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Diabetes impedes vascular repair and causes vaso-
regression in the brain after stroke, but mechanisms
underlying this response are still unclear. We hypoth-
esized that excess peroxynitrite formation in diabetic
ischemia/reperfusion (I/R) injury inactivates the p85
subunit of phosphoinositide 3-kinase (PI3K) by nitration
and diverts the PISK-Akt survival signal to the p38-
mitogen-activated protein kinase apoptosis pathway.
Nitrotyrosine (NY), Akt and p38 activity, p85 nitration,
and caspase-3 cleavage were measured in brains from
control, diabetic (GK), or metformin-treated GK rats
subjected to sham or stroke surgery and in brain micro-
vascular endothelial cells (BMVECs) from Wistar and GK
rats subjected to hypoxia/reoxygenation injury. GK rat
brains showed increased NY, caspase-3 cleavage, and
p38 activation and decreased Akt activation. Metfor-
min attenuated stroke-induced nitrative signaling in
GK rats. GK rat BMVECs showed increased basal
nitrative stress compared with controls. A second hit by
hypoxia/reoxygenation injury dramatically increased
the nitration of p85 and activation of p38 but decreased
Akt. These effects were associated with impairment of
angiogenic response and were restored by treatment
with the peroxynitrite scavenger 5,10,15,20-tetrakis(4-
sulfonatophenyl)porphyrinato iron Ill chloride or the
nitration inhibitor epicatechin. Our results provide
evidence that I/R-induced peroxynitrite inhibits sur-
vival, induces apoptosis, and promotes peroxynitrite
as a novel therapeutic target for the improvement of
reparative angiogenesis after stroke in diabetes.

Diabetes increases the risk and amplifies the severity of
cerebral complications such as stroke and cognitive
impairment (1,2). As in other complications of diabetes,
such as retinopathy, nephropathy, or coronary artery dis-
ease, micro- and macrovascular disease is believed to play
an important role in the pathogenesis and progression of
these cerebral complications. Acute ischemic stroke is the
fourth leading cause of death but the number one cause of
adult disability in the United States (3,4). Therefore, ther-
apeutic strategies to improve functional outcome by
stimulating the brain’s recovery mechanisms are highly
important. Since brain function is heavily dependent on
constant cerebral blood flow, enhancement of angiogen-
esis by proangiogenic agents and/or stem cells is being
evaluated as a therapeutic modality in experimental
models of stroke. Our understanding of how diabetes
affects vascular plasticity and integrity of the brain, es-
pecially after stroke, is limited.

In a series of studies we showed that diabetes causes
increased, yet dysfunctional, neovascularization in the
cerebrovascular bed in type 2 diabetic Goto-Kakizaki (GK)
rats and ob/ob mice (5-7). These changes were mediated,
in part, by an increased vascular endothelial growth factor
(VEGF) angiogenic signal and diabetes-induced oxidative
stress (5-7). However, this augmented angiogenesis was
associated with poor vessel wall maturity, as indicated
by reduced pericytes along with increased numbers of
nonperfused vessels and permeability. When ischemia/
reperfusion (I/R) was superimposed on this pathology,
animals developed greater bleeding into the brain and
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exhibited worse functional outcome compared with con-
trols (8-10). A follow-up study showed that diabetes not
only impairs reparative neovascularization after stroke but
also impedes the recovery because of vascular regression
(6). Moreover, glycemic control with metformin after
stroke improved neurovascular repair and improved func-
tional outcome (6). The molecular mechanisms underlying
vascular regression after stroke in diabetes remain unclear.

Reactive oxygen species (ROS)/reactive nitrogen spe-
cies (RNS) act as signaling molecules of growth factors to
promote angiogenesis, but the emerging redox window
concept postulates that there is a delicate balance, and the
level of ROS/RNS is critical for the angiogenic response
(11,12). In the current study we tested the hypothesis
that I/R injury in a diabetic setting causes the formation
of excess peroxynitrite, which diverts phosphoinositide
3-kinase (PI3K)-Akt survival signals to p38-mitogen-
activated protein kinase (MAPK) apoptosis via nitration
and inactivation of the regulatory p85 subunit of PI3K. We
further postulated that metformin attenuates this response.

RESEARCH DESIGN AND METHODS

Animals

All animal procedures were carried out in accordance with
the National Institutes of Health guidelines under proto-
cols approved by Georgia Regents University and Charlie
Norwood VA Medical Center. Wistar rats were purchased
from Harlan (Indianapolis, IN), and GK rats were
purchased from Taconic Biosciences (Hudson, NY). Blood
glucose was measured during the light cycle every day. An
additional group of GK rats were treated with metformin
(300 mg/kg/day in drinking water) after stroke until
death. Since animals do not eat and blood glucose levels
decrease to normal levels immediately after stroke,
treatment was started when blood glucose reached
>140 mg/dL (on average 36 h after stroke) so hypogly-
cemia was not caused in the acute stroke period, which
can affect outcome. Animals were housed individually,
and water consumption was measured to optimize the
dosage of metformin. Blood glucose and body weight
data are summarized in Table 1.

