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Abstract
Complications of diabetes mellitus (DM) weigh heavily upon the endothelium that ultimately affect
multiple organ systems. These concerns call for innovative treatment strategies that employ
molecular pathways responsible for cell survival and longevity. Here we show in a clinically relevant
model of DM with elevated D-glucose that endothelial cell (EC) SIRT1 is vital for the prevention of
early membrane apoptotic phosphatidylserine externalization and subsequent DNA degradation
supported by studies with modulation of SIRT1 activity and gene knockdown of SIRT1. Furthermore,
during elevated D-glucose exposure, we show that SIRT1 is sequestered in the cytoplasm of ECs,
but specific activation of SIRT1 shuttles the protein to the nucleus to allow for cytoprotection. The
ability of SIRT1 to avert apoptosis employs the activation of protein kinase B (Akt1), the post-
translational phosphorylation of the forkhead member FoxO3a, the blocked trafficking of FoxO3a
to the nucleus, and the inhibition of FoxO3a to initiate a “pro-apoptotic” program as shown by
complimentary gene knockdown studies of FoxO3a. Vascular apoptotic oversight by SIRT1 extends
to the direct modulation of mitochondrial membrane permeability, cytochrome c release, Bad
activation, and caspase 1 and 3 activation, since inhibition of SIRT1 activity and gene knockdown
of SIRT1 significantly accentuate cascade progression while SIRT1 activation abrogates these
apoptotic elements. Our work identifies vascular SIRT1 and its control over early apoptotic
membrane signaling, Akt1 activation, post-translational modification and trafficking of FoxO3a,
mitochondrial permeability, Bad activation, and rapid caspase induction as new avenues for the
treatment of vascular complications during DM.
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INTRODUCTION
Developed countries devote a significant portion of their gross domestic product to healthcare,
but improved life expectancy for individuals of these nations usually poorly correlates with
these expenditures [1]. These outcomes occur as a result of multiple factors, such as lifestyle,
genetic, and environmental influences, that can affect disease progression. Diabetes mellitus
(DM) is one disorder that exemplifies these influences and affects multiple systems of the body,
not in the least are the hematological and vascular systems [2–8]. Both acute hyperglycemia
as well as prolonged elevated levels of glucose can lead to oxidative stress [9] and result in
early and late apoptotic injury programs in vascular endothelial cells (ECs) [10–12]. In
addition, induction of early apoptotic membrane changes through the externalization of
membrane phosphatidylserine (PS) residues can initiate phagocytosis by surrounding
inflammatory cells and eventual degradation of nuclear DNA [13–15].

These observations point to the critical need for the elucidation of the molecular pathways that
determine early apoptotic injury in the vascular system to lay the foundation for innovative
treatment strategies for DM. One pathway that may fulfill this criteria involves the sirtuin (silent
mating type information regulation 2 homolog) 1 (S. cerevisiae) (SIRT1), a NAD+-dependent
deacetylase and the mammalian ortholog of the silent information regulator 2 (Sir2) protein
that can control multiple processes such as cell survival, lifespan, and metabolism [16–19].
SIRT1 can deacetylate histones and multiple transcription factors [20–22]. Of these, the
forkhead transcription factor FoxO3a and its upstream control by protein kinase B (Akt1) have
high significance in the ability to oversee apoptotic injury and immune system modulation
[23–28] and FoxO3a is of particular interest since polymorphisms of FoxO3a are associated
with increased body mass [29] and risk for the development of DM.

Here we show that both vascular endogenous and exogenous SIRT1 control early and late
programs of apoptosis in a clinically relevant model that examines one aspect of DM with
elevated D-glucose that require the shuttling of SIRT1 to the cell nucleus to protect ECs. The
presence of endogenous SIRT1 is vital for the prevention of early membrane apoptotic PS
externalization and subsequent DNA degradation as demonstrated by our studies with
manipulation of SIRT1 activity and gene knockdown of SIRT1. Furthermore, SIRT1 EC
protection employs the activation of Akt1 and the post-translational phosphorylation and
inhibition of FoxO3a that blocks trafficking of the “pro-apoptotic” FoxO3a from the cytoplasm
to the EC nucleus. Gene knockdown studies of FoxO3a further support that loss of FoxO3a
activity is a significant component for SIRT1 to block EC injury and apoptotic caspase activity
during elevated D-glucose. Vascular apoptotic oversight by endogenous and exogenous SIRT1
extends to the modulation of mitochondrial membrane permeability, cytochrome c release, Bad
activation, and pro-caspase 1 and 3 cleavage, since inhibition of SIRT1 activity and gene
knockdown of SIRT1 promote cascade initiation and progression while SIRT1 activation
abrogates these apoptotic elements that are tied to the initiation of cellular membrane PS
exposure and genomic DNA cleavage [30–34]. Our work is the first to highlight vascular SIRT1
and its intimate control over early apoptotic membrane signaling, Akt1 activation, post-
translational modification and trafficking of FoxO3a, mitochondrial permeability, cytochrome
c release, Bad phosphorylation, and rapid caspase induction as novel molecular therapeutic
strategies for vascular degeneration and complications during DM.
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MATERIALS AND METHODS
Cerebral Microvascular Endothelial Cell Cultures

All procedures were approved by the Institutional Animal Care and Use Committee of Wayne
State University with protocol # A 09-05-09. All efforts were made to minimize the number
of animals used and their suffering. Per our prior protocols, vascular endothelial cells (ECs)
were isolated from male Sprague-Dawley adult rat brain cerebra by using a modified
collagenase/dispase-based digestion protocol [35,36]. Briefly, ECs were cultured in endothelial
growth media consisting of M199E (M199 with Eagle’s salt) with 20% heat-inactivated fetal
bovine serum, 2 mmol/l L-glutamine, 90 µg/ml heparin, and 20 µg/ml EC growth supplement
(ICN Biomedicals, Aurora, OH). Cells from the third passage were identified by positive direct
immunocytochemistry for factor VIII-related antigen [35,36] and possessed characteristic
spindle-shaped morphology with antigenic properties shown to resemble brain endothelium
in vivo [37]. All animal experimentation was conducted in accord with accepted standards of
humane animal care and NIH guidelines.

Experimental Treatments
Elevated D-glucose (or L-glucose as a control plus 5.6 mM D-glucose) concentrations in ECs
was performed by replacing the media with serum-free M199E media with 2 mmol/l L-
glutamine and 90 µg/ml heparin containing 20 mM D-glucose and then incubated at 37°C for
48 hours. For treatments applied prior to elevated D-glucose, application of sirtuin 1 (SIRT1)
protein (Sigma-Aldrich, St Louis, MO), resveratrol (3,5,4' -trihydroxy-trans-stilbene) (Tocris
Bioscience, Ellisville, MO), sirtinol (Sigma-Aldrich, St Louis, MO), or 6-chloro-2,3,4,9-
tetrahydro-1H-carbazole-1-carboxamide (EX527, Tocris Bioscience, Ellisville, MO) were
continuous.

Assessment of Cell Survival
EC injury was determined by bright field microscopy using a 0.4% trypan blue dye exclusion
method 48 hours following treatment with elevated D-glucose per our previous protocols
[35,36]. The mean survival was determined by counting eight randomly selected non-
overlapping fields with each containing approximately 10–20 cells (viable + non-viable). Each
experiment was replicated 6 times independently with different cultures.

Assessment of DNA Fragmentation
Genomic DNA fragmentation was determined by the terminal deoxynucleotidyl transferase
nick end labeling (TUNEL) assay [38]. Briefly, ECs were fixed in 4% paraformaldehyde/0.2%
picric acid/0.05% glutaraldehyde and the 3’-hydroxy ends of cut DNA were labeled with
biotinylated dUTP using the enzyme terminal deoxytransferase (Promega, Madison, WI)
followed by streptavidin-peroxidase and visualized with 3,3’-diaminobenzidine (Vector
Laboratories, Burlingame, CA).

