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Abstract

Diabetes is a major stroke risk factor and is associated with poor functional recovery after stroke.
Accumulating evidence indicates that the worsened outcomes may be due to hyperglycemia-
induced cerebral vascular complications, especially disruption of the blood-brain barrier (BBB).
The present study tested a hypothesis that the activation of hypoxia inducible factor-1 (HIF-1) was
involved in hyperglycemia-aggravated BBB disruption in an ischemic stroke model. Non-diabetic
control and Streptozotocin-induced type | diabetic mice were subjected to 90 min transient middle
cerebral artery occlusion (MCAO) followed by reperfusion. Our results demonstrated that
hyperglycemia induced higher expression of HIF-1a and vascular endothelial growth factor
(VEGF) in brain microvessels after MCAO/reperfusion. Diabetic mice showed exacerbated BBB
damage and tight junction disruption, increased infarct volume as well as worsened neurological
deficits. Furthermore, suppressing HIF-1 activity by specific knock-out endothelial HIF-1a
ameliorated BBB leakage and brain infarction in diabetic animals. Moreover, glycemic control by
insulin abolished HIF-1a up-regulation in diabetic animals and reduced BBB permeability and
brain infarction. These findings strongly indicate that HIF-1 plays an important role in
hyperglycemia-induced exacerbation of BBB disruption in ischemic stroke. Endothelial HIF-1
inhibition warrants further investigation as a therapeutic target for the treatment of stroke patients
with diabetes.
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Introduction

Ischemic stroke is a leading cause of death and long-term disability in the United States and
worldwide, and diabetes is the most rapidly increasing risk factor for stroke. Approximately
30-40% of ischemic stroke patients present with admission hyperglycemia, either due to
diabetes or due to a generalized stress reaction (Gray et al., 2007). The relative risk of
cerebrovascular disease or stroke is 2 to 6-fold higher in diabetes (Rosamond et al., 2007). In
addition to the increased stroke incidence, diabetes and hyperglycemia are associated with
worsened stroke outcomes, leading to increased mortality and poor functional recovery
(Capes et al., 2001; Kruyt et al., 2010; Martini and Kent, 2007). Since diabetic patients are at
a higher risk of stroke and have poorer prognosis compared to the non-diabetic population, a
better understanding on how diabetes affects ischemic stroke outcome is pivotal for
developing better prevention and treatment strategies before and after an ischemic insult.

During ischemic stroke, cerebral ischemia and subsequent reperfusion result in harmful
consequences, including the breakdown of the blood-brain barrier (BBB), which leads to
severe neurologic deficits through aggravation of edema formation and brain hemorrhage
(Borlongan et al., 2012; Jung et al., 2010; Latour et al., 2004). Acute hyperglycemia
increases infarct volume, brain swelling and hemorrhagic transformation in rat models
(McBride et al., 2016). The incidence and severity of BBB damage is markedly higher in
stroke patients with diabetes or stress hyperglycemia than those without, implying a
prominent role for high blood glucose in the development and exacerbation of BBB
disruption (Baird et al., 2003; Capes et al., 2001; Rosso et al., 2015). Moreover, in acute
stroke patients who received tPA treatments, hyperglycemia was associated with increased
mortality and worse clinical outcomes (Masrur et al., 2015). However, the mechanisms
underlying diabetes- and hyperglycemia-mediated exacerbation in ischemic brain injury
remain largely unexplored and are of great importance in identifying novel therapeutic
targets for cerebrovascular protection.

Hypoxia-inducible factor 1 (HIF-1) is a key transcription factor in response to hypoxia/
ischemia. It is a heterodimer of two subunits, the regulatable HIF-1a and constitutively
expressed and stable HIF-1pB. The activity of HIF-1 is primarily determined by the level of
the a subunit. HIF-1 is implicated in cerebral vascular disorders in various pathological
conditions, such as ischemic stroke, sabarachnoid hemorrhage, and traumatic brain injury.
Inhibition of HIF-1 ameliorates hypoxia-induced BBB disruption and the subsequent brain
damage in both adult (Chen et al., 2007) and neonatal rodent ischemic stroke models (Chen
et al., 2008). Previous studies have shown that HIF-1 disrupts BBB integrity by enhancing
the expression of its target gene vascular endothelial growth factor (VEGF) (Yeh et al.,
2007), a potent vascular permeability enhancing factor. Furthermore, we have reported that
high glucose treatment upregulates HIF-1a. expression in /n vitro endothelial cell culture
(Yan et al., 2012). In addition, increased HIF-1a expression was found in the retina (Pouliot
et al., 2012) and renal tubular epithelial cells (Tang et al., 2012) of diabetic animal models.
In light of the above, we determined the effect of hyperglycemia on the expression of
HIF-1a and its down-stream factor VEGF using an ischemic stroke model of mouse. We
also examined whether BBB dysfunction and brain damage could be prevented by inhibition
of endothelial HIF-1a. Finally, we determined if normalization of blood glucose levels in
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diabetic animals could prevent enhanced BBB breakdown through modulation of HIF-1a
pathway.

