTTGCCCCATGGAAT-30

Reverse 50 -GAGCCCATCCCCACACTGTA-3

MMP-9 promoter Forward 50 -GCCTGCTGGAGCTAGGGGTTTG-30

Reverse 50 -GAGTGCAGCCTGGAGCCCATC-30

Sirt1 Forward 50 -TTGGCACCGATCCTCGAA-30

Reverse 50 -CCCAGCTCCAGTCAGAACTAT-30

p65 Forward 50 -GCGTACACATTCTGGGGAGT-30

Reverse 50 -ACCGAAGCAGGAGCTATCAA-30

b-actin Forward 50 -CCTCTATGCCAACACAGTGC-30

Reverse 50 -CATCGTACTCCTGCTTGCTG-30

Human

MMP-9 Forward 50 -CACTGTCCACCCCTCAGAGC-30

Reverse 50 -GCCACTTGTCGGCGATAAGG-30

Sirt1 Forward 50 -TGCCGGAAACAATACCTCCACCTG-30

Reverse 50 -ACAGACACCCCAGCTCCAGTT-30

b-actin Forward 50 -AGCCTCGCCTTTGCCGATCCG-30

Reverse 50 -TCTCTTGCTCTGGGCCTCGTCG-30
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isoamyl alcohol extraction, followed by ethanol precipitation,
and resuspended in water for polymerase chain reaction (PCR).
The extracted DNA for p65-MMP-9 promoter in mouse (�1547
to �1432) and in BRECs (�546 to �719) were quantified by
SYBR green-based quantitative PCR (qPCR). The product size
was confirmed by analyzing the samples on a 1.2% agarose gel.
Normal rabbit IgG was used as negative antibody control and
DNA from the input (30-lg protein–DNA complex) as an
internal control.11,27,28 Each ChIP measurement was made in
four to five samples/group.

Gene expression was determined by SYBR green-based
qPCR using a commercial PCR system (7500 Real-Time PCR
System; Applied Biosystems, Foster City, CA, USA). Chromatin
immunoprecipitation–purified DNA or cDNA was amplified
using the primers listed in the Table. The specific products
were confirmed by SYBR green single melting curve and a
single-correct-size product on a 1.2% agarose gel. Samples were
measured in duplicate. Values in each cDNA were normalized
to the Ct value from b-actin in the same sample, and values in
each ChIP-purified DNA were normalized to the Ct value from
the input sample. Relative fold changes were calculated by
setting the mean fraction of normal samples (cells in 5 mM
glucose or WT-N).

Localization of Sirt1 in the nucleus was performed
immunohistochemically. The cells grown on coverslips in 5
or 20 mM glucose for 4 days were fixed with cold methanol for

15 minutes at �208C, and blocked in 1% BSA for 1 hour. The
cells were then incubated with anti-mouse-Sirt1 overnight, and
rinsed with PBS. This was followed by incubation with anti-
mouse-Texas red (red; Vector Laboratories, Inc., Burlingame,
CA, USA) for 1 hour, washing with PBS, and mounting with
DAPI containing mounting medium (blue). The slides were
imaged with commercial microscopy (Zeiss ApoTome; Carl
Zeiss AG, Jena, Germany) using 340 magnification.9,10,23,29

Sirt1 deacetylase activity was assessed in the nuclear
fraction29 using a commercial fluorescence kit (Cayman
Chemical Company, Ann Arbor, MI, USA). We incubated 30
to 40 lg of protein with the substrate (coupled to the
fluorophore and quencher) and NADþ, and the fluorescence
emitted due to deacetylation of the substrate by Sirt1 was
measured at 345-nm excitation and 450-nm emission wave-
lengths.

Matrix metalloproteinase 9 activity was quantified in the
homogenate (30–40 lg protein) by fluorescence kit using a
specific anti-MMP-9 monoclonal antibody and a fluorogenic
substrate (SensoLyte Plus 520 MMP-9 Assay Kit; AnaSpec, Inc.,
Fremont, CA, USA). The MMP-9 induced cleavage of the
fluorogenic peptide was measured at 490-nm excitation and
520-nm emission wavelengths.9,11,30

Acetylation of p65 was determined by coimmunoprecipita-
tion technique.10,31 Protein (120–150 lg) was incubated
overnight at 48C with acetylated lysine antibody (Cell Signaling