Method of Ischemic Stroke

Control or diabetic male rats (250-300 g, 10-12 weeks
old) were randomized to sham or stroke surgery achieved
by occlusion of the middle cerebral artery (MCAO), as we
reported previously (6,13). Ischemia was induced for a pe-
riod of 90 min, and reperfusion was achieved by removal
of the filament. Animals were returned to their home
cages after MCAO and given easy access to food and wa-
ter. On day 14, animals were injected with 500 pL of
50 mg/mL fluorescein isothiocyanate-dextran (molecu-
lar weight 2,000,000; Sigma-Aldrich, St. Louis, MO)
through the jugular vein under pentobarbital anesthesia
to visualize blood vessels. Brains were processed in 4%
paraformaldehyde (24 h) and 30% sucrose in PBS for
immunohistochemical studies.
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Table 1—Blood glucose and body weight of animals
Initial blood Blood glucose

Body glucose at deatht
weightt (@)  (mg/dL) (mg/dL)
Wistar rats 318 = 6 <105 94 £ 75
GK rats 271 = 7 >140 197 + 8.5*
GK rats + metformin
treatment 299 + 12 >140 91 £ 5.9

*P < 0.05. tData are mean = SEM.

Immunolocalization Studies

Images were acquired from regions of interest (ROIs) B
(anterior to the middle cerebral artery [MCA] comprising
the frontal sensory cortex, bregma 3 to 1), C (medial
where the MCA branches out to supply the frontal motor
cortex, bregma 1 to —1), and D (posterior to the MCA
comprising the parietal cortex, bregma —1 to —3)
(Fig. 14, indicated by yellow squares). An overall repre-
sentation of these regions was obtained by imaging ROIs
from three different sections obtained from one slice.
Optical density values were obtained from each ROI,
and a mean value of three images from each section
was calculated. Each measurement from one animal com-
prised an average of nine images from the cortical region.
Brain sections were exposed overnight to monoclonal
anti-nitrotyrosine antibody (Millipore, Billerica, MA); poly-
clonal anti-cleaved caspase-3 (Calbiochem; EMD Millipore,
Darmstadt, Germany); monoclonal anti-phospho-Akt (Cell
Signaling Technology, Beverly, MA); or monoclonal anti-
phospho-p38 (Cell Signaling Technology). All the primary
antibodies were specific for rats and used in 1:200 dilutions
of 1% BSA in 0.3% Triton X-100 in PBS. The sections were
blocked using 0.1% horse serum dissolved in 1% BSA in
0.3% Triton X-100 in PBS. Then the sections were incu-
bated with 1:500 dilutions of Texas-red conjugated goat
anti-mouse or goat anti-rabbit antibodies (Invitrogen, Carls-
bad, CA) for 2 h. Images were acquired using an Axiovert
200 microscope (Carl Zeiss Microlmaging, Thornwood, NY).
Images were analyzed blindly for optical density using
ImageJ software (http://imagej.nih.gov/ij/index.html).

Cell Apoptosis

Fixed brain sections were immobilized on electrostatic
adherence glass slides (Travigen, Gaithersburg, MD) and
treated for in situ detection of apoptosis according to the
manufacturer’s protocol (TACS 2 TDT-DAB In situ Apo-
ptosis Detection Kit; Travigen). Positive cells were blindly
counted using an Axiovert 200 microscope (Carl Zeiss).
Results are presented as the mean number of positive
cells (n = 6-8 per group).

Isolation of Protein from Formalin-Fixed Brain Tissue

Protein was isolated from fixed brains using the
Qproteome FFPE Tissue Kit (Qiagen, Valencia, CA),
according to the manufacturer’s protocol. The Qpro-
teome FFPE Tissue Kit reverses the cross-linking process
and delivers full-length proteins ready for analysis by
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Figure 1—Diabetes increases basal and poststroke nitrotyrosine (NY) levels in the cerebrovasculature and brain parenchyma. Wistar (Wis)
and GK rats were subjected to 90 min of MCAO. On day 14, brains were assessed for NY levels via slot-blot and immunohistochemistry.
A: Depiction of coronal brain section C and ROlIs (yellow boxes) that were used for immunoblotting and immunohistochemistry studies. B:
Three representative images (top) and cumulative data (bottom) for nitrotyrosine levels in brain homogenates, as measured by slot-blot. C:
Representative immunohistochemistry images for NY signal and localization to cerebrovasculature. Animals were injected with fluorescein
isothiocyanate (FITC)-dextran to visualize blood vessels and reacted against NY antibody. Sham GK rats showed higher cerebrovascular
NY levels, as detected by both methods, compared with control Wis rats. I/R injury amplified NY formation in both groups. Treatment of
diabetic GK rats with metformin (GK Stroke Met) significantly reduced NY levels compared with GK animals with stroke. Results are shown
as mean + SEM. P < 0.0001, GK vs. Wis rats; *P < 0.0001, stroke vs. sham; *P < 0.003 GK rats treated with metformin vs. GK rats (n =

6-9).