Materials and Methods

Animals

All procedures using animals were approved by the Institutional Animal Care and Use
Committees of University of Kansas and conformed to the National Institutes of Health
Guidelines for use of animals in research. Animals were maintained in a climate-controlled
vivarium with a 12 h light-dark cycle with free access to food and water. Male wide type
(WT) C57BL/6 mice were from Charles River Laboratory (Wilmington, MA). Mice
(B6.129-hif-1a"™3R5913) carrying homozygous HIF-1a floxed alleles (HIF-1a.F/F) were
generated by engineering loxP sites flanking exon 2 of the HIF-1a gene as described
previously (Ryan et al., 2000) and bought from the Jackson Laboratory (stock number:
007561, Bar Harbor, ME). Tie2-Cre transgenic mice (B6.Cg-Tg ( 7ek-cre)1YwalJ) expressing
cre recombinase under the control of the receptor tyrosine kinase 7ek (Tie2)promoter were
generated as described previously (Kisanuki et al., 2001) and also bought form the Jackson
Laboratory (stock number: 004128). All mice strains were maintained on a C57BL/6J
background. All animals were acclimated to the environment for 7 days before the
experiments. The mouse strain B6.Cg-Tg ( 7ek-cre) was crossed with homozygote
HIF-1a.F/F mice to generate Cre*/~: HIF-1a™W! which were crossed with homozygote
HIF-1aFF mice to generate HIF-1a mutants Cre*/~: HIF-1aF/F, designated as endothelial
specific HIF-1a knock-out HIF-1a/2 as described previously (Diebold et al., 2012).
Littermates with the Cre™~: HIF-1aF/F genotypes were used as controls for each group of
experiments. For genotyping, genomic DNA was isolated from tail biopsies collected at 21 d
of age using the DNeasy genomic DNA isolation kit (Qiagen, Valencia, CA). HIF-1aF and
wild-type alleles were detected using the following primers: 5'-CGT GTG AGA AAA CTT
CTG GAT G- 3’ and 5'-AAA AGT ATT GTG TTG GGG CAG T-3’. Transgenic mice
expressing Cre recombinase were identified using primers: 5'-GCG GTC TGG CAG TAA
AAA CTA TC-3" and 5’-GTG AAA CAG CAT TGC TGT CAC TT-3". The PCR reactions
were performed with the Omni Clenttaq polymerase (DNA Polymerase Company, St. Louis,
MO). The products were run on a 3% agarose gel for HIF-1a or Cre.

Middle cerebral artery occlusion (MCAO)

Transient focal cerebral ischemia was induced by surgical occlusion of the middle cerebral
artery. The procedure of MCAO followed by reperfusion was conducted using an
intraluminal model as previously described (Liu et al., 2004). For the anesthesia, 2.0%
isoflurane in medical Oy was used for induction, and 1.0% for maintenance. Duration of
anesthetic exposure was kept the same for each animal. Following a midline neck incision,
external carotid artery (ECA), internal carotid artery (ICA), and pterygopalatine artery of
ICA were exposed. A silicone rubber-coated monofilament nylon suture (Doccol
Corporation, Sharon, MA) with a diameter of 0.23 mm was inserted into the ICA via a slit
on the ECA. The suture was advanced along the ICA to the extent of 9 to 10 mm from the
bifurcation of mice. Reperfusion was produced by gently withdrawing the suture until the
suture tip reached the bifurcation and the incision closed 90 min after the onset of ischemia.
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After surgery, the animals were allowed to recover from anesthesia while being given food
and water ad libitum. Buprenorphine was administrated at 0.1mg/kg subcutaneously as post-
operative analgesia. For all animals used in this study, successful MCAO was confirmed by
laser Doppler flowmetry (LDF) (Moor Instruments, Wilmington, DE) as described in the
literature (Takagi et al., 1994). During ischemia, LDF regional cerebral blood flow dropped
to 17.2 + 4.3% of the preischemic level; and after reperfusion the blood flow was restored to
88.4 + 4.6% of pre-ischemic level. During the experiment, the mice body temperature was
maintained within the range of 37.0 + 0.5°C by the heating pad. Sham-operated animals
underwent the same anesthesia and surgical procedures without the occlusion of MCA.
Animals that did not show any neurological deficits or died within 24 h after MCAQO were
excluded.

Induction of diabetes and administration of insulin

Six-week-old mice were rendered diabetic with intraperitoneal injections of freshly prepared
streptozotocin (STZ). Immediately before injection, STZ was dissolved in 0.2 ml sodium
citrate buffer (pH 4.5). Mice received one round of STZ injection each day for three
consecutive days (day 1: 85 mg/kg, day 2: 70 mg/kg, and day 3: 55 mg/kg). We chose the
dose of STZ based on a number of previous publications (Kennedy and Zochodne, 2005;
Murray et al., 2005; Neitzel et al., 2003; Panagia et al., 2005; Urban et al., 2010). Three days
after the last injection, mice with fasting blood glucose > 290mg/dl were deemed diabetic
(One-Touch Ultra glucometer). Because it has been reported that increasing BBB
permeability in STZ-induced diabetic animals requires at least 4 weeks, the mice were
subjected to MCAQ 4 weeks after the STZ injection (Huber et al., 2006).

For the long-term insulin treatment, insulin (0.7 U/mouse/d, subcutaneously) was
administrated daily from third day after the last STZ injection until the mice were sacrificed
(Thomas et al., 2013). For the mice treated with insulin only at the onset of reperfusion,
continuous administration of intermediate-acting insulin was performed during the 24 h
reperfusion. Mice were treated with three times of insulin injection at 0, 8, and 16 h of
reperfusion at a total dose of 0.7 U. Another group of STZ mice were treated with a low
dose of insulin which was not able to correct the mice blood glucose level. Mice were
injected with insulin at the onset of reperfusion at 2 U/kg (about 0.04-0.05 U/mouse) (Fanne
etal., 2011; Rizk et al., 2006). The level of blood glucose in each group before and after
ischemia was summarized in Table 1. For the insulin receptor signaling activation
experiments (Supplementary Fig. 1), non-diabetic control mice received one dose of insulin
injection at 2 U/kg. For acute hyperglycemia induced by glucose injection (Supplementary
Fig. 3), mice received continuous intraperitoneal injection of 25% glucose solution during
reperfusion period (Akamatsu et al., 2015). The blood glucose level in the induced-
hyperglycemic mice was maintained above 300 mg/dL throughout the reperfusion.

