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Abstract

Diabetes increases the risk of occurrence and poor functional recovery after ischemic stroke injury. Previously, we have dem-
onstrated greater hemorrhagic transformation (HT), edema, and more severe functional deficits after stroke in diabetic animals
that also presented with cerebral vasoregression and endothelial cell death in the recovery period. Given that Toll-like receptor 4
(TLR-4) activation in microvascular endothelial cells triggers a robust inflammatory response, we hypothesized that inhibition of
TLR-4 signaling prevents endothelial cell death and improves outcomes after stroke. Animals were treated with vehicle or TLR-4
inhibitor TAK242 (3 mg/kg; i.p.) following middle cerebral artery occlusion (MCAOQO). Neurobehavioral deficits were measured
at baseline and day 3 after ischemic stroke. Primary brain microvascular endothelial cells (BMVECs) from diabetic animals were
subjected to oxygen glucose deprivation re-oxygenation (OGDR) and treated with 0.1 mM iron(Ill)sulfate hydrate (iron) (to
mimic the post-stroke bleeding) and TLR-4 inhibitors. Ischemic stroke increased the expression of TLR-4 in both hemispheres
and in the microvasculature of diabetic animals. Cerebral infarct, edema, HT, and functional deficits were greater in diabetic
compared to control animals. Inhibition of TLR-4 significantly reduced the neurovascular injury and improved functional
outcomes. OGDR and iron reduced the cell viability and increased the expression of TLR-4 associated proteins (RIP3,
MyDS88, phospho-NF-kB, and release of IL-6) in BMVECs from diabetic animals. In conclusion, TLR-4 is highly upregulated
in the microvasculature and that beneficial effects of TLR-4 inhibition are more profound in diabetes. This suggests that
inhibition of vascular TLR-4 may provide therapeutic benefits for stroke recovery in diabetes.

Keywords Diabetes - Stroke - Hemorrhagic transformation - Neurovascular injury - Brain vascular endothelial cells - TLR-4 -
Inflammation

Introduction

While mortality from acute ischemic stroke declined in the
past decade, stroke remains a leading cause of adult disability
with limited treatment options [1]. Diabetes, a major
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comorbidity for stroke, contributes to stroke-related disability
by not only increasing the risk of having a stroke but also
impairing the recovery process [2]. Understanding the mech-
anisms by which diabetes worsens recovery is likely to lead to
new therapeutic targets and strategies.

It is well established that there is a rapid angiogenic re-
sponse following ischemic stroke, which is believed to con-
tribute to neurovascular repair and improvement of functional
outcomes [3—5]. Our recent studies showed that while control
animals are able to promote this so-called reparative angio-
genesis, diabetic animals undergo cerebral rarefaction after
stroke and these animals fail to improve their neurological
deficits [6]. A follow-up study showed that increased endo-
thelial cell death as a result of excessive free radical formation
contributes to this finding [7]. It is also well known that dia-
betes augments secondary bleeding into the brain (hemorrhag-
ic transformation (HT)), and this is associated with poor
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outcomes. Although the mechanisms by which bleeding in-
fluences functional recovery are not known, it has been shown
that free iron is deposited into the parenchymal brain tissue in
intracerebral hemorrhage (ICH) models and it is neurotoxic [8,
9]. Tron can induce oxidative stress, but its role in endothelial
cell death after ischemic stroke injury in diabetes remains
unclear.

Activation of Toll-like receptors (TLRs) in brain cells in-
cluding microglia, neurons, astrocytes, and endothelial cells
mediates innate immune responses upon ischemic injury [10].
TLR-4 signaling has been reported to contribute to acute neu-
ronal injury following ischemia as well as to poor recovery
[11, 12]. Moreover, treatment of diabetic animals with tissue
plasminogen activator (tPA) increased the brain hemorrhage,
failed to improve functional outcomes, and this was accom-
panied with increased TLR-4 expression [13]. Furthermore,
clinical findings in patients with ICH agree with experimental
reports showing that TLR-4 is associated with poor functional
outcomes and greater residual volumes [14]. TLR-4 activation
in microvascular endothelial cells triggers a robust inflamma-
tory response [15]. A recent study demonstrated that inhibi-
tion of TLR-4 signaling reduces neuronal cell apoptosis and
improves neurological outcomes in diabetic animals [16].
However, the role of TLR-4 in amplified vascular injury in
diabetes remains unexplored. Understanding the role and
mechanisms by which TLR-4 activation impacts vascular in-
tegrity may identify novel targets for vasoneuronal protection
in diabetes. Accordingly, this study was designed to test the
hypotheses that (1) inhibition of TLR-4 reduces HT and im-
proves functional recovery after ischemic stroke in diabetes,
and (2) extracellular iron contributes to vascular endothelial
cell death in a TLR-4-dependent manner.