Western blotting or protein array, with subsequent
immunodetection.

Isolation of Primary Brain Microvascular Endothelial
Cells from Wistar or GK Rats

Brain microvascular endothelial cells (BMVECs) were
isolated as described previously (5). Experiments were
performed using cells between passages 4 and 6. Cells

were switched to serum-free medium 6 h before cell
migration assay. The peroxynitrite decomposition catalyst
5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrinato iron
III chloride (FeTPPs; EMD Millipore) was used at a concentra-
tion of 5 pmol/L, whereas the nitration inhibitor epicatechin
was used at a concentration of 200 pwmol/L. Metformin
was used at a 5 mmol/L concentration.
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Hypoxia Treatment

BMVECs were grown to 80% confluence and then switched
to serum-free medium and placed in a hypoxic chamber
(0.2% Os, 5% COs) for 10 h, followed by 18 h of normoxia
(21% 0O, 5% CO,) to mimic ischemia. The 0.2% O, con-
centration was chosen for hypoxia (0.2% oxygen) exposure
based on previous research showing that 0.2% O, gener-
ates significant peroxynitrite without inducing toxicity in
BMVECs. The hypoxia (0.2% oxygen) exposure was pet-
formed in a humidified incubator modified by installing
a PROOX model 110 oxygen regulator (Biospherix, Red-
field, NY). The oxygen concentration was monitored con-
tinuously using the PROOX oxygen sensor.

Nitrotyrosine Slot-Blot Detection

Relative amounts of proteins nitrated on tyrosine resi-
dues were measured using the slot-blot technique, as
described previously (14).

Immunoprecipitation and Western Blot Analysis

Cells were harvested after various treatments and lysed
in modified radioimmunoprecipitation assay buffer
(Millipore). Total protein (50 pg) was boiled in 6X
Laemmli sample buffer, separated on a 10-12% SDS-
PAGE by electrophoresis, transferred to a nitrocellulose
membrane, and stained with a specific antibody. All primary
antibodies were rat specific: monoclonal anti-nitrotyrosine
antibody (Millipore), polyclonal anti-cleaved caspase-3
(EMD Millipore), monoclonal anti-phospho-Akt, poly-
clonal anti-Akt, anti-cleaved poly(ADP-ribose) polymerase
(PARP), polyclonal anti-p38, or monoclonal anti-phospho-
p38 (Cell Signaling Technology). For immunoprecipitation,
cell lysate (200 pg) was incubated with anti-p85 anti-
body (5 pug) and A/G agarose beads (Santa Cruz Biotech-
nology, Santa Cruz, CA) overnight. The precipitated
proteins were analyzed by SDS-PAGE and blotted with
antibodies against anti-nitrotyrosine or anti-p85 for equal
loading. Primary antibodies were detected using a horse-
radish peroxidase—conjugated antibody and enhanced
chemiluminescence (GE Healthcare, Piscataway, NJ). Rela-
tive optical densities of immunoreactivity were determined
by densitometry software (Alpha Innotech, ProteinSimple,
San Jose, CA).

Angiogenic Assays
The wound-healing and tube formation assays were
performed as described previously (15).

Data Analysis

Data are presented as mean * SEM. Data were assessed
for normality, and the assumptions of ANOVA and a log
transformation were used when needed. The effect of I/R
on diabetic animals was assessed using a 2-disease (Wistar
vs. GK) by 2-stroke (sham vs. I/R) ANOVA; a significant
interaction would indicate a differential effect on outcomes
of stroke dependent on disease status. Comparison of the
effect of metformin treatment on diabetic animals was de-
termined using a one-way ANOVA based on data from
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animals that experienced strokes (Wistar, GK, and GK +
metformin). Data from the in vitro cell studies were ana-
lyzed using a 2-disease (Wistar vs. GK) by 2-oxygenation
(normoxia vs. hypoxia) ANOVA to determine the effect of
oxygen deprivation; a significant interaction would indicate
a differential effect dependent on disease. Data from cells
subjected to oxygen deprivation were then analyzed using
a series of 2-disease (Wistar vs. GK) by 2-treatment (none
vs. EeTPPs or epicatechin) ANOVAs to determine the effect
of reoxygenation; a significant interaction would indicate
a differential effect due to disease status. SAS software
version 9.3 (SAS Inc., Cary, NC) was used for all analyses.
Statistical significance was determined at a < 0.05, and
a Tukey post hoc test was used to compare means from
significant ANOVAs.

RESULTS

Diabetes Increases Basal and Poststroke Nitrotyrosine
Levels in the Cerebrovasculature and Brain
Parenchyma

GK rats expressed higher basal levels of nitrotyrosine in
both cerebrovasculature and brain parenchyma compared
with control Wistar rats (Fig. 1B and C). I/R injury am-
plified nitrotyrosine formation in both Wistar and GK
rats. Treatment of GK rats with metformin significantly
reduced nitrotyrosine levels compared with untreated GK
rats (Fig. 1B and C).