Isolation of cerebral microvessels

Since the BBB is formed at the level of cerebral microvessels, the microvessels were isolated
from mouse brains to analyze protein expressions of HIF-1a., VEGF, and tight junction (TJ)
proteins. At the indicated time points of reperfusion, mice were anesthetized and euthanized
by decapitation. The brain microvessels were isolated from freshly removed brains as
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described previously (Seelbach et al., 2007). Briefly, brains were removed from the skull and
immediately immersed in ice-cold PBS. Choroid plexus, meninges, cerebellum, and brain
stem were removed, and ipsilateral and contralateral hemispheres were separated and
homogenized in isolation buffer separately. Then 26% dextran was added to the
homogenates, and samples were centrifuged (58009, 4°C) for 10 min. The supernatants were
discarded; pellets were re-suspended and filtered through a 100 um mesh filter. The filtered
homogenates were re-pelleted by centrifuge (1500 g, 10 min), and either smeared on
microscope slides for immunostaining by fluorescence microscopy or re-suspended in lysis
buffer for Western blotting analysis.

Western blotting

Cerebral microvessels isolated from contralateral and ipsilateral hemispheres were
homogenized in an ice-cold RIPA buffer with 1ug/ml of a protease inhibitor cocktail
(Thermo scientific, Rockford, IL), and sonicated for 10 s. The homogenates were
centrifuged at 14,000 rpm for 15 min at 4°C, and the supernatants were collected. For the
experiments in Supplementary Fig. 1, the whole brains were isolated and homogenized.
Standard Western blotting procedures were followed. The primary antibodies were rabbit
anti-HIF-1a (Millipore, Billerica, MA), ZO-1 (40-2200, Invitrogen, Carlsbad, CA),
occludin (33-1500, Invitrogen), claudin-5 (34-1600, Invitrogen), VEGF (sc-507, Santa Cruz
Biotechnology, Santa Cruz, CA), rabbit anti-phospho-Akt (Thr308) (#9275, Cell Signaling
Technology, MA, USA), rabbit anti-Akt (#9272, Cell Signaling Technology), rabbit anti-
phospho-p70 S6K (Thr389) (#9205, Cell Signaling Technology), rabbit anti-p70S6K
(#9202, Cell Signaling Technology), and p-actin (sc-1616, Santa Cruz). The secondary
antibody was goat anti-rabbit IgG-HRP (sc-2030, Santa Cruz Biotechnology, Santa Cruz,
CA). B-actin was used as an internal control.

Immunohistochemical staining

Freshly isolated microvessels were spread onto microscope slides and heat-fixed for 10 min
at 95°C followed by treatment with 4% paraformaldehyde for 10 min. The microvessels
were then washed with PBS and permeabilized in PBS containing 0.1% Triton-X100 for 10
min. The nonspecific binding sites were blocked with PBS containing 0.05 % triton-X100
and 0.25 % BSA for 1 h. Primary ZO-1 antibody was diluted (1:100) in blocking buffer and
incubated with sections overnight at 4°C. Secondary antibody was donkey anti-rabbit Alexa
488 (Molecular Probes, Carlsbad, CA). Images were routinely captured with a Leica DMI
4000B fluorescent microscope. All immunohistochemical staining data were obtained in a
blinded manner.

Evaluation of neurological deficits, infarct size and brain edema volume

At 24 h reperfusion, mice were evaluated for neurological deficits in a blinded fashion based
on a modified scoring standard of Rogers et al.(Rogers et al., 1997) with: 0=no deficit;
1=failure to extend right forepaw fully; 2=decreased grip of the right forelimb while tail
gently pulled; 3=spontaneous movement in all directions, contralateral circling only if pulled
by the tail; 4=circling or walking to the right; 5=walks only when stimulated,;
6=unresponsive to stimulation with a depressed level of consciousness. In addition, mortality
was calculated at 24 h after MCAO/reperfusion.
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Mice were anesthetized and euthanized by decapitation immediately after scoring. The
brains were removed and sectioned into 2 mm slices. The slices were incubated in a 2%
solution of TTC in PBS (pH 7.4) at 37°C for 30 min and fixed in 10% formalin. TTC
staining has been widely used to reflect accurately the extent of irreversible ischemic
damage in cerebral tissues in rodents (Bederson et al., 1986). TTC-stained brain sections
were photographed using a digital camera (Powershot 400 digital camera, Canon) and
analyzed using Image J for determination of infarct area and brain edema. To compensate
for the effect of brain edema, the corrected infarct volume was calculated as previously
described. The brain edema percentage was determined as (ipsilateral volume—contralateral
volume)/contralateral volume.

Determination of BBB permeability

BBB permeability was assessed by measuring extravasation of Evans blue (EB) dye. EB
(2% in saline, 6 ml/kg body weight) was injected through tail vein right after reperfusion
according to a previous report (Liu et al., 2011). At the end of reperfusion, mice were
transcardially perfused with saline under anesthesia until colorless perfusion fluid was
obtained from the right atrium. After decapitation, the brain was removed and sectioned into
2 mm slices. The whole brain and brain sections were photographed using a digital camera
(Powershot 400 digital camera, Canon). Then, the tissue from contralateral and ipsilateral
hemispheres was separately weighed and soaked in 1 ml of 50% trichloroacetic acid
solution. After homogenization and centrifugation, the extracted EB was diluted with
ethanol (1:3); and fluorescence intensity was measured at 620 nm and 680 nm for excitation
and emission, respectively, using a fluorescence reader. The tissue content of EB dye was
quantified from a linear standard curve derived from known amounts of the dye and was
expressed as micrograms per gram of tissues.