Assessment of Membrane Phosphatidylserine (PS) Residue Externalization
Phosphatidylserine (PS) exposure was assessed through the established use of annexin V. A
30 µg/ml stock solution of annexin V conjugated to phycoerythrin (PE) (R&D Systems,
Minneapolis, MN) was diluted to 3 µg/ml in warmed calcium containing binding buffer (10
mmol/L Hepes, pH 7.5, 150 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgCl2, 1.8 mmol/L
CaCl2) [38]. Plates were incubated with 500 µl of diluted annexin V for 10 minutes. Images
were acquired with "blinded" assessment with a Leitz DMIRB microscope (Leica, McHenry,
IL) and a Fuji/Nikon Super CCD (6.1 megapixels) using transmitted light and fluorescent single
excitation light at 490 nm and detected emission at 585 nm.
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Expression of SIRT1, Phosphorylated Akt1, Total Akt1, Phosphorylated FoxO3a, Total
FoxO3a, Phosphorylated Bad, and Active Caspase 1 and 3

ECs were homogenized and each sample (50 µg/lane) was subjected to SDS-polyacrylamide
gel electrophoresis (7.5% SIRT1, 7.5% Akt1, and FoxO3a; 12.5% Bad, caspase 1 and 3). After
transfer, the membranes were incubated with a rabbit polyclonal antibody against SIRT1 (1:
200, Santa Cruz Biotechnologies, Santa Cruz, CA), a rabbit polyclonal antibody against
phospho-Akt1 (Ser473, 1: 1000, Cell Signaling, Beverly, MA), a rabbit antibody against total
Akt1, a rabbit polyclonal antibody against phospho-FoxO3a (1: 1000) (p-FoxO3a, Ser253, Cell
Signaling, Beverly, MA), a rabbit antibody against total FoxO3a, a rabbit monoclonal antibody
against phospho-Bad (Ser136, 1: 1000, Cell Signaling, Beverly, MA), and a rabbit antibody
against cleaved (active) caspase 1 (20 kDa) (1: 1000), or a rabbit antibody against cleaved
(active) caspase 3 (17 kDa) (1: 1000) (Cell signaling Technology, Beverly, MA). Following
washing, the membranes were incubated with a horseradish peroxidase (HRP) conjugated
secondary antibody goat anti-rabbit IgG (1: 2000, Zymed Laboratories, Carlsbad, CA). The
antibody-reactive bands were revealed by chemiluminescence (Amersham Pharmacia Biotech,
Piscataway, NJ) and band density was performed using the public domain NIH Image program
(developed at the U.S. National Institutes of Health and available at
http://rsb.info.nih.gov/nih-image/).

SIRT1 Histone Deacetylase (HDAC) Activity Assay
ECs were homogenized and following protein determination, each sample (30 µg/10 µl) was
used for SIRT1 activity measurement. SIRT1 histone deacetylase (HDAC) activity was
determined with the use of SIRT1 Fluorimetric Drug Discovery Kit (Biomol International,
Plymouth Meeting, PA) and following the manufacturer’s protocol. EC protein extracts were
incubated in assay buffer with β-nicotinamide adenine dinucleotide (NAD+) substrate at 37°
C for 45 minutes. The fluorescence density was determined using a Multimode Detector
(DTX880, Beckman Coulter, Brea, CA) and the relative activity of SIRT1 compared to
untreated control ECs was used in the results.

Gene Knockdown of SIRT1 and FoxO3a with Small Interfering RNA (siRNA)
To silence SIRT1 gene expression, the following sequences were synthesized (Applied
Biosystems, Foster City, CA): the SIRT1 siRNA sense strand 5’-GCGAUGUUAUA
AUUAAUGAtt-3’ and the antisense strand 5’-UCAUUA AUUAUAACAUCGCag-3’. To
silence FoxO3a gene expression, the following sequences were synthesized (Applied
Biosystems, Foster City, CA): the FoxO3a siRNA sense strand 5’-
AUCUAACUCAUCUGCAAGUUU -3’ and the antisense strand 5’-ACUUGCAGAUG
AGUUAGAUUU -3’. Transfection of siRNA duplexes was performed with Lipofectamine
2000 reagent according to manufacturer guidelines (Invitrogen, Carlsbad, CA). Experimental
assays were performed 72 hours post-transfection. For each siRNA assay, positive controls
contain multiple siRNAs including the target siRNA and negative controls are absent of the
target siRNA. In addition, following gene knockdown of SIRT1 or FoxO3a, the expression of
these proteins was assessed by immunofluorescence and western analysis. EC cultures were
incubated with rabbit anti-SIRT1 (1: 100, Santa Cruz Biotechnologies, Santa Cruz, CA) or
anti-FoxO3a (1: 100, Cell Signaling Technology, Beverly, MA) at 4° over night. After
incubation with biotinylated anti-rabbit IgG (1: 50) (Vector Laboratories, Burlingame, CA) at
room temperature for 2 hours, the expression was revealed by con-jugation to fluorescein avidin
(1: 50) (Vector Laboratories, Burlingame, CA).

Assessment of Mitochondrial Membrane Potential
The fluorescent probe JC-1 (Molecular Probes, Eugene, OR), a cationic membrane potential
indicator, was used to assess the mitochondrial membrane potential. ECs in 35 mm dishes were
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incubated with 2 µg/ml JC-1 in growth medium at 37 °C for 30 min. The cultures were washed
three times using fresh growth medium. Mitochondria were then analyzed immediately under
a Leitz DMIRB microscope (Leica, McHenry, IL, USA) with a dual emission fluorescence
filter with 515–545 nm for green fluorescence and emission at 585–615 nm for red fluorescence
[38].

Preparation of Mitochondria for the Analysis of Cytochrome c Release
After washing once with ice-cold PBS, cells were harvested at 10,000g for 15 min at 4°C and
the resulting pellet was re-suspended in buffer A (20 mM HEPES, pH 7.5, 10 mM KCl, 1.5
mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 0.1
phenylmethylsulfonylfluoride) containing 250 mM sucrose and used as the mitochondrial
fraction. The supernatant was subjected to ultracentrifugation at 50,000 g for 1 hour at 4 °C
with the resultant supernatant used as the cytosolic fraction [38].

Immunocytochemistry for SIRT1, FoxO3a, and Caspase 3
For immunocytochemical staining of SIRT1, FoxO3a, or cleaved caspase 3 (active form), ECs
were fixed with 4% paraformaldehyde and permeabilized using 0.2% Triton X-100. Cells were
then incubated with rabbit anti-SIRT1 (1: 100, Santa Cruz Biotechnologies, Santa Cruz, CA),
anti-FoxO3a (1: 100, Cell Signaling Technology, Beverly, MA) or rabbit anti-cleaved caspase
3 (1: 200, Cell Signaling Techn-ology, Beverly, MA) over night at 4 °C and then with
biotinylated anti-rabbit IgG (1: 50, Vector laboratories) for 2 hours followed by Texas Red
streptavidin (1: 50, Vector laboratories) for 1 hour. Cells were washed in PBS, then stained
with DAPI (Sigma, St. Louis, MO) for nuclear identification. SIRT1, FoxO3a, and caspase 3
proteins were imaged with fluorescence at the wavelengths of 565 nm (red) and 400 nm (DAPI
nuclear staining).

Subcellular Translocation of SIRT1 or FoxO3a by Western Analysis
ECs were initially homogenized. The cytoplasmic and nuclear proteins were subsequently
prepared by using NEPER nuclear and cytoplasmic extraction reagents according to the
instructions of the manufacturer (Pierce, Rockford, IL). The expression of SIRT1 or FoxO3a
in the EC nucleus and cytoplasm was determined by Western analysis. Each sample (50 µg/
lane) was subjected to 7.5% SDS-poly-acrylamide gel electrophoresis. After transfer, the
membranes were incubated with a rabbit polyclonal antibody against SIRT1 (1: 200) (Santa
Cruz Biotechnologies, Santa Cruz, CA) or a primary rabbit antibody against FoxO3a (1: 1000)
(Cell Signaling, Beverly, MA). After washing, the membranes were incubated with a
horseradish peroxidase conjugated with a secondary antibody (goat anti-rabbit IgG, 1: 2000)
(Invitrogen, Carlsbad, CA). The antibody-reactive bands were revealed by chemiluminescence
(Amersham Pharmacia Biotech, Piscataway, NJ) and band density was performed using the
public domain NIH Image program (developed at the U.S. National Institutes of Health and
available at http://rsb.info.nih.gov/nih-image/).

Statistical Analysis
For each experiment, the mean and standard error were determined. Statistical differences
between groups were assessed by means of analysis of variance (ANOVA) from 6 replicate
experiments with the post-hoc Dunnett's test. Statistical significance was considered at P<0.05.

RESULTS
Progressive Concentrations of D-Glucose Lead to Reduced EC Survival

Elevated D-glucose concentrations (10, 20, 50 and 75 mM) were administered to ECs and cell
injury was assessed 48 hours later by the trypan blue dye exclusion method. In Fig. (1A),
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representative images illustrate that elevated D-glucose treatment (≥20 mM) leads to
significant uptake of trypan blue in ECs consistent with cell membrane injury. Quantitative
analysis shows EC survival is significantly diminished to 53 ± 5% (20 mM), 41 ± 5% (50 mM),
and 33 ± 5% (75 mM) after D-glucose administration when compared to untreated control
cultures (98 ± 3%, P<0.01) (Fig. 1B). Since a concentration of 20 mM D-glucose produced a
survival rate of approximately 50% (a 50% EC injury loss), this concentration of elevated D-
glucose was used for the reminder of the experimental studies.

In our ECs, we also demonstrate that hyperosmolarity or L-glucose do not play a significant
role in EC toxicity (Fig. 1C). D-glucose (20 mM), L-glucose (20 mM), and mannitol (20 mM)
were administered to ECs and cell injury with trypan blue (TB), apoptotic phosphatidylserine
(PS) exposure, and apoptotic DNA fragmentation (TUNEL) were assessed 48 hours later.
Elevated D-glucose (20 mM) resulted in significant labeling for TB, PS, and TUNEL when
compared to untreated control cells, demonstrating that D-glucose results in EC injury with
TB uptake and apoptosis with PS and TUNEL. In contrast, elevated L-glucose does not result
in EC injury or apoptosis, illustrating that elevated D-glucose is specific for EC demise.
Furthermore, a mannitol concentration of 20 mM had similar EC TB, PS, and TUNEL labeling
to that of untreated control cells demonstrating that hyperosmolarity was not a significant factor
in EC injury (Fig. 1C).