Stroke Increases Apoptosis in Diabetic Rat Brains
Immunoblotting studies showed that GK rats showed
a higher basal level of caspase-3 activation compared with
sham Wistar rats (Fig. 2A4). I/R injury significantly in-
creased caspase-3 cleavage in both Wistar and GK rats
compared with sham (Fig. 2A). Treatment of diabetic
GK rats with metformin significantly reduced caspase-3
activation (Fig. 2A). To further confirm I/R-induced cell
death after stroke, we measured apoptosis using TUNEL
assay. Our results illustrate a significant interaction be-
tween diabetes and I/R injury such that the effect of
stroke is amplified in diabetes (Fig. 2B). Treatment of
diabetic GK rats with metformin significantly reduced
TUNEL-positive cells compared with the GK vehicle group
(Fig. 2B). Immunohistochemical studies for cleaved
caspase-3 showed a significant interaction between diabe-
tes and I/R injury. While I/R injury caused a twofold in-
crease in caspase-3 cleavage in Wistar rats, the impact was
greater in GK rats (Fig. 20).

Stroke Activates Proapoptotic Pathways in Diabetic
Rats via Increased Tyrosine Nitration

Akt activation, detected by immunohistochemistry, was
decreased (Fig. 3A) but the pP38 signal was increased
(Fig. 3B) in brain sections from diabetic animals. Met-
formin treatment prevented these changes. These results
were confirmed by immunoblotting, which showed de-
creased pAkt and increased pP38 levels in diabetes (Fig.
3C and D). Treatment with metformin significantly re-
stored Akt activation compared with the untreated GK
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Figure 2— Stroke increases apoptosis in diabetic rat brains. A: Western blot (left) and cumulative data (right) for cleaved caspase-3 in brain
homogenates from Wistar (Wis) and GK rats. Sham GK rats showed a higher basal level of caspase-3 activation (P < 0.05 vs. Wis Sham).
I/R injury increased caspase-3 cleavage in both Wis and GK rats (*P < 0.05 vs. control). Treatment of diabetic GK rats with metformin (GK
Stroke Met) significantly reduced caspase-3 activation compared with GK animals with stroke (*P < 0.001 vs. GK rats with stroke). B:
Apoptosis was further confirmed using TUNEL assay on brain sections. At baseline there was no difference between the control and
diabetes groups, but I/R injury significantly increased the positive cell count (white arrows) in GK rats but not in controls (**P = 0.0019,
disease and intervention interaction). Treatment of diabetic GK rats with metformin significantly reduced TUNEL-positive cells compared
with GK animals with stroke (*P < 0.001 vs. GK rats with stroke). Results are shown as mean + SEM (n = 6-8). C: Representative images of
(top and middle) and cumulative data (bottom) from coronal sections used in Fig. 1A that were stained for cleaved caspase-3. Sham GK rats
showed a higher basal level of caspase-3 activation (*P < 0.05 vs. Wis Sham). I/R injury increased caspase-3 cleavage in both groups, but
there was a disease and intervention interaction such that caspase-3 activation was greater in diabetic GK rats (**P = 0.0001). Treatment
with metformin significantly reduced caspase-3 activation compared with the untreated GK stroke group (*P < 0.0001 vs. GK rats with
stroke). FITC, fluorescein isothiocyanate.

group (Fig. 3C and D). Immunoprecipitation of brain lysate ~a significant increase in the nitration of p85 in sham
with antibody against the p85 subunit of PI3K followed by =~ GK rats, as well as in control and diabetic rats with stroke
immunoblotting against nitrotyrosine antibody showed (Fig. 3E).
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Figure 3—Stroke activates proapoptotic pathways in diabetic rats via increased tyrosine nitration of the p85 subunit. Representative immuno-
histochemistry images (top and middle) and cumulative data (bottom) for Akt (A) and p38 (B) localization and staining intensity show decreased
survival and increased proapoptotic markers in the cerebrovasculature in diabetes at baseline and after stroke (*P < 0.001 vs. Wistar [Wis]).
Treatment with metformin restored Akt activation compared with untreated GK rats after stroke (*P < 0.05). **P < 0.05 vs. sham. C: Repre-
sentative immunoblots (left) and cumulative data (right) of Akt activation in Wis and GK rat brain homogenates at baseline and after stroke. Our
results showed that GK rats showed significantly reduced levels of activated Akt compared with Wis rats (*P < 0.05). Treatment with metformin
significantly elevated Akt activation compared with GK rats after stroke (*P < 0.05). D: Representative immunoblots (left) and cumulative data
(right) of p38 activation in Wis and GK rat brain homogenates at baseline and after stroke. Our results showed that GK rats showed significantly
elevated levels of activated P38 compared with Wis (‘P < 0.05). Treatment with metformin significantly prevented p38 activation compared with
GK rats after stroke (*P < 0.05). E: Representative immunoprecipitation experiments showing the nitration of p85 subunit. Brain homogenates
were immunoprecipitated with p85 antibody followed by immunoblotting against nitrotyrosine (NY). Nitrated p85 levels were higher in GK rats
(*P < 0.05 vs. Wis Sham), and stroke increased them even more (*P < 0.05 vs. sham). Metformin treatment prevented this increase in p85
nitration (*P < 0.05). Results are shown as mean * SEM (n = 4-8). FITC, fluorescein isothiocyanate; 1.B, immunoblotting; I.P, immunoprecipitation.
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Hypoxia/Reoxygenation Increases Endothelial Cell
Nitrative Stress in Diabetes