Statistical analysis

Results

The results were presented as mean with a standard deviation of mean. Comparisons of
Western blotting, EB leakage, edema formation, and infarct volumes were carried out by
ANOVA test, followed by Tukey's correction (R 3.0.1). Neurological scores were compared
using Kruskal-Wallis analysis followed by Bonferroni correction. A p<0.05 was considered
statistically significant.

Diabetic mice demonstrated increased BBB permeability and worsened stroke outcomes
after ischemia/reperfusion

We utilized STZ-induced diabetic mice as a model of chronic hyperglycemia that occurs in
diabetes mellitus. At 4 weeks after STZ injection, the diabetic mice exhibited significantly
higher level of blood glucose than the non-diabetic control mice (Table 1). Both diabetic and
control mice were subjected to 90 min MCAQO and 24 h reperfusion. BBB permeability was
assessed at the end of reperfusion. As shown in Fig. 1, EB leaked mainly into the ipsilateral
hemisphere with only insignificant, low background level in the contralateral hemisphere of
both control and diabetic mice, suggesting that the 4-week diabetes didn't elevate BBB
permeability to macromolecular proteins such as albumin under basal condition. Diabetic
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mice showed remarkable increase in EB leakage in the ipsilateral hemisphere, which
indicated that hyperglycemia aggravated stroke-induced BBB breakdown. Consistent with
the increased EB leakage, more pronounced brain edema was observed in the ipsilateral
brains of diabetic mice (Fig. 1C). As BBB dysfunction after stroke might affect infarct
expansion and stroke outcome, we evaluated the infarct volume and functional recovery in
control and diabetic mice. Diabetic mice demonstrated significantly increased lesion volume
(82 mm3, compared to 54 mm3 in the control group) and more severe neurological
impairments (Fig. 1E and F). In summary, diabetic mice exhibited increased BBB leakage,
edema formation, infarct volume and neurological deficits after transient focal ischemia.
These results suggest that the STZ-induced diabetic mouse is a good model for investigating
the molecular mechanism underlying hyperglycemia-enhanced BBB disruption in stroke.

Hyperglycemia enhanced endothelial HIF-1a and VEGF expression in ischemic brains
during reperfusion

To study whether endothelial HIF-1a was induced by hyperglycemia in ischemic brains, we
isolated the brain microvessels from ipsilateral brains at various time points after ischemia
and determined the expression of HIF-1a. in microvessel homogenates. As shown in Fig.
2A, ischemia increased the endothelial HIF-1a protein level in control (non-diabetic) mice.
Reperfusion did not decrease but further elevated the HIF-1a. level, which peaked at 6 h of
reperfusion and remained elevated for at least 24 h. In diabetic mice, the protein level of
HIF-1a was significantly increased at all time points following MCAQ, suggesting that
hyperglycemia further enhanced cerebral endothelial HIF-1a expression throughout the
post-ischemic period. It is noteworthy that diabetic mice showed higher HIF-1a basal level
than control mice.

VEGF is a well-characterized transcriptional target of HIF-1. It is a potent vascular
permeability enhancing factor that increases BBB leakage in the post-ischemic brain. VEGF
expression in ischemic brain microvessels was substantially increased at 6 h following
reperfusion and was maintained for at least 24 h, which correlated well with the time course
of HIF-1a expression (Fig. 2C and D). The protein levels of VEGF in both sham and
ischemic brains of diabetic mice were significantly higher than that of control mice,
suggesting that diabetes enhanced the expression of HIF-1 down-stream factor VEGF in
brain microvessels.

Hyperglycemia enhanced TJ protein degradation in microvessels of ischemic brains

The TJs between endothelial cells of cerebral capillaries are critical in maintaining BBB
integrity (Almutairi et al., 2015). Decreased TJ protein expressions or variations in
subcellular TJ protein localization are associated with alterations in BBB permeability. TJs
consist of the transmembrane proteins (e.g. claudins, occludin) and cytoplasmic accessory
proteins (e.g. Z0O-1) that connect the transmembrane proteins to the actin cytoskeleton. To
determine whether exacerbated BBB disruption induced by hyperglycemia is associated with
decreased levels of TJ proteins following cerebral ischemia, we determined the protein levels
of ZO-1, occludin, and claudin-5 in isolated brain microvessels. As shown in Fig. 3,
consistent with the BBB permeability results, the level of all three proteins in the ischemic
hemisphere of diabetic mice were significantly reduced, compared with that of control mice.
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Diabetic mice also showed lower level of occludin and ZO-1 in contralateral hemisphere.
Furthermore, we studied the arrangement pattern of ZO-1 on brain microvessels by
immunostaining. The immunostaining study revealed relatively continuous and linear
staining of ZO-1 in the contralateral brain microvessels. Ischemia/reperfusion diminished
staining intensity and disrupted the continuity of ZO-1. Moreover, the loss of ZO-1 was even
more obvious in the diabetic ipsilateral brain microvessels. The results above demonstrated
that diabetes further disrupted BBB by decreasing TJ proteins in ischemic brain.