FIGURE 1. Sirtuin 1 and high glucose exposure of retinal endothelial cells. (a) In retinal endothelial cells incubated in normal (5 mM) or high (20
mM) glucose for 4 days, in the presence or absence of 25 lM resveratrol (RV), gene transcript and protein expression of Sirt1 were determined by
qPCR and Western blot technique, respectively. We used b-actin as a housekeeping gene or loading protein. (b) Sirtuin 1 deacetylase activity was
measured in the nuclear fraction by using a fluorescence kit from Cayman Chemical. (c) The cells grown on coverslips in normal or high glucose for
4 days were used to immunohistochemically localize Sirt1 in the nucleus. Anti-mouse secondary antibody was conjugated with Texas red, and the
mounting reagent contained DAPI blue. The images are representative of three or more different experiments. Data are presented as mean 6 SD
from three to four preparations in each group with the values obtained from cells incubated in 5 mM glucose adjusted to 1 or 100%. *P < 0.05
compared with the values obtained from the cells incubated in 5 mM glucose. Five mM and 20 mM cells in 5 or 20 mM glucose, respectively; 20þ
RV, cells incubated in 20 mM glucose in the presence of resveratrol; Mann, cells in 20 mM mannitol instead of 20 mM glucose.
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Technology, Inc., Beverly, MA, USA), followed by 1 hour with
20 lL agarose immunoprecipitation beads reagent (Protein A
and G Plus, pre-washed and suspended in lysis buffer; Cell
Signaling Technology, Inc.). The beads were washed four times
with lysis buffer, and the proteins were separated by SDS-PAGE.
The membranes were immunoblotted with p65 antibodies.

Reactive oxygen species (ROS) were quantified by the 20,70-
dichlorofluorescein diacetate (DCHFDA; Sigma-Aldrich Corp.)
method.26,30 Briefly, 5 to 10 lg of protein was incubated in PBS
with 2 lM DCHFDA for 10 minutes and fluorescence was
measured at 485-nm excitation wavelength and 530-nm
emission wavelength.

Mitochondrial damage was evaluated by quantifying the
gene transcripts of mtDNA-encoded cytochrome b (Cytb).23,30

Statistics analysis of the data was performed using statistical
software (SigmaStat; Systat Software, Inc., San Jose, CA, USA).
The results are represented as means 6 standard deviation,
and P < 0.05 was considered statistically significant. The
Shapiro-Wilk test was performed to test for normal distribu-
tion, and the results with normal distribution were analyzed by
either t-test (two groups) or ANOVA followed by Bonferroni
test for variables (>2 groups). The data that did not present
normal distribution was analyzed by Mann-Whitney U test (two
groups) or by Kruskal-Wallis test followed by Dunn’s (>2
groups).

RESULTS

Retinal Endothelial Cells

Sirtuin 1 regulates transactivation potential of the transcription
factor by removing acetyl groups from the acetylated lysine

residues. Deacetylation of the acetylated lysine in p65 is
reported to inhibit the transactivation potential of NF-jB14,15

and in diabetes, the binding of p65 with MMP-9 promoter
regulates retinal MMP-9.11 Figure 1a shows that Sirt1 expres-
sion (gene and protein) was decreased by ~50% in the retinal
endothelial cells exposed to high glucose. This was accompa-
nied by significant decrease in its deacetylase activity (Fig. 1b),
and a decrease in nuclear accumulation (Fig. 1c), compared
with the cells incubated in normal glucose. High glucose also
increased acetylation of p65 by over 50% compared with the
values obtained from cells in normal glucose (Fig. 2a).

FIGURE 2. Acetylation of p65 and its binding with MMP-9 promoter: Retinal endothelial cells incubated in the presence or absence of resveratrol
were analyzed for (a) acetylation of p65 by coimmunoprecipitation technique. In the acetyl lysine immunoprecipitate, p65 was Western blotted. (b)
The binding of p65 at MMP-9 was determined by ChIP technique. The precipitated DNA was amplified for MMP-9 promoter region (�546 to�719)
by SYBR green-based qPCR, and (c) the product size was confirmed on a 1.2% agarose gel. (d) Activity of MMP-9 was determined in 30 to 40 lg
protein of cell homogenate using a fluorometric assay. *P < 0.05 compared with the values obtained from normal rats. FiveþRV and 20þRV¼ cells
incubated in 5 or 20 mM glucose, respectively in the presence of resveratrol.

FIGURE 3. Effect of resveratrol on oxidative stress: (a) Total ROS levels
were quantified using 20,70-dichlorofluorescein diacetate, and fluores-
cence was measured at 485-nm excitation wavelength and 530-nm
emission wavelength. (b) The transcripts of mtDNA-encoded Cytb

were quantified by real time qPCR using b-actin as a housekeeping
gene. Values are represented as mean 6 SD obtained from three to four
cells preparations, and each measurement is made at least in duplicate.
*P < 0.05 compared with 5 mM glucose.
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Consistent with our previous results10 in the same samples, the
binding of p65 at MMP-9 promoter, and the activity of MMP-9,
were also significantly increased in high glucose medium (Figs.
2b–d).