To mimic the in vivo I/R injury induced by stroke, we
optimized an in vitro cell culture technique. BMVECs
isolated from both Wistar and GK rats were subjected to
oxygen deprivation for 10 h, followed by 18 h of normoxia.
Cells were treated at reoxygenation with either FeTPPs to
scavenge peroxynitrite or epicatechin to inhibit nitration.
As shown in Fig. 4A and B, cells from diabetic GK rats
showed greater nitrotyrosine levels under normoxic condi-
tions. There was a disease and intervention effect such that
hypoxia/reoxygenation augmented nitrotyrosine formation
in the GK BMVECs more than in the control cells. Treat-
ment with FeTPPs prevented hypoxia/reoxygenation-
induced nitrative stress in cells from GK rats (Fig. 44
and B). Moreover, treatment with the nitration inhibitor
caused a similar reduction of nitrotyrosine formation in
BMVECs from diabetic animals (Fig. 4A and B).

Hypoxia/Reoxygenation Increases Nitration of the p85
Subunit of PISK

Cells from GK rats had a higher basal level of p85
nitration, and exposing BMVECs to hypoxia/reoxygenation
caused a significant increase in cell types from both
Wistar and GK rats (Fig. 4B). Treatment with FeTPPs or
epicatechin prevented p85 nitration (Fig. 4B). Treatment
of GK endothelial cells with metformin (5 mmol/L) sig-
nificantly decreased nitrotyrosine formation (Fig. 4C) and
improved Akt activation (Supplementary Fig. 1) under

normoxic and hypoxic conditions. Immunoprecipitation
studies showed that metformin significantly decreased p85
nitration at normoxic as well as hypoxic conditions (Fig. 4D).

Hypoxia/Reoxygenation Inhibits Akt Survival and
Activates p38 MAPK Apoptosis Pathways

Cells from GK rats had relatively less phosphorylated Akt
at baseline. Exposing BMVECs to hypoxia/reoxygenation
significantly decreased Akt phosphorylation in cells from
both Wistar and GK rats (Fig. 5A and B). Treatment with
FeTPPs or the nitration inhibitor had a greater effect on
Akt activation in cells from GK rats compared with cells
from Wistar rats (Fig. 5A and B). As shown in Fig. 5C and
D, BMVECs from GK rats showed 2.6-fold higher basal
p38 activation. Hypoxia/reoxygenation further increased
p38 activation in BMVECs from both Wistar and GK rats
(Fig. 5C and D). Treatment with FeTPPs or epicatechin
decreased p38 activation, and this was more pronounced
in cells from GK rats (Fig. 5C and D).

Hypoxia/Reoxygenation Aggravates Endothelial Cell
Apoptosis in Diabetes

Baseline levels of cleaved caspase-3 were higher in cells
from GK rats, and hypoxia caused a significant increase in
caspase cleavage in cells from both control and GK rats
(Fig. 6A and B). Treatment with FeTPPs or epicatechin
decreased caspase cleavage, and this was more pro-
nounced in cells from GK rats. In parallel, BMVECs
from GK rats showed higher basal levels of PARP cleavage,
which was further augmented by I/R injury (Fig. 6A and
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Figure 4—Hypoxia/reoxygenation increases endothelial cell nitrative stress and nitration of the p85 subunit of PI3K in diabetes. BMVECs
isolated from Wistar (Wis) and GK rats were subjected to oxygen deprivation (oxygen <0.2%) for 10 h, followed by 18 h of normoxia
(oxygen 21%). Cells were treated with either the peroxynitrite decomposition catalyst FeTPPs (5 umol/L) or the nitration inhibitor
epicatechin (Epi; 200 umol/L) at reoxygenation. A: Representative images of total nitrotyrosine (NY) levels as detected by slot-blot analysis
in BMVECs from control and GK rats. Cells from diabetic GK rats showed greater NY levels under basal normoxic conditions compared
with controls (*P < 0.05 vs. Wis). A 2 (Wis and GK) X 2 (normoxia and hypoxia) ANOVA showed that hypoxia/reoxygenation increased NY
formation in GK but not Wis endothelial cells (*“P = 0.0008). Treatment with FeTPPs prevented hypoxia/reoxygenation-induced nitrative
stress in cells from GK rats but had no effect on cells from Wis rats (*P < 0.0001), indicating a disease and treatment interaction. Treatment
with Epi caused a similar reduction in NY formation in BMVECs from GK rats (“*P = 0.0008). B: Representative images of homogenates
immunoprecipitated (I.P) with p85 antibody and then immunoblotted (I.B) against NY antibody to assess p85 tyrosine nitration and p85
antibody for loading. GK rat cells had a higher p85 nitration at baseline and after hypoxia (H) compared with controls (*P = 0.006 vs. Wis).
Hypoxia/reoxygenation caused a significant increase in both Wis and GK rat cells (*P = 0.0006). A 2 (Wis and GK) X 2 (vehicle vs. treatment)
ANOVA showed that treatment with FETPPs or Epi prevented hypoxia/reoxygenation-induced p85 nitration in both Wis and GK rat cells
(**P < 0.0001). Results are shown as mean = SEM (n = 6-8). C: GK rat BMVECs treated with 5 mmol/L metformin significantly reduced
NY formation. Treatment with metformin prevented hypoxia/reoxygenation-induced nitrative stress in GK rats (*P < 0.05 vs. GK rats; *P < 0.01
vs. GK rat hypoxia). D: Metformin decreased p85 nitration in GK rat BMVECs under normoxic conditions and after hypoxia compared with
controls. *P < 0.05 vs. GK rats; P < 0.01 vs. GK rat hypoxia). Results are shown as mean = SEM (n = 4-6).