Elevated D-Glucose Exposure Diminishes Endogenous SIRT1 Expression and Blocks SIRT1
Shuttling to the Nucleus, but Nuclear Translocation is Preserved during SIRT1 Protein and
agonist Administration

Western blot assay was performed for the endogenous cellular expression of SIRT1 following
elevated D-glucose (20 mM) administration. In Fig. (1D), expression of endogenous EC SIRT1
was significantly and progressively decreased at 6, 24, and 48 hours during elevated D-glucose
(20 mM) exposure. This loss of SIRT1 expression correlates with progressive EC injury over
a 48 hour period of elevated D-glucose administration.

We next examined the agents used in our study, activators of SIRT1 with SIRT1 protein (2
µM) and resveratrol (15 µM), and inhibitors of SIRT1 with EX527 (2 µM) and sirtinol (75
µM), to alter SIRT1 activity assessed by HDAC activity at 6 hours and 48 hours following
elevated D-glucose (20 mM) exposure (Fig. 1E). Over a 48 hour course following elevated D-
glucose, HDAC is decreased in ECs. In contrast, the SIRT1 activators SIRT1 protein (2 µM)
and resveratrol (15 µM) significantly increase HDAC activity in ECs at 6 hours and 48 hours
following elevated D-glucose exposure (Fig. 1E). Furthermore, the SIRT1 inhibitors EX527
(2 µM) and sirtinol (75 µM) markedly depress HDAC activity in ECs below untreated control
EC levels at 6 hours and 48 hours following elevated D-glucose exposure (Fig. 1E).

Since loss of SIRT1 endogenous cellular expression may be detrimental to cells during toxin
exposure [13,39] and nuclear translocation of SIRT1 may be required for cell survival and
differentiation in other cell systems [40,41], we next examined the cellular trafficking of SIRT1
in ECs during elevated D-glucose administration (20 mM). We used immunofluorescent
staining for SIRT1 and DAPI nuclear staining to follow the translocation of SIRT1 48 hours
after elevated D-glucose exposure. Untreated control ECs in merged images do not have visible
nuclei (red in color, white arrows) that illustrate nuclear localization of SIRT1. During elevated
D-glucose exposure, a significant proportion of SIRT1 was confined to the cytoplasm of ECs
as illustrated by minimal nuclear staining as shown with DAPI staining (blue nuclei in color)
in the nucleus in ECs in merged images (Figs. 1F, 1G). In contrast, exogenous administration
of SIRT1 protein (2 µM) or administration of resveratrol (15 µM) that is known to activate
SIRT1 [42] in the presence of elevated D-glucose fostered the translocation of endogenous
SIRT1 from the cytoplasm to the nucleus. This is evident by the inability to detect significant
DAPI nuclear staining (blue in color) in cells during merged elevated images since SIRT1
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staining is present in the nucleus of ECs (Figs. 1F, 1G). Furthermore, application of the specific
small-molecule inhibitor of SIRT1 catalytic activity EX527 (2 µM) [43] during elevated D-
glucose prevented the functional translocation of SIRT1 to the nucleus and maintained SIRT1
in the cytoplasm of ECs to a greater degree than during periods with only administration of
elevated D-glucose alone (Figs. 1F, 1G). We also assessed SIRT1 subcellular translocation
from the cell cytoplasm to the nucleus through western analysis (Figs. 2A, 2B). At 48 hours
following elevated D-glucose (20 mM) (HG), SIRT1 remained confined to the cytoplasm of
ECs. Yet, administration of SIRT1 protein (2 µM) or resveratrol (15 µM) promoted the
translocation of endogenous SIRT1 from the cytoplasm to the nucleus during elevated D-
glucose. In addition, inhibition of SIRT1 catalytic activity with EX527 (2 µM) blocked the
translocation of SIRT1 to the nucleus and maintained SIRT1 in the cytoplasm of ECs to a
greater extent than during elevated D-glucose alone (Figs. 2A, 2B).

SIRT1 Activation Protects against EC Injury during Elevated D-Glucose
In Fig. (2C), representative figures show significant trypan blue staining in ECs 48 hours after
elevated (high) D-glucose (20 mM) administration alone or during inhibition of SIRT1 activity
with sirtinol (75 µM) or EX527 (2 µM) during elevated D-glucose (20 mM). In contrast, trypan
blue uptake is significantly reduced in ECs during activation of SIRT1 with SIRT1 protein (2
µM) or with resveratrol (15 µM) in the presence of elevated D-glucose (20 mM). On further
analysis in Figs. (2D – G, EC) survival was progressively increased during elevated D-glucose
administration (20 mM) in the presence of increasing con-centrations of the SIRT1 activators
SIRT1 protein (0.5 µM, 1 µM, 2 µM, and 5 µM) or in the presence of resveratrol (5 µM, 15
µM, 30 µM, and 100 µM). Yet, application of increasing concentrations of the SIRT1 inhibitors
sirtinol (25 µM, 50 µM, 75 µM, and 100µM) or EX527 (0.5 µM, 1 µM, 2 µM, and 5 µM) led
to progressive injury in ECs during elevated D-glucose administration (20 mM).

Gene Knockdown of SIRT1 Leads to Increased EC Injury during Elevated D-Glucose
Suggesting Endogenous Cellular Protection

ECs were transfected with SIRT1 siRNA and the expression of SIRT1 protein was assessed
by immunocytochemistry and Western blot analysis 6 hours following elevated D-glucose (20
mM) administration (Figs. 3A – 3C). Gene knockdown of SIRT1 in either untreated control
ECs or in ECs exposed to elevated D-glucose alone resulted in absent expression of SIRT1
protein (Figs. 3A – 3C). As a control, non-specific scrambled SIRT1 siRNA did not alter SIRT1
protein expression in untreated control cells or cells exposed to elevated D-glucose, illustrating
the specificity of SIRT1 siRNA to block protein expression of SIRT1 (Figs. 3B and 3C). In
Fig. (3D), representative figures illustrate significant trypan blue staining in ECs 48 hours after
elevated D-glucose (20 mM) administration alone or with elevated D-glucose during scrambled
(non-specific) siRNA. In addition, more pronounced trypan blue uptake is present in ECs
following elevated D-glucose with SIRT1 siRNA transfection (Fig. 3D), demonstrating that
loss of endogenous SIRT1 not only leads to EC injury, but also prevents a minimal level of
EC protection during elevated D-glucose administration that is present in ECs not transfected
with SIRT1 siRNA. Quantitation of results in Fig. (3E) show that EC survival was significantly
decreased from 56 ± 5% during elevated D-glucose administration alone to 25 ± 5% (P<0.01)
during transfection with SIRT1 siRNA 48 hours after elevated D-glucose administration.
Transfection with scrambled siRNA did not alter EC injury during elevated D-glucose
exposure.

SIRT1 Activation Blocks Apoptotic Early Phospha-tidylserine (PS) Exposure and Later
Nuclear DNA Degradation during Elevated D-Glucose

In representative Figs. (4A and 4C), untreated control ECs were without DNA fragmentation
assessed by TUNEL or PS externalization assessed by annexin V. In ECs exposed to elevated
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D-glucose (20 mM), significant DNA fragmentation (TUNEL) and membrane PS exposure
(annexin V) occurs 48 hours after exposure. In Figs. (4A – 4D), elevated D-glucose (20 mM)
led to a significant increase in percent DNA fragmentation and membrane PS exposure in ECs
48 hours after elevated D-glucose compared to untreated control cultures for DNA (5 ± 2%)
and for PS (2 ± 1%) respectively. Furthermore, during inhibition of SIRT1 activity with EX527
(2 µM) or during gene knockdown of SIRT1 with siRNA, EC DNA fragmentation and
membrane PS exposure was worsened in the presence of elevated D-glucose (20 mM),
suggesting that an endogenous level of SIRT1 provides some protection against apoptotic early
and late programs (Figs. 4A – 4D). Transfection with non-specific scrambled siRNA did not
alter DNA fragmentation or PS exposure in ECs in untreated controls or during elevated D-
glucose. During activation of SIRT1 with SIRT1 protein (2 µM) or with resveratrol (15 µM)
in the presence of elevated D-glucose (20 mM) EC DNA fragmentation and membrane PS
exposure was significantly prevented, demonstrating that SIRT1 blocks apoptotic programs
during elevated glucose (Figs. 4A – 4D).