Supplementation of high glucose with Sirt1 activator
resveratrol, as expected, ameliorated inhibition of Sirt1 activity
(Fig. 1b), and prevented increase in the acetylation of p65,
binding of p65 with MMP-9 promoter and activation of MMP-9
(Figs. 2a–d). Inclusion of resveratrol in normal glucose medium
had no significant effect on p65 acetylation and MMP-9 activity
(Figs. 2a–d).

In the pathogenesis of diabetic retinopathy, activation of
MMP-9 is implicated in mitochondria damage.9,11 To confirm
the role of Sirt1 in the regulation of MMP-9 mediated
mitochondrial damage, results in Figure 3 show that resveratrol
also attenuated increase in ROS levels, and ameliorated
glucose-induced decrease in the transcripts of mtDNA-encoded
Cytb.

Sirtuin 1 is a redox-sensitive deacetylase,18–20 and oxidative
stress is increased in the retina in diabetes.25,32 To understand
the role of oxidative stress in the regulation of Sirt1, cells
treated with H2O2 were analyzed. Consistent with the results
from others demonstrating inhibition of Sirt1 activity by H2O2

in human bronchial epithelial cells,33 Figure 4a shows that
exposure of retinal endothelial cells to H2O2 also significantly
decreased its deacetylase activity. Also, H2O2 increased MMP-9
gene transcripts and enzyme activity by ~2-fold compared with
the cells incubated in normal glucose (Fig. 4b).

Mouse Retina. As with the retinal endothelial cells,
deacetylase activity of Sirt1 was also decreased by over 40%
in the retina from WT mice diabetic for >7 months compared
with the values obtained from age-matched WT-normal mice
(Fig. 5a). Consistent with this, acetylation of p65 and the
binding of p65 at retinal MMP-9 promoter were also
significantly increased in these diabetic mice (Figs. 5b, 5c).

Abrogation of MMP-9 gene in mice, in addition to inhibiting
diabetes-induced activation of retinal MMP-9, also prevents
mitochondrial damage and the development of retinopathy.8

Figure 5a shows that deletion of MMP-9 also prevents diabetes-
induced decrease in Sirt1 activity. The values obtained from
MMP-9–KO diabetic or nondiabetic mice were similar, and
these values were not different from those obtained from WT-
normal mice. Retina from the same diabetic MMP-9–KO mice
had decreased acetylation of p65 and reduced binding of p65
at MMP-9 promoter compared with the values obtained from
WT-diabetic mice (Figs. 5b, 5c).

Regulation of oxidative stress by overexpression of Sod2 in
mice prevented diabetes-induced decrease in Sirt1 and increase
in p65 (Fig. 6a), and the values obtained from diabetic Sod2-Tg

mice were not different from those obtained from nondiabetic
WT or Sod2-Tg mice. In the same diabetic animals, an increase
in MMP-9 gene expression and activity were also protected by
overexpression of Sod2 (Fig. 6b).

Human Retinal Microvessels. In order to further confirm
the role of Sirt1 in the regulation of MMP-9 in diabetic
retinopathy, Sirt1 was quantified in the retinal microvessels,
the site of histopathology, from donors with established
diabetic retinopathy. Retinal microvessels from donors with
diabetic retinopathy had ~50% decreased Sirt1 gene expres-
sion and activity compared with their age-matched nondiabetic
donors (Fig. 7a). In agreement with the decrease in Sirt1, the
same microvessel preparations had over 70% higher MMP-9
mRNA levels and enzyme activity (Fig. 7b).

DISCUSSION

Diabetes activates MMP-9 in the retina and its capillary cells,
and the enzyme continues to be activated at duration of
diabetes when capillary cell apoptosis and histopathology of
diabetic retinopathy can be observed. Activated MMP-9
damages the mitochondria accelerating the apoptosis of
capillary cells. Diabetic MMP-9–KO mice have normal retinal
mitochondria homeostasis, and these mice are protected from
the development of retinopathy.4,8–11,30 Transcription of MMP-

9 is controlled by transcriptional factors including AP-1, NF-jB
and SP1.10,13,34 Our recent study has shown that epigenetic
modifications at MMP-9 promoter play an important role in the

FIGURE 4. Oxidative stress and inhibition of Sirt1. Cells incubated with
250 lM H2O2 for 1 hour, followed by incubation in normal glucose for
4 additional days were analyzed for (a) deacetylase activity of Sirt1, and
(b) MMP-9 mRNA by qPCR and enzyme activity using a fluorogenic
substrate, 5-FAM/QXL520 FRET peptide. Each experiment was
repeated with three to five different cell preparations. 5 mM, 5 mM
glucose; H2O2, cells incubated with H2O2. *P < 0.05 compared with 5
mM glucose.