DISCUSSION

Diabetes worsens the outcome of acute ischemic stroke,
which is the leading cause of adult disability in the U.S.

(). Treatment with FeTPPs or epicatechin was more ef-
fective in cells from GK rats (Fig. 6A and O).

Hypoxia/Reoxygenation Impairs Angiogenic Response

Under normoxic conditions, cells from GK rats display
greater angiogenic potential, indicated by increased tube
length (Fig. 7A and B) and cell migration (Fig. 7C), con-
firming our previous studies (5). A hypoxic insult signifi-
cantly reduced the angiogenic properties of BMVECs, and
the reduction was larger in cells of GK rats (Fig. 7A-C).
Treatments that scavenge peroxynitrite or prevent nitration
recovered angiogenic properties in GK rat cells (Fig. 7A-C).

Given that the brain is a highly vascularized organ, re-
ceiving 20% of the cardiac output, the cerebrovasculature is
likely to play an important role in stroke injury and
recovery. We have shown that there is dramatic vascular
loss in the brain of diabetic animals, but not control
animals, after stroke. Building on this foundation, this
study addressed the potential mechanisms of cerebral
vasoregression in diabetes. We provide evidence that 1)
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Figure 5—Hypoxia/reoxygenation inhibits Akt survival and activates p38 MAPK. Akt and p38 activation were measured by immunoblot
analysis in BMVECs isolated from both Wistar (Wis) and GK rats subjected to hypoxia (H) (10 h) and reoxygenation (18 h). Cells were treated
with either the peroxynitrite decomposition catalyst FeTPPs (5 umol/L) or the nitration inhibitor epicatechin (Epi; 200 wmol/L) at reoxygen-
ation. A and B: Cells from diabetic GK rats showed lower Akt activation under basal normoxic as well as hypoxic conditions compared with
controls (*P < 0.05). Hypoxia/reoxygenation further decreased Akt phosphorylation in both groups (P < 0.0001). A 2 (Wis and GK
rats) X 2 (vehicle vs. treatment) ANOVA indicated a disease and treatment interaction such that treatment with FeTPPs or Epi prevented
this decrease in Akt phosphorylation to a greater extent in GK rat cells (**P < 0.0001). C and D: Cells from diabetic GK rats showed higher
phosphorylation of p38 under basal normoxic and hypoxic conditions compared with controls (*P < 0.05). Hypoxia increased p38
activation in both groups (*P < 0.0001). Treatment with FeTPPs or Epi indicated an interaction showing that either treatment is more
effective in GK rat cells (**P = 0.0089 and ***P = 0.0029). Results are shown as mean = SEM (n = 6-8).

I/R injury of the brain in the diabetic setting increases
nitrative stress; 2) increased nitrative stress causes the
nitration of the regulatory subunit of PI3K, p85, and
the nitration of the p85 subunit diverts the downstream
Akt survival signal to the apoptotic p38 MAPK pathway;
3) increased nitrative stress also impairs the angiogenic