Materials and Methods

Animals All ischemic stroke experiments were performed on
13-week-old male Wistar rats (n =6-8 in each group) pro-
cured from Envigo, Indianapolis, IN. Animals were housed
at the Augusta University animal care facility that is approved
by the American Association for Accreditation of Laboratory
Animal Care. The study was conducted in accordance with the
National Institutes of Health guidelines for the care and use of
animals in research, and all protocols were approved by the
institutional animal care and use committee. Animals were fed

standard rat chow (4% fat content) or high-fat diet (45% fat
content) and tap water ad libitum, and were maintained at 12-h
light/dark cycle.

Induction of Diabetes Animals were procured at 4 weeks of
age and were immediately put on a high-fat diet (45% fat;
D12451, Research Diets, New Brunswick, NJ). A low dose
of streptozotocin (30 mg/kg body weight; STZ; Cayman
Chemicals, Ann Arbor, MI) was injected intraperitoneally at
6 weeks of age. Animals were monitored for 7 weeks. Blood
glucose levels were measured before noon (10 am—noon)
twice a week from tail vein samples using a commercially
available glucometer (Freestyle, Abbott Diabetes Care, Inc.;
Alameda, CA). Animals were not fasted for this measurement.
Control (vehicle treated) and diabetic animals did not show
any difference in weight gain throughout the experimental
period. However, blood glucose levels significantly increased
within 3 days of STZ injection in the diabetic group and
remained significantly elevated compared to control animals.
Representative blood glucose measurements just prior to ini-
tiation of stroke surgery are shown on Table 1.

Stroke Surgery Animals were subjected to cerebral ischemia at
13 weeks of age using a nylon suture as previously described
[17]. All surgeries were performed before noon. Briefly,
60 min of MCAO was performed under 2% isoflurane anes-
thesia. A midline cervical incision was made to expose com-
mon, external, and internal carotid arteries. A rounded tip 3-0
monofilament nylon suture was inserted into the external ca-
rotid artery and advanced into the internal carotid artery to
occlude the origin of the MCA. The occlusion suture was
secured with a silk suture at the external carotid artery. After
60 min of occlusion, the suture was gently removed to allow
reperfusion. Laser Doppler imaging with a scanning laser
Doppler (PIM3, Perimed; North Royalton, OH) was used to
confirm successful occlusion and ensure similar levels of
blood flow reduction in all groups. With the exception of
control+TAK242 group (n =5), other groups included 10
rats/group.

In Vivo TLR-4 Inhibition TAK242 (cat. no. 614316,
Calbiochem), a cell-permeable cyclohexenecarboxylate was
used to inhibit the TLR-4. It inhibits the interaction of TLR-
4 with adaptor molecules TIRAP and TRAM via direct bind-
ing to the TLR4 intracellular Cys747 residue. Animals were

Table 1 Measure of body weight

(gm) and blood glucose (mg/dl) Control (n=10)  Control+TAK242 (n=5) Diabetic (n=10)  Diabetic +
level of control and diabetic TAK242 (n=9)
animals before stroke surgery
Body weight (g) 416+24.7 386+17 394+18.7 383+£20.0
Blood glucose (mg/dl) 87+2.64 88+1.73 312.8+15.37% 346.8 £24.38*

*p <0.001 vs control animals. Data expressed as mean + SEM
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injected with TAK242 (3 mg/kg; i.p.) just after reperfusion, 24
and 48 h after ischemic stroke surgery. Animals were random-
ly selected from control and diabetic groups for the treatment.
Dose and route of administration of TLR-4 inhibitor TAK242
was determined based on previous reports in mice model of
cerebral ischemic injury [10, 16]. Due to its low molecular
weight and liposolubility, it can cross the blood-brain barrier
(BBB) after intraperitoneal injections and a single dose of
3 mg/kg TAK242 can be detected in brain tissue, plasma up
to 24 h. In order to maintain the continued inhibition of TLR-
4, we repeated the treatment after 24 and 48 h after ischemic

injury.

Infarct Size, Edema Ratio, HT, and Hemoglobin (Hb) Analysis
All analyses were performed by an investigator blinded to
experimental groups. After 72 h of ischemic stroke, animals
were put into deep anesthesia using isoflurane, and intracardi-
ac perfusion was performed with cold PBS to flush out the
blood cells from cerebral vessels. Brains were isolated and
sliced into seven coronal sections (A—G) of 2-mm thickness.
Infarct size was measured after 2,3,5-triphenyltetrazolium
chloride (TTC) staining, and edema was calculated as percent
increase in ischemic hemisphere vs. the contralateral hemi-
sphere as previously described [17]. Macroscopic HT was
measured in sections B to E using a four-point rubric and total
score for each animal was reported [18]. Hemoglobin content
was measured in brain homogenates with Quanti-Chrom
Hemoglobin (Hb) Assay (BioAssay Systems, Hayward, CA)
[19]. 1t was reported as excess Hb (ugHb/mg total protein) in
ischemic hemisphere. In some of the animals that were sub-
jected to stroke surgery, brains were used to isolate
microvessels. Hence, neurovascular injury measurements in-
cluded n = 5/group.