Endothelial-specific HIF-1a knock-out reduced BBB permeability and brain infarction in
diabetic mice

To investigate the specific role of HIF-1 in hyperglycemia-aggravated BBB disruption, we
utilized endothelial-specific HIF-1a. knock-out mice (HIF-1a2/2). The deletion was
achieved by crossing mice bearing loxP-floxed HIF-1a alleles with transgenic mice
expressing Cre recombinase under control of 7ek promoter. Both wild-type and HIF-1a
knock-out mice were rendered diabetes and subjected to 90 min MCAQ and 24 h
reperfusion. To evaluate the efficiency of HIF-1a ablation in endothelial cells of the
HIF-1a22 mice, we detected HIF-1a expression in cerebral microvessel homogenates from
contra- and ipsilateral hemisphere. As expected, post-ischemic accumulation of HIF-1a was
dramatically attenuated in the both control and diabetic HIF-1a2/2 mice (Fig. 4A).
Correspondingly, the expression of HIF-1 target gene VEGF was also significantly
decreased in the ischemic brain of HIF-1a®/2 mice compared with that of wild-type mice.
(Fig. 4A). We observed that the EB extravasation was significantly reduced in diabetic
HIF-1a22 mice (Fig. 4C), suggesting that inhibition of endothelial HIF-1a partially
restored BBB integrity. Moreover, the brain infarct volume was reduced from 79 mm3 in
diabetic wild-type to 61 mm3 in diabetic HIF-1a®/2 mice. It is of interest to point out that
deletion of endothelial HIF-1a also attenuated BBB leakage and brain damage in non-
diabetic mice, which is in line with previous reports that accumulation of HIF-1a and its
downstream target VEGF promotes BBB permeability in ischemic stroke (Yeh et al., 2007).
In summary, we demonstrated that hyperglycemia-exacerbated BBB dysfunction was
heavily dependent on its ability to activate HIF-1a-VEGF pathway since its detrimental
effects were markedly alleviated in HIF-1a®/2 mice.

Normalizing blood glucose by insulin abolished HIF-1a upregulation in diabetic mice

Blood glucose of diabetic mice was normalized by long-term insulin administration to verify
that the upregulation of HIF-1a and the exacerbated BBB disruption observed in diabetic
mice were due to hyperglycemia. As expected, the long-term insulin-treated diabetic mice
showed similar HIF-1a protein level in both contra-and ipsilateral hemispheres, compared
with the non-diabetic control. In addition, a group of diabetic mice only received insulin
treatment at the time of reperfusion was included to further explore the effects of
hyperglycemia on HIF-1a expression and BBB disruption at different stages of ischemia.
We found normalizing the blood glucose during post-ischemic reperfusion significantly
decreased the HIF-1a expression in the ipsilateral hemisphere, compared with the non-
treated diabetic mice (Fig. 5A), suggesting that reperfusion significantly elevates HIF-1a
expression in ischemic brain exposed to high glucose. Both the long-term or reperfusion
insulin administrations attenuated EB extravasation and brain infarction in diabetic mice
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(Fig. 5 D-G), which indicates that the adverse effect of hyperglycemia in stroke largely
results from high blood glucose in reperfusion.

It was unclear from the above results whether insulin protected ischemic brain by blood
glucose correction or by its activation of signaling pathways. To differentiate the protective
mechanism of insulin, a group of diabetic mice were treated with a low dose of insulin
which was not able to correct the blood glucose level. The low dose insulin increased the
phosphorylation of two key kinases in the insulin receptor signaling pathway: Akt and 70
kDa ribosomal S6 kinase (p70S6K) in the mouse brain (Supplementary Fig. 1). In the
meantime, the low dose insulin did not affect HIF-1a expression, BBB permeability or brain
injury at all, compared with the non-treated diabetic mice (Supplementary Fig. 2). These
results suggest that the effects of insulin were predominantly via correcting the level of
blood glucose rather than activating insulin receptors signaling pathway.

In addition, to specifically validate the effect of high glucose in reperfusion on the level of
HIF-1a, we induced acute hyperglycemia (above 300 mg/dL) during reperfusion period by
consecutive glucose injections in non-diabetic mice (Akamatsu et al., 2015). As shown in
supplementary Fig. 3, glucose administration significantly increased HIF-1a protein level
and EB extravasation in the ischemic brain. These results further support the concept that
high blood glucose in reperfusion causes HIF-1a upregulation and BBB damage in ischemic
brain.

Discussion

This study provides several major findings on the effect of diabetes on neurovascular and
functional outcomes of stroke. First, we demonstrated that STZ-induced diabetes enhanced
the expression of HIF-1a and VEGF in ischemic brain microvessels, which was
accompanied by increased BBB disruption, elevated infarct volumes, severe edema
formation, and worsened neurological deficits. Second, the detrimental effect of diabetes on
cerebral vascular damage was partially reversed by specific inhibition of endothelial
HIF-1a, suggesting that activation of HIF-1a is an important underlying mechanism
responsible for the BBB hyperpermeability. Lastly, both chronic and acute glycemic control
abolished HIF-1a upregulation in the ischemic brain of diabetic mice and lessened
neurovascular injury in diabetes. In addition, glucose administration during reperfusion
enhanced HIF-1a expression and BBB breakdown. These results together indicate that
hyperglycemia-induced HIF-1a increase is a major mediator for BBB damage in diabetic
stroke.