properties critical for repair; 4) a peroxynitrite decompo-
sition catalyst or a nitration inhibitor prevents nitrative
stress and resulting endothelial apoptosis in diabetes;
and, finally, 5) metformin treatment in the period after
stroke prevents nitrative stress-mediated endothelial ap-
optosis in vivo and in vitro.
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Figure 6—Hypoxia/reoxygenation aggravates endothelial cell apoptosis in diabetes. Cleaved caspase-3 and PARP were measured by
immunoblot as indices of apoptosis in BMVECs isolated from both Wistar (Wis) and GK rats subjected to hypoxia (H) and reoxygenation. Cells
were treated with either the peroxynitrite decomposition catalyst FETPPs (5 wmol/L) or the nitration inhibitor epicatechin (Epi; 200 wmol/L)
at reoxygenation. A and B: Cleaved caspase-3 levels are higher in GK rat cells at baseline and hypoxia compared with controls (*P < 0.05).
Hypoxia/reoxygenation caused a significant increase in caspase cleavage in both control and GK rat cells (*P < 0.0001). Treatment with
FeTPPs or Epi decreased caspase cleavage compared with the hypoxia groups, and this was more pronounced in GK rat cells (*P <
0.0001). C: In parallel, GK rat BMVECs showed higher PARP cleavage at baseline and hypoxia compared with controls (*P < 0.05).
Hypoxia/reoxygenation caused a significant increase in cleaved PARP in both control and GK rat cells (P < 0.0001). Treatment with
FeTPPs or Epi decreased caspase cleavage compared with the hypoxia groups, and this was more pronounced in GK rat cells (P <

0.0001). Results are shown as mean = SEM (n = 6-8).

Diabetes augments acute neurovascular injury and
worsens stroke outcome, but the impact of diabetes on
neurovascular restoration and recovery after stroke is far
less clear (11,16). Accumulating evidence suggests that
vascular and neuronal repair in the brain are coupled.
Creation of an angiogenic microenvironment precedes
and promotes axonal remodeling, as well as neuroblast
migration along new blood vessels, emphasizing the im-
portance of the cerebrovasculature in repair and recovery
(17,18). Enhancement of angiogenesis is considered
a therapeutic modality to improve functional outcome
after stroke. The limited nature of the evidence of cerebral
neovascularization after stroke, however, calls for caution.
Ye et al. (19) reported that increased angiopoietin (Ang)-2
and decreased Ang-1 levels promote immature vessel for-
mation in the infarcted hemisphere in type 1 diabetic rats,
leading to poor functional outcome. Another study
showed that angiogenesis is impaired in type 2 diabetic

GK rats after stroke, and this is associated with decreased
VEGF and increased angiostatin signaling (20). We also
reported impaired angiogenesis as well as vascular regres-
sion in GK rats 14 days after stroke (6). This study also
showed that metformin treatment in the recovery phase
after stroke prevented vasoregression and improved func-
tional recovery. Collectively, these studies suggest that
impaired angiogenesis means not only failure to stimulate
new vessel formation but also failure to stimulate stable
and functional new vessels in both type 1 and type 2
models of diabetes. Thus optimization of the angiogenic
response to generate fully functional vessels or signals to
promote neurovascular restoration is likely to be the key
to successful recovery after diabetic stroke. Building on
this strong foundation, the current study used type 2 di-
abetic GK rats that are amenable to treatment by oral
hypoglycemic agents. Our results unravel oxidative
stress—dependent mechanisms of endothelial cell death
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Figure 7—Hypoxia/reoxygenation impairs angiogenic response. The angiogenic signal was assessed using tube formation and
cell migration assays. For tube formation assay, BMVECs isolated from both Wistar (Wis) and GK rats were added to a reduced growth
factor matrigel and subjected to hypoxia (H) and reoxygenation. Cells were assessed for mean tube length. Representative images in
panel A and cumulative data in panel B show that, under normoxic conditions, GK rat cells display greater angiogenic potential,
indicated by increased tube length (*P < 0.05). Hypoxic insult significantly reduces the angiogenic properties of BMVECs in both
Wis and GK rat cells, and this effect was more pronounced in cells from GK rats (*P = 0.001). Treatment with FeTPPs or epicatechin
(Epi) recovered angiogenic properties in GK rat cells (**P < 0.0001). C: A similar pattern was observed in cell migration. Results are

shown as mean = SEM (n = 6-8). EC, endothelial cell.

in the brain in diabetes if an ischemic injury is superim-
posed, and it identifies peroxynitrite as a potential target
to improve neurovascular restoration and functional
recovery.

Angiogenesis is a complex process. While numerous
anti- and proangiogenic growth factors are involved, it is
widely accepted that VEGF-A plays a central role in the
regulation of angiogenesis. Activation of VEGF receptor-
2 is followed by a cascade of downstream signaling to
promote endothelial cell survival, proliferation, and
migration and prevent endothelial apoptosis. VEGF
activation of VEGF receptor-2 transduces the antiap-
optotic signal via the PI3K/Akt signaling pathway (21,22),
and ROS/RNS act as signaling molecules, mediating this
effect (14,15). We previously reported that VEGF medi-
ates an angiogenic response in BMVECs from diabetic GK

rats in a peroxynitrite-dependent manner (5). In the cur-
rent study, however, we found peroxynitrite-mediated ap-
optosis in the same cells after hypoxia/reoxygenation. The
redox state of the microenvironment is important for the
angiogenic response. Therapeutic approaches to enhance
angiogenesis failed in ischemic cardiovascular disease
(12,23). As recently reviewed, one potential reason was
identified as patients with coronary artery disease being
vastly different from the young and healthy animals used
for preclinical studies (24). These studies led to the “redox
window” concept, which postulates that mild but not se-
vere increases in ROS and RNS are needed to induce
angiogenesis. The current study provides supportive evi-
dence for this concept and also suggests that therapeutic
angiogenesis may not be achievable or desirable in the
diabetes setting. Indeed, Chen et al. (25) showed that
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cell therapy with bone marrow stromal cells improved
repair and functional recovery in control but not diabetic
animals, where the approach worsened blood-brain bar-
rier integrity.