FIGURE 5. Genetic regulation of MMP-9 and Sirt1. Retina from MMP-9–

KO and WT mice, diabetic for 7 months, and their age-matched normal
control mice were analyzed for (a) deacetylase activity of Sirt1, (b)
acetylation of p65 by coimmunoprecipitation, and (c) p65 binding at
MMP-9 promoter by ChIP technique. (d) The product size was
confirmed on an agarose gel. Measurements were made in five to seven
animals in each group, and the results are represented as mean 6 SD.
W-N and M-N, wild-type and MMP-KO normal mice; W-D and M-D, wild-
type and MMP-KO diabetic mice. *P < 0.05 compared with W-N or M-
N.
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increased recruitment of NF-jB.11 Activation of NF-jB is closely
related with MMP-9 activation,13,35 and while acetylated form
of NF-jB is considered active, removal of acetyl group results in
the loss of its transcriptional activity.15 Here, we show that
Sirt1, a deacetylase, is inhibited in the retina and its capillary
cells in hyperglycemic milieu, and p65 is hyperacetylated with
increased binding of p65 with MMP-9. Activation of Sirt1 by
resveratrol, in addition to inhibiting glucose-induced increase
in acetylation of p65, also inhibits MMP-9, and protects the
mitochondria damage. Oxidative stress appears to mediate
Sirt1 activation, and mice protected from diabetes-induced
increase in retinal superoxide radicals, are also protected from
decrease in deacetylase activity of Sirt1. Together, these results
strongly suggest that increased oxidative stress, induced by
diabetes, inhibits retinal Sirt1, and Sirt1, via modulating
acetylation status of p65, regulates the activation of MMP-9.

Sirtuin 1, mainly a nuclear protein, removes acetyl groups
from proteins by transferring the acetyl group to NADþ. By
deacetylating histones and nonhistone proteins and transcrip-
tion factors, Sirt1 regulates various metabolic pathways,
including inflammation and apoptosis.15,36 The activity of this
enzyme depends on the availability of cellular NADþ, which
can be controlled by various factors including cellular redox
status and NADþ synthesis.37,38 Sirtuin 1 regulates transcription
activity of NF-jB,14–16,39 and also regulates mitochondria
homeostasis.40 Sirtuin 1 is localized in various ocular tissues,
including cornea, lens, and retina. Also, decreased levels of
Sirt1 are observed in chronic ocular diseases, such as cataract,
retinal degeneration, and optic neuritis.41,42 Here, we show
that in diabetic retinopathy, another chronic ocular disease,
which is associated with dysfunctional mitochondria and

impaired mitochondria biogenesis,23,43 Sirt1 expression and
its deacetylase activity are also decreased in the retina and its
capillary cells.

Activated retinal MMP-9 in diabetes damages the mitochon-
dria, which initiates the apoptotic machinery, and increased
apoptosis of retinal capillary cells is implicated in the
histopathology, including increased degenerative capillaries
and pericyte loss.9,44,45 Transcription of MMP-9 is regulated by
NF-jB, and in diabetes, epigenetic modifications of MMP-9

facilitate the binding of p65 and activate MMP-9. Furthermore,
diabetes also activates the transcriptional activity of retinal NF-
jB, and activated NF-jB acts as a proapoptotic factor.46,47

Results presented here show that the acetylation of p65
subunit of NF-jB is increased in the retina in diabetes, and
resveratrol ameliorates acetylation of p65, confirming the role
of Sirt1 in p65 acetylation in diabetic retinopathy. In support,
recent studies have suggested a functional interrelationship
between Sirt1 and NF-jB, where deacetylation of p65 by Sirt1
inhibits the transactivation potential of NF-jB.39,48,49 The role
of Sirt1 in the activation of retinal MMP-9 in diabetes is further
confirmed by the beneficial effect of resveratrol on glucose-
induced increased p65 binding at MMP-9 promoter, and
inhibition of MMP-9 activation. In accordance with our results,
resveratrol is shown to inhibit MMP-9 in fibrosarcoma cells,
and the mechanism appears to be via its regulation of Sirt1.17