HIF-1's role in cerebral ischemia injury is still arguable. On the one hand, HIF-1 regulates a
broad range of genes that facilitate cellular adaption to low oxygen conditions. Its targets
include the genes that code for molecules participating in angiogenesis, erythropoiesis,
energy metabolism, and cell proliferation (Semenza, 2003; Sharp and Bernaudin, 2004).
Each of these functions potentially contributes to neuronal survival under ischemic
conditions. Indeed, HIF-1 has been reported to protect neurons against cerebral ischemic
damage (Jones and Bergeron, 2001; Ogle et al., 2012). Furthermore, neuron-specific
knockdown of HIF-1a was demonstrated to aggravate tissue damage and reduce survival
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rate of mice subjected to MCAQ (Baranova et al., 2007) and in vitro neuronal death (Guo et
al., 2009). On the other hand, several groups have reported opposite effects of HIF-1 in
cerebral ischemia, showing that HIF-1 is a likely mediator of BBB disruption. For example,
Yeh et al. demonstrated that HIF-1a inhibitor YC-1was able to prevent ischemia/
reperfusion-induced BBB hyperpermeability in both rat brain endothelial cell culture and in
in vivomodel (Yeh et al., 2007). Results by Chen et al. showed that early inhibition of
HIF-1a by 2-methoxyestradiol provided neuroprotection after neonatal hypoxia-ischemia by
preserving BBB integrity and attenuating brain edema. Moreover, HIF-1a upregulation by
dimethyloxaylglycine increased the permeability of BBB and brain edema (Chen et al.,
2008). The discrepancy of these observations may be partly explained by distinctive effects
of HIF-1 down-stream targets in different cell types. For example, the angiogenic factor
VEGEF is the best defined HIF-1 target protein in vascular biology (Forsythe et al., 1996). It
has been reported that VEGF mediates neuroprotection in cerebral ischemia by its
angiogenic and neurotropic effects (Sun et al., 2003). However, VEGF is a strong inducer of
vascular permeability and plays a critical role in causing BBB disruption and cerebral edema
(Zhang et al., 2000). Experimental evidence has shown that VEGF down-regulates the
expression of TJ proteins such as claudin-5 (Argaw et al., 2009), occludin (Argaw et al.,
2009) and ZO-1 (Fischer et al., 2002) in brain microvasculature. In this study, we observed
significant increase in both HIF-1a and VEGF expression in diabetic brain microvessels,
which correlates with aggravated BBB leakage after stroke. Our results support the concept
that enhanced HIF-1a activity in diabetic mice brain promotes BBB damage after ischemia,
possibly through upregulating VEGF expression. To further evaluating the contribution of
endothelial HIF-1a signaling in BBB disruption, we utilized an endothelial specific HIF-1a.
knock-out mouse model. We found that inhibition of HIF-1a and its down-stream VEGF
expression attenuated BBB breakdown and brain infarction in both normoglycemic and
hyperglycemic mice after MCAQ/reperfusion, indicating that endothelial HIF-1a is an
important mediator of BBB disruption in ischemic stroke.

Although genetic depletion of endothelial HIF-1a reduced BBB leakage and brain infarct
volume in diabetic mice, the BBB permeability in diabetic HIF-1a2/2 mice was still
significantly higher than the non-diabetic mice even though HIF-1a accumulation was
largely diminished. These results indicate that there might be other pathways that contribute
independently of HIF-1a to the BBB disruption. For example, the activation of protein
kinase C (PKC) is implicated in cerebral microvascular dysfunction in hyperglycemic stroke
(Shao and Bayraktutan, 2013). PKC activity is rapidly increased in endothelium in response
to hyperglycemia due to de novo synthesis of diacylglycerol, the primary activator of PKC
(Kouroedov et al., 2004). PKC activation can directly affect BBB permeability through its
ability to phosphorylate ZO-1, disrupt TJs, and promote excessive superoxide anion radical
production from NADPH oxidase, which can induce endothelial barrier dysfunction. Cipolla
et al. has demonstrated that the inhibition of PKC- reversed the enhanced BBB
permeability and prevented edema formation in STZ-induce diabetic rats subjected to
MCAQO (Cipolla et al., 2011). Another important contributor to vascular damage is
inflammation. Hyperglycemia is known to be associated with increased expression of several
pro-inflammatory transcription factors, such as NF-xB. These factors regulate the
inflammatory responses by increasing pro-inflammatory cytokines and promoting the
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adhesion of inflammatory cells to the vascular endothelium, which leads to BBB breakdown
(Kruyt et al., 2010; Martini and Kent, 2007). Moreover, our experiments only inhibited the
HIF-1 signaling in endothelial cells of HIF-1a22 mice. VEGF could also be expressed by
reactive astrocytes and astrocytic end-feet lie in close proximity to microvascular
endothelium (Argaw et al., 2009). VEGF secreted from astrocytes may interact with VEGF
receptors on the ischemic vessels and induce BBB leakage in a paracrine manner (Zhang et
al., 2002).