SIRT1 leads to Akt1 Activation and Maintains the Inhibitory Phosphorylation of p-FoxO3a
and Relies Upon p-FoxO3a Inhibition for EC Protection

As a novel transcription factor closely tied to cell survival, activation of FoxO3a can initiate
“pro-apoptotic” programs [36,44]. In addition, Akt1 is a principal mediator of the inhibitory
phosphorylation of FoxO3a that can block activity of this transcription factor [45]. Absence
of phosphorylated (active) Akt1 leads to the loss of post-translational phosphorylation of
FoxO3a and prevents association of FoxO3a with 14-3-3 proteins to allow FoxO3a to
translocate to the cell nucleus and initiate a “pro-apoptotic” program [36,44]. Since
unphosphorylated FoxO3a can translocate to the cell nucleus [46,47], we investigated the
ability of SIRT1 to control phosphorylation of both Akt1 and FoxO3a at 6, 24, and 48 hours
following elevated D-glucose (20 mM) administration. Western blot assay was performed for
phosphorylated Akt1 (p-Akt1), total Akt1, and FoxO3a (p-FoxO3a) at the preferential
phosphorylation site for Akt1 of Ser253 as well as for the expression of total FoxO3a (Figs.
5A – 5F). At 6 hours following elevated D-glucose (20 mM) administration, Akt1
phosphorylation and activity was increased, but was subsequently lost and returned to control
levels or below at 24 hours and 48 hours after elevated D-glucose (Figs. 5A and 5B). Activation
of SIRT1 with SIRT1 protein (2 µM) or with resveratrol (15 µM) in the presence of elevated
D-glucose (20 mM) maintained the activity and phosphorylation of Akt1 during 6 hours, 24
hours, and 48 hours. In addition, expression of total Akt1 did not change illustrating that only
the phosphorylation status of Akt1 was altered by SIRT1 activation.

Expression of phosphorylated (inactive) p-FoxO3a was initially increased at 6 hours and
subsequently significantly decreased at 24 and 48 hours following elevated D-glucose (20 mM)
administration. This activity and phosphorylation of FoxO3a directly corresponded to Akt1
activity with loss of Akt1 phosphorylation during elevated D-glucose resulting in the
expression of active (unphosphorylated) FoxO3a at 24 and 48 hours (Figs. 5A – 5D). In
addition, activation of SIRT1 with SIRT1 protein (2 µM) or with resveratrol (15 µM)
maintained the expression of phosphorylated FoxO3a at 6, 24, and 48 hours to a greater degree
than during elevated D-glucose (20 mM) exposure alone. However, inhibition of SIRT1
activity with EX527 (2 µM) led to the loss of p-FoxO3a expression below levels for elevated
D-glucose alone at 6 hours, 24 hours, and 48 hours (Figs. 5C, 5D). In Figs. (5E and 5F), gene
knockdown of SIRT1 with siRNA in ECs significantly reduced p-FoxO3a expression at 6 hours
below levels observed with elevated D-glucose alone, but expression of total FoxO3a remained
unchanged, demonstrating that the loss of SIRT1 protein only affected phosphorylation of
FoxO3a and that the total FoxO3a protein was not degraded. In addition to the ability of SIRT1
to maintain expression of inactive p-FoxO3a during elevated D-glucose exposure, SIRT1 also
requires the inactivation of FoxO3a to offer cellular protection in ECs during elevated D-
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glucose. In Fig. (5G), gene knockdown of FoxO3a (see Figs. (8E and 8F) for knockdown
efficiency) increased EC survival during elevated D-glucose alone and also produced equal
protective capacity in ECs assessed by trypan blue uptake during either SIRT1 protein (2 µM)
or resveratrol (15 µM) application at 48 hours after elevated D-glucose (20 mM), illustrating
that SIRT1 activation relies upon the inhibition of FoxO3a activity. In addition, transfection
of ECs with FoxO3a siRNA was able to reverse the detrimental effects of EC injury during
elevated D-glucose alone and during SIRT1 inhibition with EX527 (2 µM) (Fig. 5G).
Transfection with scrambled FoxO3a siRNA did not prevent EC injury during elevated D-
glucose alone or during EX527 administration (data not shown). Taken together, these results
suggest that SIRT1 is dependent upon the prevention of FoxO3a activity to exert protection in
ECs.

SIRT1 Controls Subcellular Trafficking of FoxO3a and Maintains FoxO3a in the Cytoplasm
of ECs during Elevated Glucose

Post-translational phosphorylation of FoxO3a results in the association with 14-3-3 proteins
to sequester FoxO3a in the cytoplasm and block the nuclear transcription of “pro-apoptotic”
proteins [36,44]. Given the ability of SIRT1 to maintain post-translational phosphorylation of
FoxO3a, we next examined whether SIRT1 controls subcellular trafficking of FoxO3a. In ECs,
we performed immunofluorescent staining for FoxO3a and DAPI nuclear staining to follow
the subcellular translocation of FoxO3a 48 hours after elevated D-glucose administration (20
mM) (Figs. 6A, 6B). In the presence of elevated D-glucose, immunofluorescent staining for
FoxO3a in the nucleus of ECs is markedly present. This is evident by the inability to visualize
DAPI nuclear staining (blue in color) in cells during merged elevated images since prominent
FoxO3a staining is present in the nucleus (Fig. 6A). In addition, either inhibition of SIRT1
activity with EX527 (2 µM) or transfection with SIRT1 siRNA during elevated D-glucose
exposure also allows the translocation of FoxO3a from the cell cytoplasm to the nucleus in
ECs (Figs. 6A, 6B). Interestingly, gene knockdown of SIRT1 yields significantly greater
nuclear translocation of FoxO3a than elevated D-glucose exposure alone or during application
of non-specific scrambled siRNA in the presence of elevated D-glucose, illustrating the
specificity for SIRT1 siRNA as well as the ability of endogenous SIRT1 to influence the
subcellular trafficking of FoxO3a (Figs. 6A, 6B). Furthermore, activation of SIRT1 with SIRT1
protein (2 µM) or resveratrol (15 µM) administration maintained FoxO3a in the cytoplasm of
ECs similar to untreated control cells demonstrating minimal nuclear staining as shown with
DAPI staining (blue nuclei in color) in the nucleus merged images (Figs. 6A, 6B). We
complemented the immunofluorescent studies with assessment of FoxO3a subcellular
translocation from the cell cytoplasm to the nucleus through western analysis (Figs. 6C, 6D).
Consistent with our immunofluorescent work, activation of SIRT1 with SIRT1 protein (2 µM)
or resveratrol (15 µM) maintains FoxO3a in the cytoplasm of ECs similar to untreated control
ECs, but inhibition of SIRT1 activity with EX527 (2 µM) during elevated D-glucose allows
the translocation of FoxO3a from the cell cytoplasm to the nucleus in ECs (Figs. 6C, 6D).

SIRT1 Blocks Mitochondrial Depolarization, Cytochrome c Release, and Activation of Bad
Mitochondrial depolarization in ECs was assessed during elevated D-glucose by the cationic
membrane potential indicator JC-1. In Figs. (7A and 7B), elevated D-glucose (20 mM) yielded
a significant decrease in the EC mitochondrial red/green fluorescence intensity ratio within 24
hours (43 ± 3%) when compared to untreated control mitochondria (100 ± 6%), demonstrating
that elevated D-glucose results in mitochondrial membrane depolarization. Inhibition of SIRT1
activity with EX527 (2 µM) (Fig. 7A and 7B) or gene knockdown of SIRT1 with siRNA (Figs.
7A and 7B) during elevated D-glucose resulted in a more pronounced depolarization of the
mitochondria with a ratio of 19 ± 2% and 18 ± 2% respectively. Non-specific scrambled siRNA
produced similar mitochondrial depolarization during elevated D-glucose when compared to
elevated D-glucose alone (Figs. 7A and 7B). However, activation of SIRT1 with SIRT1 protein
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(2 µM) or with resveratrol (15 µM) in the presence of elevated D-glucose significantly
increased the red/green fluorescence intensity of the mitochondria to 77 ± 4% and 75 ± 3%
respectively, illustrating that activation of SIRT1 can significantly improve mitochondrial
permeability transition pore membrane potential (Figs. 7A and 7B).

Elevated D-glucose (20 mM) within 24 hours also produced a significant release of cytochrome
c from the mitochondria to a 3.0 ± 0.2 fold increase when compared to untreated control
mitochondria using western analysis (Figs. 7C and 7D). Inhibition of SIRT1 activity with
EX527 (2 µM) (Figs. 7C and 7D) or transfection with SIRT1 siRNA (Figs. 7E and 7F) during
elevated D-glucose were unable to block the release of cytochrome c and also result in a more
prominent release of cytochrome c when compared to D-glucose exposure alone. Non-specific
scrambled siRNA did not alter this release of cytochrome c during elevated D-glucose exposure
(Figs. 7E and 7F). Yet, the activation of SIRT1 with administration of SIRT1 protein (2 µM)
or resveratrol (15 µM) during elevated D-glucose actively prevented cytochrome c release to
a similar degree that occurs with untreated control EC mitochondria (Figs. 7C and 7D).

Since SIRT1 relies upon Akt1 to control FoxO3a, we hypothesized that SIRT1 also may govern
Bad that is localized in the outer mitochondrial membrane and when phosphorylated by Akt1
can bind to protein 14-3-3 to release Bcl-xL and prevent apoptosis [48–52]. Western blot assay
was performed for phosphorylated Bad (p-Bad) at the preferential phosphorylation site for
Akt1 of Ser136 (Figs. 7G, 7H). At 24 hours following elevated D-glucose (20 mM)
administration, Bad phosphorylation and activity was significantly reduced. Activation of
SIRT1 with SIRT1 protein (2 µM) or with resveratrol (15 µM) in the presence of elevated D-
glucose (20 mM) significantly increased the phosphorylation and activity of Bad at 24 hours.
Furthermore, loss of SIRT1 during gene knockdown decreased the activity of Bad to a greater
degree than during exposure to elevated D-glucose alone (Figs. 7G, 7H).