Increase in retinal MMP-9 in diabetes damages the
mitochondria and increases oxidative stress.9 Others have
shown that the regulation of Sirt1 in retinal cells increases their
sensitivity to hyperglycemic stress, and regulates mitochondri-
al ROS.50 Overexpression of Sirt1 is shown to prevent increase
in oxidative stress markers.51 Here, we show that regulation of
Sirt1 by resveratrol inhibits glucose-induced increase in ROS
and also prevents mitochondria damage, as evidenced by
significantly higher expression of mtDNA-encoded Cytb in
glucose-treated cells incubated with resveratrol compared with
the cells without resveratrol. Consistent with our results, Sirt1
has been shown to regulate mitochondria homeostasis.40

Our results show that incubation of retinal endothelial cells
with H2O2 inhibits the deacetylase activity of Sirt1 by over 50%,
and this is accompanied by increased MMP-9 transcripts and
activity. Sirtuin 1 is a redox-sensitive enzyme that is regulated
by oxidative stress and intracellular redox thiol (GSH/GSSG)
pool, and increased oxidative stress downregulates the
enzyme.18–20,33 Exposure of H2O2 exposure of human bron-
chial epithelial cells has been shown to inhibit Sirt1 activity
without altering its protein expression, suggesting that

FIGURE 6. Diabetic mice overexpressing Sod2 are protected from
decrease in retinal Sirt1 and increase in MMP-9. Gene transcripts of (a)
Sirt1 and p65 were quantified in the retina by SYBR green-based qPCR
using a sequence detection system (Applied Biosystems). The data
were normalized to b-actin expression. (b) MMP-9 mRNA was
quantified by qPCR, and its activity using an assay kit (AnaSpec,
Inc.). Results are from six to eight mice in each group and are
represented as mean 6 SD. W-N, wild-type normal mice; W-D and S-D,
wild-type and Sod2-Tg diabetic mice. *P < 0.05 compared with W-N.

FIGURE 7. Sirtuin 1 in the retinal microvasculature from human donors
with diabetic retinopathy: Microvessels from retina of diabetic subjects
with documented retinopathy (Diab) and age-matched nondiabetic
subjects (Norm) were analyzed for (a) Sirt1 gene expression and
deacetylase activity, and (b) MMP-9 gene expression and its activity
(using a specific anti-MMP-9 monoclonal antibody and MMP fluoro-
genic substrate). Each measurement was performed in duplicate in the
retinal microvessels from four to five nondiabetic and diabetic donors.
*P < 0.05 compared with nondiabetic donors.
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posttranslational modifications of Sirt1 could be playing a role
in its decreased enzyme activity.33 In the pathogenesis of
diabetic retinopathy, oxidative stress is increased in the retina,
GSH levels are decreased26,32,52,53 and proteins are posttrans-
lationally modified,11,28,31 and the role of posttranslational
modifications in inhibiting retinal Sirt1 activity in diabetes
cannot be ruled out. Oxidative stress–mediated Sirt1 inhibition
in the regulation NF-jB–MMP-9 is further confirmed by our in
vivo model; retina from diabetic mice in which oxidative stress
is regulated by overexpression of Sod2 is protected from
decrease in Sirt1 and increase in p65. The retina of these Sod2-

Tg mice also has normal MMP-9 activity, and we have shown
previously that these mice are also protected from mitochon-
dria damage and the development of diabetic retinopa-
thy.23,54,55 Thus, our in vitro and in vivo results clearly show
that the conditions that favor oxidative stress also inhibit Sirt1
activity and activate MMP-9.

The results presented here showing a decrease in Sirt1 in
diabetes in the retina and its capillary cells are further
supported by decreased Sirt1 and increased MMP-9 in the
retinal microvasculature of human donors with established
diabetic retinopathy compared with age-matched nondiabetic
human donors. Consistent with these, signaling mechanism for
activation of MMP-9 and the members of NADPH oxidase-2
subunits are increased in these microvessels,10,26 further
strengthening the role of Sirt1 in the regulation of MMP-9 in
the development of diabetic retinopathy.

In conclusion, our study clearly demonstrates that in
diabetes, increase in oxidative stress inhibits Sirt1 resulting in
hyperacetylated p65, and the binding of p65 with MMP-9

promoter is increased. Prevention of Sirt1 inhibition, via
modulating acetylation of p65, has potential to protect
activation of MMP-9 and mitochondria damage. Thus, the
regulation of Sirt1 by pharmacological means could serve as a
potential target to prevent/delay the development of diabetic
retinopathy. Optimistically, efforts are being put into testing
activators of Sirt1 for the treatment of other chronic diseases,
and our results provide strong background for their use to
prevent the development of diabetic retinopathy.
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