Tyrosine nitration is one of the stable posttransla-
tional modifications produced via the nitration of tyrosine
residues by peroxynitrite (14,26). The formation of excess
nitrotyrosine has been previously reported in ischemic
models of transient MCAO/reperfusion, as well as in other
brain injury models (13,27-35). Our results are in agree-
ment with other studies that showed that diabetes
increases peroxynitrite and tyrosine nitration (7,36-39).
In the current study we examined the nitration of the
p85 subunit of PI3K as a target that determines the
fate of endothelial cells in the diabetic stroke setting,
since previous studies suggested that nitration of this
regulatory subunit acts as a switch in modulating cell
survival (14,40,41). Our in vivo and in vitro data suggest
that preventing nitration of the p85 subunit using per-
oxynitrite prevents endothelial apoptosis, and that
FeTPPs or epicatechin can be used to improve endothe-
lial survival and recovery after ischemic brain injury in
diabetes.

We reported that glycemic control with metformin
prevents cerebrovascular remodeling, as well as dys-
functional neovascularization, in diabetes (7,10). In a re-
cent study metformin treatment started after vascular
disease was established was able to reverse diabetes-
mediated structural changes in the cerebrovasculature
(42,43). Although clinical trials focusing on the impact
of glycemic control on cardiovascular outcomes had
mixed results, tight glycemic control has been an effec-
tive treatment for the prevention of microvascular
complications such as diabetic nephropathy and reti-
nopathy (44-49). Metformin is a first-line drug com-
monly used to treat patients with type 2 diabetes. We
demonstrated that glycemic control induced by metfor-
min in rats that had not achieved prior glycemic control
attenuated vasoregression after stroke and improved
functional outcomes, including cognitive deficits (6). In
the current study we provide evidence that metformin
treatment reduces nitrative stress in vivo, suggesting that
hyperglycemia contributes to stroke-induced oxidative
stress. Interestingly, however, metformin reduces nitrotyr-
osine formation and nitration and improves Akt phos-
phorylation in endothelial cells in vitro, suggesting
that metformin has direct antioxidant effects in addi-
tion to its glucose-lowering actions, both of which
may contribute to improved endothelial cell survival and
angiogenic response. Further studies with other hypoglyce-
mic agents are warranted to clarify the contribution of
glycemic control to the improvement of vascular repair
after stroke.

Our studies have the following limitations. First, with
the exception of VEGF, we did not measure other
angiogenic/antiangiogenic factors in our model. Our data
(Supplementary Fig. 2) show that VEGF levels are higher
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in cells from GK rats at baseline, and while hypoxia/
reoxygenation increases VEGF in control cells, there is
no further increase in GK rat cells. Given that VEGF
works in concert with Ang-2 and Ang-1, the angiogenic/
antiangiogenic profile needs to be investigated further in
future studies. Along the same lines, improvement
of endothelial cell survival by metformin may not
be solely due to enhancement of VEGF and/or other
angiogenic signaling. For example, augmented insulin
receptor substrate-1 signaling by metformin may con-
tribute to Akt-mediated survival. Second, this study
investigated the effect of peroxynitrite scavenging
and inhibition of nitration on angiogenic response
only in the in vitro model and did not use FeTPPs or
epicatechin as a therapeutic strategy in animals in the
recovery period after stroke. Third, this study did not
measure vascularization indices and functional out-
come parameters after stroke because our previous
study reported these measurements. Nevertheless,
our results are important because they identify poten-
tial molecular targets to prevent vasoregression that
occurs after I/R in diabetes and suggest that excess
nitrative stress in the diabetic stroke setting acts as
a switch, diverting protective survival signaling to an
apoptotic pathway (Fig. 8). Our results show that met-
formin reduces nitrative stress and improves endo-
thelial survival in the period after stroke, possibly
via direct antioxidant and glucose-lowering effects.
Based on this solid foundation, studies investigating
the impact of peroxynitrite scavenging or inhibition of
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Figure 8—A schematic representation of the proposed mechanism
by which I/R injury in the diabetic setting increases peroxynitrite and
nitrative stress, resulting in tyrosine nitration of p85, the regulatory
subunit of PI3K. I/R diverts the downstream Akt survival signal to
the apoptotic p38 MAPK pathway, which increases endothelial ap-
optosis and decreases cerebral angiogenesis. EC, endothelial cell;
NY, nitrotyrosine.
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nitration alone or in combination with glycemic control
on vascular repair and functional recovery after stroke
will be of high translational value.
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