SIRT1 Attenuates Caspase 1 and Caspase 3 Activation during Elevated D-Glucose Exposure
that Relies Upon FoxO3a

Given that SIRT1 controls mitochondrial membrane permeability, we next investigated
whether SIRT1 also affects caspase 3 and caspase 1 activity since mitochondrial release of
cytochrome c results in apoptotic caspase activation [53–55]. Within 24 hours following
elevated D-glucose (20 mM) exposure, immunocytochemistry reveals significant cleaved
(active) caspase 3 (blue/red staining) during elevated D-glucose alone, during the inhibition of
SIRT1 activity with EX527 (2 µM), or during gene knockdown of SIRT1 with siRNA.
Inhibition of SIRT1 activity with EX527 and loss of SIRT1 with siRNA transfection also
significantly increased caspase 3 activity, but non-specific scrambled siRNA combined with
elevated D-glucose administration did not alter caspase 3 activity when compared to exposure
to elevated D-glucose alone, illustrating that endogenous SIRT1 offers protection against
caspase 3 activation in ECs. Furthermore, activation of SIRT1 with SIRT1 protein (2 µM) or
with resveratrol (15 µM) in the presence of elevated D-glucose in ECs significantly blocks
caspase 3 activity as evidenced by primarily blue immunocytochemical staining and by
reducing the percentage of cleaved caspase 3 labeling to 21 ± 3% and 26 ± 3% respectively
from 50 ± 3% in ECs exposed to elevated D-glucose alone (Figs. 8A and 8B).

In Figs. (8C, 8D, 8G and 8H), the expression of cleaved (active) caspase 3 and caspase 1 on
western analysis were assessed at 24 hours following elevated D-glucose (20 mM) exposure
and demonstrates significant caspase 3 and caspase 1 activities. Transfection with SIRT1
siRNA or inhibition of SIRT1 activity with EX527 (2 µM) notably did not block caspase
activity, but did result in a significant elevation in caspase 3 and caspase 1 activities supporting
the premise that endogenous SIRT1 in ECs offers underlying protection against the apoptotic
activation of caspase 3 and caspase 1 (Figs. 8C, 8D, 8G and 8H). Non-specific scrambled
siRNA did not accelerate an increase in caspase 3 and caspase 1 activities during elevated D-
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glucose exposure, further supporting the specific ability of SIRT1 to control caspase 3 and
caspase 1 activities. In addition, SIRT1 activation with SIRT1 protein (2 µM) or with
resveratrol (15 µM) markedly prevented the expression of cleaved caspase 3 and caspase 1
during elevated D-glucose (Figs. 8C, 8D, 8G and 8H).

We next evaluated the ability of FoxO3a to control caspase activity at the 24 hour period
following elevated D-glucose (20 mM) administration in ECs. In Figs. (8E and 8F), gene
knockdown of FoxO3a in ECs exposed to elevated D-glucose (20 mM) resulted in absent
expression of FoxO3a protein (Figs. 8E and 8F). As a control, non-specific scrambled FoxO3
siRNA did not alter FoxO3a protein expression in cells exposed to elevated D-glucose,
demonstrating the specificity of FoxO3a siRNA to block protein expression of FoxO3a (Figs.
8E and 8F). Expression of cleaved active caspase 3 and caspase 1 (Figs. 8G and 8H) is elevated
almost 4 fold over untreated control EC levels following elevated D-glucose, but transfection
with FoxO3a siRNA significantly blocks cleaved active caspase 3 and caspase 1 activities.
Non-specific scrambled siRNA was not effective in reducing caspase 3 or caspase 1 activity
during elevated D-glucose, further supporting the specific role for FoxO3a to control caspase
3 and caspase 1 activity during elevated D-glucose in ECs (Figs. 8G and 8H).

DISCUSSION
Employing an elevated D-glucose model for primary ECs, we show that progressively elevated
concentrations of D-glucose lead to a significant loss in EC survival and result in apoptotic
membrane PS externalization and nuclear DNA fragmentation. A final D-glucose
concentration of 20 mM injures approximately 60% of ECs and leads to significant apoptosis,
illustrating that primary cerebral ECs are extremely sensitive to elevations in D-glucose to a
greater degree than vascular cells from other sources such as human umbilical vein ECs that
require elevated D-glucose concentrations at > 25 mM for 3–5 days exposure to generate
apoptotic injury [56]. Furthermore, the elevated D-glucose concentrations used in our study
are similar to clinical glucose concentrations not only during poorly controlled diabetes [57–
59], but also during early onset diabetes [60] and during expected diurnal variations with
diabetes [9,61] known to occur in a range from 15 mM–25 mM (270 mg/dl-450 mg/dl). In
addition, hyperosmolarity did not play a significant role in EC injury, since a mannitol
concentration of 20 mM resulted in similar and not significantly different survival rates than
untreated control ECs. We performed additional studies with the biologically inactive agent
L-glucose and also observed that L-glucose in concentrations of 20 mM did not significantly
alter EC survival.

SIRT1 has been associated with the loss of insulin sensitivity [62] and a poor response to fasting
plasma glucose levels in adipocytes [63]. Activation of SIRT1 also can prevent endothelial
senescence during hyperglycemia [64] and reduce endothelial atherosclerotic lesions during
elevated lipid states [65], suggesting an important role for SIRT1 in DM. In addition, elevated
glucose in endothelial progenitor cells decreases SIRT1 expression when examined three days
later and leads to diminished endothelial progenitor cell numbers [66]. We demonstrate that
endogenous SIRT1 expression in cerebral ECs is more rapidly affected by elevated D-glucose
and progressively lost at 6, 24, and 48 hours after elevated D-glucose exposure. Our studies
also show that progressive activation of SIRT1 with increasing concentrations of SIRT1 protein
or resveratrol protects ECs against elevated D-glucose. However, loss of SIRT1 activity, such
as during inhibition with sirtinol or EX527, or during gene knockdown of SIRT1, results in
significant EC injury and is worse than treatment with elevated D-glucose alone, illustrating
that endogenous SIRT1 also affords a level of protection in ECs during elevated D-glucose
exposure.
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Although primarily a nuclear protein [20,50], SIRT1 can shuttle between the cell nucleus and
cytoplasm, such as in cardiomyocytes and neural precursor cells. SIRT1 cell trafficking to the
cell nucleus may be necessary for cell survival and differentiation [40,41]. Using both western
analysis and immunocytochemistry, our work shows that nuclear localization of SIRT1 may
be vital for EC protection. During activation of SIRT1 which is cytoprotective against elevated
D-glucose, we demonstrate that SIRT1 is maintained in the nucleus of ECs. However, during
non-cytoprotective regimens such as during elevated D-glucose alone or during blockade of
SIRT1 catalytic activity with elevated D-glucose, SIRT1 remains confined to the cytoplasm
of ECs.

In regards to apoptotic cell injury [15,31,55], externalization of membrane PS residues during
apoptosis can promote hypercoagulable states [67,68] and alert inflammatory cells to eliminate
ECs tagged with PS [30,32,38,69]. SIRT1 has been associated with reduced apoptotic nuclear
DNA degradation in islet beta cells [70] and with the prevention of membrane PS
externalization in neurons [13,39] and in lymphoblastoid cell lines [71]. In our model of ECs
during elevated D-glucose exposure, we have specifically identified the ability of SIRT1 to
prevent early apoptotic membrane PS externalization and subsequent nuclear DNA
degradation. Pharmacological activation of SIRT1 blocks the early and late programs of
apoptosis, but inhibition of SIRT1 or gene knockdown of SIRT1 does not prevent EC apoptotic
program induction.

The ability of SIRT1 to limit EC apoptotic injury during elevated D-glucose requires the
activation of Akt1, the post-translational phosphorylation of FoxO3a, and the maintenance of
FoxO3a in the cytoplasm of ECs. In other models of oxidative stress or DM [49,72,73],
activation of SIRT1 results in cellular protection and has been associated with enhanced activity
of Akt. Akt1 is known to phosphorylate FoxO3a [74] and block the activity of this transcription
factor [45], but loss of Akt1 activity allows FoxO3a to translocate to the cell nucleus and initiate
apoptosis [36,44]. We now show that the inhibitory phosphorylation of FoxO3a directly
corresponds to Akt1 activity that is mediated by the activation of SIRT1. In essence, SIRT1
results in the activation of Akt1 that is able to phosphorylate and inhibit FoxO3a over a 48
hour period during elevated D-glucose exposure. In addition, absence of SIRT1 activity
through pharmacological inhibition or gene knockdown results in the loss of Akt1 activity and
the loss of inhibitory FoxO3a phosphorylation without changes to total FoxO3a expression,
illustrating that total FoxO3a is present and not degraded and that SIRT1 is required to
specifically target and inhibit FoxO3a through Akt1.