Many studies have reported increased brain injury in hyperglycemic animals after
reperfusion. However, in ischemic animals without reperfusion, hyperglycemia seemed to
have no adverse effect and might even be beneficial (Helgason, 1988; Kagansky et al.,
2001). Indeed, a previous publication by Suh et a/. has shown that glucose plays a
detrimental role in the reperfusion injury as removing glucose from the medium during
reoxygenation completely prevents post-ischemic neuron death (Suh et al., 2008). The
question of when hyperglycemia has its most deleterious effects is of great clinical
importance since it provides guidelines for optimal glycemic control in acute ischemic
stroke. We tested the hypothesis that the adverse effect of hyperglycemia may become most
evident during reperfusion. The current study showed that both chronic insulin treatment and
acute insulin treatment during reperfusion suppressed HIF-1a expression in ischemic brain
microvessels of diabetic mice, indicating that hyperglycemia-induced HIF-1a accumulation
was largely due to the high blood glucose during reperfusion. Acute glycemic control at
post-ischemic reperfusion in previously untreated diabetic subjects inhibited hyperglycemia-
induced BBB permeability and reduced brain injury. Moreover, hyperglycemia that initiated
at the time of reperfusion by glucose injection induced significant increase in HIF-1a.
accumulation and BBB disruption in non-diabetic mice. These results together suggest that
the high glucose during reperfusion is a major contributor to HIF-1a upregulation and BBB
disruption. Insulin is the most commonly used agent to regulate blood glucose and has been
shown to reduce ischemic brain damage in animal models (Hamilton et al., 1995; Harada et
al., 2009; Wass et al., 1996) and confer better survival outcomes in stroke patients (Gentile
et al., 2006). It is unclear whether its protective effects are due to blood glucose correction or
due to its direct interaction with brain tissues. To differentiate the protective mechanism of
insulin, we administrated STZ mice with a low dose of insulin (2U/kg) which was not able
to correct the mouse blood glucose levels but activated insulin receptor signaling pathway in
the mouse brain. The low dose of insulin did not affect HIF-1a expression, BBB
permeability, or brain injury, indicating that the effects of insulin are predominantly via
alteration in the level of blood glucose rather than activation of insulin receptor signaling
pathways. A previous study showed that most of insulin's protective effect was abolished by
concomitant glucose infusion in a MCAO rat model (Hamilton et al., 1995), which is in line
with our observations that insulin benefits ischemic stroke by reducing blood glucose levels.
Although it is still debatable whether glucose-lowering treatment improves clinical outcome
in patients with ischemic stroke, our study suggest a favorable outcome of glycemic control
given at the onset of reperfusion. Consistent with our research, previous studies have
reported that continuous glycemic control in the post stroke period alleviates neuronal
damage (Harada et al., 2009) and improves the functional outcome after stroke (Prakash et
al., 2013).
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Our present report is the first to demonstrate that HIF-1a is up-regulated in the brain
microvessels of diabetic stroke mice. This is in line with many recent findings in other
tissues such as hearts (Marfella et al., 2002), peripheral nerves (Chavez et al., 2005),
pancreas (Haligur et al., 2012), retina (Ly et al., 2011), and kidney glomeruli (Isoe et al.,
2010). Studies based on samples from human diabetic patients have also shown increased
HIF-1a levels in pre-retinal membranes (Lim et al., 2010) and vitreous fluid (Wang et al.,
2009). Although the mechanism of high glucose-induced HIF-1a expression is not clear, the
following factors may contribute to its stabilization. First, high glucose may stabilize
HIF-1a by inhibiting HIF-specific prolyl hydroxylases (PHDs) activity through increasing
the two tricarboxylic acid (TCA) cycle metabolites, succinate and fumarate. Numerous
studies have reported that intracellular succinate or fumarate can inhibit PHDs to stabilize
HIF-1a in both /n vitroand in vivo models (Briere et al., 2005; Hewitson et al., 2007; Isaacs
et al., 2005; Koivunen et al., 2007; MacKenzie et al., 2007; Pan et al., 2007; Pollard et al.,
2005; Selak et al., 2005; Tannahill et al., 2013; Zhang et al., 2011). It is well established that
hydroxylation of HIF-1a by PHDs at its proline residues targets it for proteasomal
degradation (Semenza, 2010). Succinate and fumarate have been found to inhibit PHDs by
competing with enzymes co-substrate a-ketoglutarate for binding to the catalytic center,
thereby leading to HIF-1a stabilization and activation (MacKenzie et al., 2007; Semenza,
2010). Elevated succinate concentrations have been detected in the kidney and plasma of
diabetic mouse models as well as high glucose-treated endothelial cell culture
(Supplementary Fig. 4). In addition, a previous study has reported that post-ischemic
increase of fumarate/a-ketoglutarate ratio stabilizes HIF-1a at reoxygenation by decreasing
its hydroxylation (Serra-Perez et al., 2010). Therefore, we speculate that increased level of
succinate and/or fumarate may mediate the high glucose-induced HIF-1a expression in our
diabetic stroke model. Second, hyperglycemia-induced reactive oxygen species (ROS)
overproduction may mediate HIF-1a accumulation. Increased ROS has been reported to
stabilize HIF-1a in certain cell types (Nanduri et al., 2015). Under normoxic conditions,
high glucose has been reported to induce mitochondrial superoxide overproduction in the
endothelial cells (Makino et al., 2010; Piconi et al., 2006). Moreover, during ischemia/
reperfusion, glucose itself is a requisite electron donor for reperfusion-induced superoxide
production (Suh et al., 2008). Hyperglycemia further accelerates ROS generation following
cerebral ischemic reperfusion (Kruyt et al., 2010; Tsuruta et al., 2010). Increased level of
intracellular ROS may inhibit PHDs activity by oxidizing their co-factor Fe2* to Fe3*,
thereby promoting HIF-1a stabilization. Although most evidence indicates that glucose-
induced HIF-1a accumulation is due to protein stabilization, we do not completely exclude
the possibility that high glucose may enhance HIF-1a expression at transcription level.
Indeed, a previous study reported that high glucose enhances carbohydrate response element
binding protein (ChREBP) binding to HIF-1a promoter and increases HIF-1a. mRNA level.
(Isoe et al., 2010). Future investigation is needed to elucidate the molecular mechanism
responsible for the upregulation of HIF-1ca in brain endothelial cells.

In conclusion, in this study we found that hyperglycemia significantly increased HIF-1a and
its downstream factor VEGF expression in brain microvessels after MCAO. The enhanced