SIRT1 also is directly dependent upon the removal of FoxO3a activity and the maintenance of
FoxO3a in the cytoplasm to prevent EC injury during elevated D-glucose. We show that gene
knockdown of FoxO3a not only increases EC survival during elevated D-glucose alone, but
also yields increased survival in ECs to a similar degree during SIRT1 activation illustrating
that SIRT1 activation relies upon the inhibition of FoxO3a activity. In addition, transfection
of ECs with FoxO3a siRNA also rescues ECs during inhibition of SIRT1 activity with EX527,
further supporting that loss of FoxO3a activity is a significant component for SIRT1 to block
EC injury during elevated D-glucose. We also demonstrate with both western analysis and
immunofluorecent studies that activation of SIRT1 with the subsequent phosphorylation of
FoxO3a prevents the subcellular trafficking of FoxO3a from the cytoplasm to the EC nucleus
and maintains FoxO3a in the cytoplasm to prevent the onset of apoptosis by FoxO3a during
elevated D-glucose exposure. Prior work has shown that unphosphorylated (active) FoxO3a is
able to disassociate from 14-3-3 proteins in the cytosol of cells and subsequently translocate
to the cell nucleus to initiate “pro-apoptotic” transcriptional activity [36,44].

Mitochondrial membrane permeability plays a significant role in the determination of cell
survival and the initiation of the apoptotic cascade [75–77], especially during periods of
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elevated glucose and DM [11,78–80]. Agents that activate sirtuins can reduce the release of
mitochondrial reactive oxygen species during elevated glucose [81]. We show that elevated
D-glucose in ECs leads to mitochondrial membrane depolarization and the release of
cytochrome c. However, SIRT1 activation maintains physiological mitochondrial membrane
function and prevents the release of cytochrome c during elevated D-glucose. In contrast,
inhibition of SIRT1 activity or gene knockdown of SIRT1 results in the pronounced loss of
mitochondrial membrane permeability and the release of cytochrome c.

Since SIRT1 relies upon the activation of Akt1, we also examined the activity of the
mitochondrial associated protein Bad, a pro-apoptotic Bcl-2 family member that becomes
active by Akt1 through the phosphorylation on its serine residues. Unphosphorylated Bad is
localized on the outer mitochondrial membrane and binds to the anti-apoptotic Bcl-2 family
member Bcl-xL through its BH3 domain. Subsequent phosphorylation of Bad by Akt1 leads
to the binding of Bad with the cytosolic protein 14-3-3 to release Bcl-xL and prevent apoptosis
[48–52]. We now show that SIRT1 also significantly activates and increases the
phosphorylation of Bad during elevated D-glucose. Furthermore, loss of SIRT1 during gene
knockdown decreases the activity of Bad to a greater degree than during exposure to elevated
D-glucose alone, demonstrating that endogenous SIRT1 is a significant component in ECs for
the control of mitochondrial permeability, cytochrome c release, and the activity of Bad during
elevated D-glucose.

Pharmacological activation of SIRT1 in injury paradigms with chondrocytes [82] and retinal
cells [83] can reduce caspase activity. We therefore examined the ability of SIRT1 to control
apoptotic caspase 3 and caspase 1 activities in ECs during elevated D-glucose. We demonstrate
that elevated D-glucose initiates a significant activation of caspase 3 and caspase 1, but that
SIRT1 activation significantly attenuates caspase 3 and 1 activities during elevated D-glucose
exposure. Yet, blockade of SIRT1 activity or gene knockdown of SIRT1 enhances the activities
of these proteases, illustrating that endogenous SIRT1 also provides protection against
apoptotic caspase activation in ECs during elevated D-glucose exposure. Furthermore, we
show that the control of FoxO3a by SIRT1 is a necessary component for the prevention of
caspase 3 and caspase 1 activities. Prior studies have demonstrated that caspase 3 may bind to
FoxO3a [84–86] and that FoxO3a has been associated with increases in caspase 3 and caspase
6 activities in melanoma cells and inflammatory cells [27,28,87]. We show that expression of
the active (unphosphorylated) form of FoxO3a at 24 hours following elevated D-glucose
directly correlates with robust caspase 3 and 1 activities at this time. In addition, gene
knockdown of FoxO3a abrogates the activities of caspase 3 and caspase 1, illustrating the
significant role FoxO3a plays in caspase 3 and caspase 1 activity.

Complications in the endothelial vascular system during DM requires innovative development
of novel treatment strategies responsible for cell survival and longevity [50,68,88–91]. Our
present studies demonstrate that through a series of intimately linked pathways for cell survival,
SIRT1 governs early PS membrane and late DNA fragmentation apoptotic injury programs,
activity of Akt1, phosphorylation and cell trafficking of FoxO3a, mitochondrial membrane
permeability, cytochrome c release, Bad activity, and caspase 3 and caspase 1 activities. Our
work highlights novel considerations for SIRT1 and its tightly integrated cellular pathways as
new avenues for the early prevention and treatment of vascular disorders and related
complications during DM.
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Fig. (1). Elevated D-glucose exposure injures ECs and prevents endogenous SIRT1 expression, but
SIRT1 nuclear translocation is preserved during SIRT1 activation
(A) Primary cerebral ECs were exposed to elevated D-glucose at the concentrations of 10, 20,
50, 75 mM and EC survival was determined 48 hours later. Representative images illustrate
increased trypan blue staining during elevated glucose. (B) Quantification of data demonstrates
that EC survival was significantly decreased to 53 ± 5% (20 mM), 41 ± 5% (50 mM), and 33
± 5% (75 mM) following administration of elevated D-glucose when compared with untreated
control cultures (98 ± 3%, *P<0.01 vs. Control). Each data point represents the mean and SEM
from 6 experiments. (C) Hyperosmolarity or L-glucose do not play a significant role in EC
toxicity. D-glucose (20 mM), L-glucose (20 mM), and mannitol (20 mM) were administered
to primary cerebral ECs and cell injury with trypan blue (TB), apoptotic phosphatidylserine
(PS) exposure, and apoptotic DNA fragmentation (TUNEL) were assessed 48 hours later. Each
data point represents the mean and SEM from 6 experiments (*P<0.01 vs. Control). In D,
primary EC protein extracts (50 µg/lane) were immunoblotted with anti-SIRT1 (SIRT1) at 6,
24, and 48 hours following administration of elevated D-glucose (HG = high glucose, 20 mM).
SIRT1 expression is progressively and significantly reduced at 6, 24 and 48 hours following
elevated D-glucose exposure (*P<0.01 vs. control). In E, activators of SIRT1 with SIRT1
protein (2 µM) (SIRT1) and resveratrol (15 µM) (RES) and inhibitors of SIRT1 with EX527
(2 µM) (EX527) and sirtinol (75 µM) (Sirtinol) were assessed with their ability to alter SIRT1
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HDAC activity at 6 hours and 48 hours following elevated D-glucose (20 mM) (HG) exposure.
SIRT1 protein and resveratrol significantly increased HDAC in ECs while EX527 and sirtinol
blocked HDAC activity (*P<0.01 vs. HG; †P<0.01 vs. untreated ECs = Control). Each data
point represents the mean and SEM from 6 experiments. In F and G, ECs were imaged 48 hours
following elevated D-glucose (HG = high glucose, 20 mM) with immunofluorescent staining
for SIRT1 (Texas-red streptavidin). Nuclei of ECs were counterstained with DAPI. In merged
images, untreated control ECs do not have visible nuclei (red in color, white arrows) that
illustrate nuclear localization of SIRT1. However, merged images after elevated D-glucose
show ECs with distinctly blue nuclei and red cytoplasm (green arrows) illustrating that SIRT1
is confined to the cytoplasm. In addition, inhibition of SIRT1 catalytic activity with EX527 (2
µM) during elevated D-glucose exposure also confined SIRT1 to the cytoplasm to a greater
degree than during elevated D-glucose alone. Yet, activation of SIRT1 with SIRT1 protein (2
µM) or resveratrol (RES) (15 µM) during elevated D-glucose maintained SIRT1 in the nucleus
of ECs and promoted the trafficking of SIRT1 from the cytoplasm (*P<0.01 vs. untreated ECs
= Control; †P<0.01 vs. HG). Quantification of the intensity of SIRT1 nuclear staining was
performed using the public domain NIH Image program (http://rsb.info.nih.gov/nih-image).
Each data point represents the mean and SEM from 6 experiments.
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Fig. (2). Western analysis of SIRT1 translocation and activation of SIRT1 increases EC survival
during elevated D-glucose
In A and B, equal amounts of cytoplasmic (cytoplasm) or nuclear (nucleus) protein extracts
(50 µg/lane) were immunoblotted with anti-SIRT1 at 48 hours following administration of
elevated D-glucose (HG = high glucose, 20 mM). At 48 hours following elevated D-glucose
(20 mM) (HG), SIRT1 is confined to the cytoplasm of ECs, but SIRT1 protein (2 µM) (SIRT1)
or resveratrol (15 µM) (RES) leads to the translocation of endogenous SIRT1 from the
cytoplasm to the nucleus. Inhibition of SIRT1 catalytic activity with EX527 (2 µM) (EX527)
prevents the translocation of SIRT1 to the nucleus to a greater extent than during elevated D-
glucose alone. In C, primary cerebral ECs were exposed to elevated D-glucose (HG = high
glucose, 20 mM) and EC survival was determined 48 hours later. Representative images
illustrate increased trypan blue staining during elevated D-glucose and during inhibition of
SIRT1 activity with sirtinol (75 µM) or EX527 (2 µM). Yet, EC survival is increased and trypan
blue uptake is reduced during activation of SIRT1 with SIRT1 protein (2 µM) or with
resveratrol (RES) (15 µM) in the presence of elevated D-glucose (20 mM). In D and E,
increasing concentrations of SIRT1 protein or resveratrol (RES) result in significantly
increased EC survival during elevated D-glucose (HG = high glucose, 20 mM). In F and G,
inhibition of SIRT1 with increased concentrations of sirtinol or EX527 during elevated D-
glucose (HG = high glucose, 20 mM) led to progressive cell injury. In all cases control =
untreated ECs (*P<0.01 vs. untreated ECs = Control; †P<0.01 vs. HG). Each data point
represents the mean and SEM from 6 experiments.
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Fig. (3). Gene knockdown of SIRT1 worsens EC injury during elevated D-glucose to suggest a role
for SIRT1 endogenous cellular protection
In A, transfection of siRNA against SIRT1 was performed in ECs and the expression of SIRT1
protein was assessed by immunofluorescence. In ECs with SIRT1 gene knockdown, no
significant expression of SIRT1 protein is present (*P<0.01 vs. untreated ECs = Control or
HG). In B and C, EC protein extracts (50 µg/lane) were immunoblotted with anti-SIRT1
(SIRT1) at 6 hours following elevated D-glucose (HG = high glucose, 20 mM). Gene
knockdown of SIRT1 was performed with transfection of SIRT1 siRNA (siRNA). SIRT1
siRNA significantly reduced expression of SIRT1 protein in untreated ECs or following
elevated D-glucose (HG = high glucose, 20 mM). Non-specific scrambled siRNA did not
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significantly alter SIRT1 expression during elevated D-glucose (*P<0.01 vs. untreated ECs =
Control; †P<0.01 vs. HG). Quantification of the western band intensity was performed using
the public domain NIH Image program (http://rsb.info.nih.gov/nih-image). In D and E, gene
knockdown of SIRT1 with SIRT1 siRNA (siRNA) significantly decreased EC survival to a
greater degree than elevated D-glucose alone assessed by trypan blue staining 48 hours after
elevated D-glucose exposure (HG = high glucose, 20 mM), suggesting that endogenous level
of SIRT1 in ECs is protective against EC injury. SIRT1 siRNA alone and non-specific
scrambled siRNA were not toxic. In addition, non-specific scrambled siRNA did not change
cell survival when compared to elevated D-glucose alone (*P<0.01 vs. untreated ECs =
Control; †P<0.01 vs. HG). Each data point represents the mean and SEM from 6 experiments.
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Fig. (4). Activation of SIRT1 prevents apoptotic early phosphatidylserine (PS) exposure and
subsequent nuclear DNA degradation in ECs during elevated D-glucose
In A and B, representative images illustrate that activation of SIRT1 with SIRT1 protein (2
µM) or with resveratrol (RES) (15 µM) in the presence of elevated D-glucose (HG = high
glucose, 20 mM) significantly blocks EC genomic DNA degradation assessed by TUNEL and
membrane PS externalization with transmitted (T) light and corresponding fluorescence (F)
assessed by annexin V phycoerythrin (green fluorescence). In contrast, inhibition of SIRT1
activity with EX527 (2 µM) (A) or during gene knockdown of SIRT1 with siRNA (C) lead to
greater DNA fragmentation and membrane PS exposure than elevated D-glucose alone,
suggesting that an endogenous level of SIRT1 provides protection against apoptotic early and
late programs. Non-specific scrambled siRNA did not alter DNA fragmentation or membrane
PS exposure in untreated controls or during elevated D-glucose. In B and D, quantification of
data illustrates that DNA fragmentation and membrane PS externalization were significantly
increased following elevated D-glucose (HG = high glucose, 20 mM) when compared to
untreated EC control cultures, but activation of SIRT1 with SIRT1 protein (2 µM) or with
resveratrol (RES) (15 µM) prevents DNA fragmentation and membrane PS exposure during
elevated D-glucose (*P<0.01 vs. untreated ECs = Control; †P<0.01 vs. HG). Inhibition of
SIRT1 with EX527 (2 µM) or during gene knockdown of SIRT1 with siRNA significantly
worsens apoptotic injury. SIRT1 siRNA alone was not toxic and non-specific scrambled siRNA
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did not alter EC survival during elevated D-glucose. Each data point represents the mean and
SEM from 6 experiments.
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Fig. (5). SIRT1 activates Akt1 and maintains inhibitory phosphorylation of p-FoxO3a and relies
upon p-FoxO3a inhibition for EC protection during elevated D-glucose
In A and B, primary EC protein extracts (50 µg/lane) were immunoblotted with anti-
phosphorylated-Akt1 (p-Akt1, Ser473) or anti-total Akt1 at 6, 24, and 48 hours following
administration of elevated D-glucose (HG = high glucose, 20 mM). Phosphorylated (active)
Akt1 (p-Akt1) expression is initially increased at 6 hours following elevated D-glucose, but
subsequently is reduced and returns to control levels at 24 hours and 48 hours after elevated
D-glucose (*P<0.01 vs. control). Total Akt1 is not altered. In C, D, E, and F, primary EC
protein extracts (50 µg/lane) were immunoblotted with anti-phosphorylated-FoxO3a (p-
FoxO3a, Ser253) or anti-total FoxO3a at 6, 24, and 48 hours following administration of
elevated D-glucose (HG = high glucose, 20 mM). Quantification of western band intensity was
performed using the public domain NIH Image program (http://rsb.info.nih.gov/nih-image).
During elevated D-glucose and correlating with Akt1 activity, phosphorylated (inactive)
FoxO3a (p-FoxO3a) expression is initially increased at 6 hours but then significantly reduced
at 24 hours and at 48 hours (C and D) following elevated D-glucose but total FoxO3a expression
(E) is not affected (*P<0.01 vs. control). Activation of SIRT1 with SIRT1 protein (2 µM) or
with resveratrol (RES) (15 µM) maintained the expression of p-FoxO3a at 6, 24, and 48 hours
to a greater degree than during elevated D-glucose (20 mM) exposure alone. In contrast,
inhibition of SIRT1 activity with EX527 (2 µM) sharply reduced p-FoxO3a expression below