HIF-1 expression might represent an important mechanism for aggravated ischemic damage,
particularly BBB disruption, during hyperglycemic stroke. Our study suggests that targeting
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HIF-1a may provide a novel therapeutic option for BBB protection in ischemic stroke
patients with admission hyperglycemia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
1. Hyperglycemia enhanced HIF-1a and VEGF expression in ischemic
brain microvessels.
2. Suppressing endothelial HIF-1a activity ameliorated BBB leakage and
brain injury.
3. Correcting blood glucose abolished HIF-1a upregulation in brain

microvessels and reduced BBB permeability.
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Fig. 1.
Effect of diabetes on ischemia/reperfusion-induced brain injury. Control and diabetic mice

were subjected to 90 min MCAO followed by 24 h reperfusion. (A) Representative images
of EB extravasation in a whole brain and coronal sections. (B) Quantification of EB leakage
in contralateral and ipsilateral hemispheres (n=5). White bars, contralateral hemisphere; dark
bars, ipsilateral hemisphere. (C) Quantification of brain edema percentage (n=6 (control), 8
(diabetic)). (D) Representative TTC staining images of brain sections. (E) Quantification of
infarct volume estimated by TTC stained sections (n=6 (control), 8 (diabetic)). (F)
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Quantification of neurological deficit scores rate (n= 16 (control), 18 (diabetic)). Values are
means + SD, *p< 0.05 vs. control animals.
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Fig. 2.
Effect of hyperglycemia on the expression of HIF-1a and VEGF in ischemic brain

microvessels. Control and diabetic mice were subjected to 90 min MCAO followed by
reperfusion (0 h to 24 h). HIF-1a was analyzed by Western blotting in cerebral microvessel
lysates from ipsilateral hemispheres of mice at 0, 6, 12, and 24 h of post-ischemia. VEGF
was analyzed at 6, 12, and 24 h post-ischemia. (A) Representative Western blots of HIF-1a.
(B) Quantification of the HIF-1a protein level. (C) Representative Western blots of VEGF.
(D) Quantification of the VEGF protein level. White bars, control ischemic brains; dark
bars, diabetic ischemic brains. Values were normalized to p-actin and sham-operated
control. Values are means £+ SD, n=5. *p< 0.05 vs. control animals.
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Fig. 3.

Efgll’ect of diabetes on the expression of ZO-1, occludin, and claudin-5 in ischemic brain
microvessels. Mice were subjected to 90 min MCAQO followed by 24 h reperfusion. The
protein levels of ZO-1, occludin, and claudin-5 were analyzed in isolated brain microvessels
from contralateral and ipsilateral hemispheres of mice. (A) Representative Western blots of
Z0-1, occludin, and claudin-5. (B) Quantification of the ZO-1 protein level. (C)
Quantification of the occludin protein level. (D) Quantification of the claudin-5 protein
level. White bars, contralateral hemispheres; dark bars, ipsilateral hemispheres. Values were
normalized to B-actin and contralateral hemispheres of control animals. Values are means
SD, n = 5. *p< 0.05 vs. contralateral hemispheres from control animals. #p< 0.05 vs.
ipsilateral hemispheres from control animals. (E) Immunostaining of ZO-1 on isolated brain
microvessels. Scale bar, 20 um.
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Fig. 4.

Effect of endothelial-specific HIF-1a deficiency on the BBB permeability and brain
infarction in diabetic mice. Mice were subjected to 90 min MCAO followed by 24 h

Page 23

reperfusion. The protein levels of HIF-1a and VEGF were analyzed by Western blotting in
cerebral microvessel lysates from contralateral and ipsilateral hemispheres of mice. (A)
Representative Western blots of HIF-1a and VEGF. (B) Left: quantification of the HIF-1a
protein level; right: quantification of the VEGF protein level (n=5). Values were normalized

to B-actin and contralateral hemispheres of control animals. *p< 0.05 vs. contralateral
hemispheres from control animals. #p< 0.05 vs. ipsilateral hemispheres from control
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animals. (C) Representative images of EB extravasation in a whole brain and coronal
sections. (D) Quantification of EB leakage in contralateral and ipsilateral hemispheres (n=5).
White bars, contralateral hemisphere; dark bars, ipsilateral hemisphere. (E) Representative
TTC staining images of brain sections. (F) Quantification of infarct volume estimated by
TTC stained sections (n=4). Values are means = SD, *p<0.05 vs. control animals.
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Fig. 5.

Ef%ect of normalizing blood glucose on HIF-1a expression, BBB permeability, and brain
infarction in diabetic mice. Mice were subjected to 90 min MCAO followed by 24 h
reperfusion. Long term insulin treatment: mice were treated with insulin (0.7 U) daily from
the 3rd day after diabetic induction; Acute insulin treatment: mice were administrated with
continuous insulin (0.7 U) during the 24 h reperfusion. The protein level of HIF-1a was
analyzed by Western blotting in cerebral microvessel lysates from contralateral and
ipsilateral hemispheres of mice.(A) Representative Western blots of HIF-1a. (B, C)
Quantification of the HIF-1a protein level in contralateral hemispheres (white bars) and
ipsilateral hemispheres (dark bars) (n=5). Values were normalized to B-actin and
contralateral hemispheres of control animals. *p< 0.05 vs. control animals. #p< 0.05 vs.
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diabetic animals. (D) Representative images of EB extravasation in a whole brain and
coronal sections. (E) Quantification of EB leakage in contralateral and ipsilateral
hemispheres (n=5). White bars, contralateral hemisphere; dark bars, ipsilateral hemisphere.
(F) Representative TTC staining images of brain sections. (G) Quantification of infarct
volume estimated by TTC stained sections (n=8 (diabetic), 6 (long-term insulin), 5 (insulin
at reperfusion)). Values are means + SD, *p< 0.05 vs. diabetic animals.
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Mice body weight and blood glucose levels.

Table 1

Weight (g) Blood Glucose (mg/dl)
Baseline | Final Before MCAO | After MCAO (admission)
Control 22.1+1.8 | 27.8+2.3 | 116+15 127+28
1 1 * *
Diabetic 21,9416 | 22.4+2.1 473432 165438
Long-term insulin 21.6+1.9 | 26.9+£2.5 | 129+32 167435
1 H *
Insulin at reperfusion | 22.5+1.5 | 23.1+1.7 489+43 158439
H i * *
Low dose insulin 22.3+15 | 22.9+1.2 167428 123+37

Data are expressed as means + SD.

*
p< 0.05 vs. control animals.
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