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levels for elevated D-glucose alone at 6 and 24 hours and at similar levels to elevated D-glucose
alone at 48 hours (A and B). In E and F, gene knockdown of SIRT1 with siRNA significantly
reduced p-FoxO3a expression at 6 hours below levels observed with elevated D-glucose alone,
but expression of total FoxO3a remained unchanged, suggesting that the loss of SIRT1 protein
only affected phosphorylation of FoxO3a and that the total FoxO3a protein was not degraded.
In G, transfection with FoxO3a siRNA increased EC survival during elevated D-glucose (HG
= high glucose, 20 mM) alone and also produced equal protective capacity and increased
survival in ECs assessed by trypan blue uptake during either SIRT1 protein (2 µM) or
resveratrol (RES) (15 µM) application at 48 hours after elevated D-glucose. Gene knockdown
of FoxO3a also reversed EC injury during SIRT1 inhibition with EX527 (2 µM) (*P<0.01
vs. HG without FoxO3a siRNA; †P<0.01 vs. HG without FoxO3a siRNA). Control = untreated
cells and each data point represents the mean and SEM from 6 experiments.
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Fig. (6). SIRT1 activation blocks nuclear translocation of FoxO3a in ECs during elevated glucose
In A and B, ECs were imaged 48 hours following elevated D-glucose (HG = high glucose, 20
mM) with immunofluorescent staining for FoxO3a (Texas-red streptavidin). Nuclei of ECs
were counterstained with DAPI. In merged images, untreated control ECs have visible nuclei
(dark blue in color, white arrows) that illustrate absence of FoxO3a in the nucleus. Merged
images after elevated D-glucose demonstrate ECs with completely red cytoplasm (green
arrows) and no visible nucleus with DAPI illustrating translocation of FoxO3a to the nucleus.
Activation of SIRT1 with SIRT1 protein (2 µM) or resveratrol (RES) (15 µM) during elevated
D-glucose maintains FoxO3a in the cytoplasm of ECs (*P<0.01 vs. untreated ECs = Control;
†P<0.01 vs. HG). However, inhibition of SIRT1 catalytic activity with EX527 (2 µM) or gene
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knockdown of SIRT1 with transfection of SIRT1 siRNA (siRNA) during elevated D-glucose
allows FoxO3a to translocate to the nucleus (*P<0.01 vs. untreated ECs = Control; †P<0.01
vs. HG). Non-specific scrambled siRNA did not alter total FoxO3a translocation during
elevated D-glucose. Quantification of the intensity of FoxO3a nuclear staining was performed
using the public domain NIH Image program (http://rsb.info.nih.gov/nih-image). Each data
point represents the mean and SEM from 6 experiments. In C and D, equal amounts of
cytoplasmic (cytoplasm) or nuclear (nucleus) protein extracts (50 µg/lane) were
immunoblotted with anti-FoxO3a at 48 hours following administration of elevated D-glucose
(HG = high glucose, 20 mM). At 48 hours following elevated D-glucose (20 mM) (HG) alone
or with inhibition of SIRT1 activity with EX527 (2 µM) (EX527), FoxO3a translocates from
the cytoplasm to the nucleus. In contrast, activation of SIRT1 with SIRT1 protein (2 µM)
(SIRT1) or resveratrol (15 µM) (RES) blocks subcellular translocation of FoxO3a from the
cytoplasm to the cell nucleus.
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Fig. (7). SIRT1 inhibits mitochondrial depolarization, prevents the release of cytochrome c, and
maintains activation of Bad
In A, elevated D-glucose (HG = high glucose, 20 mM) leads to a significant decrease in the
red/green fluorescence intensity ratio of mitochondria using the cationic membrane potential
indicator JC-1 within 24 hours when compared with untreated control ECs, demonstrating that
elevated D-glucose leads to mitochondrial membrane depolarization. Activation of SIRT1 with
SIRT1 protein (2 µM) or resveratrol (RES) (15 µM) during elevated D-glucose significantly
increased the red/green fluorescence intensity of mitochondria in ECs, demonstrating that
mitochondrial membrane potential was restored. In contrast, inhibition of SIRT1 activity with
EX527 (2 µM) and gene knockdown of SIRT1 with transfection of SIRT1 siRNA (siRNA)
worsened mitochondrial membrane depolarization to a greater degree than during elevated D-
glucose exposure alone. Transfection with non-specific scrambled siRNA also did not prevent
mitochondrial membrane depolarization during elevated D-glucose exposure. In B, the relative
ratio of red/green fluorescent intensity of mitochondrial staining in untreated control ECs, in
ECs exposed to elevated D-glucose (HG = high glucose, 20 mM), during SIRT1 activation, or
during SIRT1 inactivation was measured in 6 independent experiments with analysis
performed using the public domain NIH Image program (http://rsb.info.nih.gov/nih-image)
(untreated ECs = Control vs. HG, *P<0.01; SIRT1 activity vs. HG, †P<0.01). In C and E, equal
amounts of mitochondrial (mito) or cytosol (cyto) protein extracts (50 µg/lane) were
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immunoblotted demonstrating that SIRT1 activation (SIRT1 protein, RES) significantly
prevented cytochrome c release from mitochondria 24 hours after elevated D-glucose (HG =
high glucose, 20 mM). SIRT1 inhibition (EX527, SIRT1 siRNA) and non-specific scrambled
siRNA did not prevent cytochrome c release during elevated D-glucose. In D and F,
quantification of the western band intensity was performed using the public domain NIH Image
program (http://rsb.info.nih.gov/nih-image) and demonstrates that significant release of
cytochrome c occurs 24 hours following elevated D-glucose (HG = high glucose, 20 mM), but
activation of SIRT1 with SIRT1 protein (2 µM) or resveratrol (RES) (15 µM) prevents
cytochrome c release from EC mitochondria. Inhibition of SIRT1 activity with EX527 (2 µM)
(C and D) and gene knockdown of SIRT1 (E and F) potentiated increased release of cytochrome
c. Non-specific scrambled siRNA was ineffective during elevated D-glucose to prevent
cytochrome c release and both non-specific siRNA and SIRT1 siRNA alone did not alter
mitochondrial cytochrome c in untreated control cells (E and F) (untreated ECs = Control
vs. HG, *P<0.01; SIRT1 activity vs. HG, †P<0.01). Each data point represents the mean and
SEM from 6 experiments. In G and H, primary EC protein extracts (50 µ/lane) were
immunoblotted with anti-phosphorylated-Bad (p-Bad, Ser136) at 24 hours following
administration of elevated D-glucose (HG = high glucose, 20 mM). Phosphorylated (active)
Bad (p-Bad) expression is promoted by SIRT1 activation, but is lost during inhibition of SIRT1
or SIRT1 gene knockdown. Non-specific scrambled siRNA during elevated D-glucose did not
change Bad phosphorylation as was similar to Bad phosphorylation during elevated D-glucose
alone (untreated ECs = Control vs. HG, *P<0.01; Bad phosphorylation vs. HG, †P<0.01).
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Fig. (8). SIRT1 controls caspase 1 and caspase 3 activity during elevated D-glucose that employs
FoxO3a
In A, ECs were exposed to elevated D-glucose (HG = high glucose, 20 mM) and caspase 3
activation was determined 24 hours after elevated D-glucose exposure through
immunocytochemistry with antibodies against cleaved active caspase 3 (17 kDa).
Representative images illustrate active caspase 3 staining (red) in cells following elevated D-
glucose, but cellular red staining is almost absent during activation of SIRT1 with SIRT1
protein (2 µM) or resveratrol (RES) (15 µM). Inhibition of SIRT1 activity with EX527 (2 µM)
or during gene knockdown of SIRT1 significantly increased active caspase 3 expression to a
greater degree in ECs that during elevated D-glucose alone, illustrating that SIRT1 activation
was a robust modulator of caspase 3 activity. Non-specific scrambled siRNA did not eliminate
caspase 3 activity during elevated D-glucose and both non-specific scrambled siRNA and
transfection of SIRT1 siRNA alone did not alter caspase 3 activity in untreated control cells.
In B, quantification of caspase 3 immunocytochemistry was performed using the public domain
NIH Image program (http://rsb.info.nih.gov/nih-image) and demonstrates that elevated D-
glucose (HG = high glucose, 20 mM) significantly increased the expression of cleaved (active)
caspase 3 when compared to untreated control cells. Expression of cleaved (active) caspase 3
was significantly limited during SIRT1 activation (SIRT1 protein, RES), but potentiated to a
greater degree with SIRT1 inhibition (EX527, SIRT1 siRNA) than during D-glucose exposure
alone (*P<0.01 vs. untreated ECs = Control; †P<0.01 vs. HG). In C and G, EC protein extracts
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(50 µg/lane) were immunoblotted with anti-cleaved caspase 3 product (active caspase 3, 17
kDa) and with anti-cleaved caspase 1 product (active caspase 1, 20 kDa) at 12 hours following
elevated D-glucose (HG = high glucose, 20 mM). Elevated D-glucose markedly increased
cleaved caspase 3 and caspase 1 expression, but gene knockdown of FoxO3a with FoxO3a
siRNA (siRNA) significantly blocked cleaved caspase 3 and caspase 1 expression 24 hours
after elevated D-glucose. Non-specific scrambled siRNA did not eliminate caspase 3 or caspase
1 activities during elevated D-glucose and both non-specific scrambled siRNA and transfection
of FoxO3a siRNA alone did not alter caspase 3 or caspase 1 activities in untreated control cells.
In D and H, quantification of western band intensity was performed using the public domain
NIH Image program (http://rsb.info.nih.gov/nih-image) and demonstrates that SIRT1
activation (SIRT1 protein, RES) prevents cleaved caspase 3 and caspase 1 expression 24 hours
after elevated D-glucose exposure, but SIRT1 inhibition (EX527, SIRT1 siRNA) significantly
increases cleaved caspase 3 and caspase 1 expression to a greater degree than with elevated D-
glucose alone. Non-specific scrambled siRNA did not reduce cleaved caspase 3 or caspase 1
expression during elevated D-glucose (*P<0.01 vs. untreated ECs = Control; †P<0.01 vs. HG).
SIRT1 siRNA alone in untreated control cells was not toxic. Each data point represents the
mean and SEM from 6 experiments. In E, EC protein extracts (50 µg/lane) were immunoblotted
with anti-total FoxO3a (FoxO3a) at 24 hours following elevated D-glucose (HG = high glucose,
20 mM). Gene knockdown of FoxO3a was performed with transfection of FoxO3a siRNA
(siRNA). FoxO3a siRNA significantly reduced expression of FoxO3a protein in ECs following
elevated D-glucose (HG = high glucose, 20 mM). Non-specific scrambled siRNA did not
significantly alter total FoxO3a expression during elevated D-glucose. In F, transfection of
siRNA against FoxO3a was performed in ECs and the expression of total FoxO3a protein was
assessed by immunofluorescence. In ECs with FoxO3a gene knockdown, no significant
expression of FoxO3a protein is present (*P<0.01 vs. untreated ECs = Control or HG). In G
and H, gene knockdown of FoxO3a with FoxO3a siRNA (siRNA) significantly blocks cleaved
(active) caspase 3 and caspase 1 activities 24 hours after elevated D-glucose exposure (HG =
high glucose, 20 mM). FoxO3a siRNA alone and non-specific scrambled siRNA were not
toxic. In addition, nonspecific scrambled siRNA did not change caspase 1 and caspase 3
activities when compared to elevated D-glucose alone (*P<0.01 vs. untreated ECs = Control;
†P<0.01 vs. HG). Each data point represents the mean and SEM from 6 experiments.
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