Evaluation of Neurobehavioral and Functional Outcomes
Neurobehavioral tests were assessed, recorded, and scored at
baseline before ischemic stroke surgery, day 1 and day 3 after
ischemic stroke surgery in a blinded fashion [20]. Briefly,
prior to behavior testing, animals were handled for 5-7 days
to acclimatize for testing room. Bederson’s score was obtained
by using multiple parameters which include circling bias (no
circling as 2, partial circling as 1, and continuous circling as
0), hind limb retraction (score 2 for healthy and score 1 or 0
according to animals ability to pull hind limb), and forelimb
flexion score (score 2 for both forearm movement and score 1
or 0 according to animals ability to move arm). The resistance
to push is also measured and scored as 1 or 0, depending on
whether the animal is able to resist the push or not. Maximum
score of 7 is given to a normal rat in above tests. Beam walk
scores were obtained from beam walking ability and graded
from 7 to O (7 as normal walking and 0 as inability to balance
on beam). Total composite score was presented as sum of
Bederson’s score and beam walk score (maximum 14).

Adhesive removal test (ART) was used to assess fine sensori-
motor functions. Contact and removal latency of an adhesive
paper dot was recorded on day 1 and day 3 after MCAQ. For each
day, the average was taken from three trials with a maximum re-
moval latency of 180 s per trial. With the exception of control+
TAK242 group (n =5), other groups included n = 9—10/group.

Cerebral Microvessel Isolation Microvessels were isolated
with slight modifications as previously described [21].
Briefly, animals were anesthetized and decapitated, and brain
tissue was removed from the skull. Meninges and choroid
plexuses were removed from brain tissue, and cerebral hemi-
spheres were dissected out. The hemispheres were cut into
small pieces using dissection scissors in a Petri dish. Then
tissue is homogenized in a fivefold volume of phosphate-
buffered saline (PBS) and centrifuged at 4000 rpm for
10 min at 4 °C. Supernatant was discarded, and the pellet
was resuspended in 15 ml of PBS and mixed with an equal
volume of 30% dextran, and centrifuged for 10 min at
4000 rpm at 4 °C. The top myelin containing dense white
layer is removed. The pellet was resuspended in PBS and
passed through a 100-pm mesh. The filtrate was collected
by washing the mesh with PBS in a 50-ml tube followed by
centrifugation for 10 min at 3000 rpm at 4 °C, and the
resulting pellet was resuspended in 0.2 ml of RIPA buffer in
a 1.5-ml centrifuge tube. Each tube was sonicated using a 3-s
pulse three times on ice. Tubes were again centrifuged at
6000 rpm for 10 min at 4 °C. Supernatant was collected and
prepared for protein estimation and Western blot analysis.

Oxygen Glucose Deprivation Reoxygenation Study (OGDR)
Brain microvascular endothelial cells (BMVECS) isolated
from spontaneously diabetic male Goto-Kakizaki (GK) rats
[6, 7] were used. This was based on previous findings that
(1) there is pathological cerebral neovascularization in these
animals; (2) BMVECs isolated form GK rats have greater
angiogenic properties (like tube formation and cell migration)
compared to normal control rats under normal conditions
reflecting diabetic phenotype; (3) VEGF mediates an angio-
genic response in BMVECs from diabetic GK rats in
peroxynitrite-dependent manner [6], whereas hypoxia/
reoxygenation promotes peroxynitrite-mediated apoptosis in
these cells [7]; (4) when an ischemic injury is overlayed on
this pathology, animals develop greater hemorrhagic transfor-
mation (HT); (5) when animals that develop HT are followed
for 14 days after stroke, there is significant loss of cerebral
vascularization [5, 20]; and (6) while GK rats represent a lean
model of diabetes, db/db obese mice model of type 2 develops
similar cerebrovascular pathology [22]. When cells (passage
6-8) reached 80-90% confluency, media was replaced with
glucose-free 1% serum-containing media and then placed in a
hypoxic chamber (0.2% O,, 5% CO,) for 6 h, followed by
12 h of normoxia (21% O,, 5% CO,, and normal glucose) to
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mimic ischemia and reperfusion injury. Some plates were
treated with 0.1 mM iron(Ill)sulfate hydrate (iron; cat. no.
518212, Sigma Aldrich) at reoxygenation to mimic bleeding
and free iron release after stroke in diabetes [23]. To inhibit
TLR-4 activity, 10 pug/ml TLR-4 neutralizing antibody (SC
13591, Santa Cruz Biotechnology) or 30 uM TAK242 was
added upon reoxygenation. One set of plates was treated with
antioxidant N-acetyl cysteine (NAC, 1 mM).

Immunocytochemistry GK BMVECs grown on slides were
subjected to OGDR followed by fixation with 4% paraformal-
dehyde for 15 min, and subsequently washed with TBS
followed by treatment with 0.2% Triton X-100 for 3 min.
After washing, cells were blocked by 5% BSA for 1 h at room
temperature. Cells were then incubated with anti-TLR-4) an-
tibody at a 1:100 dilution in 0.2% BSA for 3 h at room tem-
perature. Cells were washed and incubated with AlexaFlour
488 conjugated secondary antibody (anti-rabbit; Jackson
Immuno Research Laboratories, Inc., West Grove, PA) at a
1:400 dilution at room temperature for 1 h. Negative control
slides were incubated with 0.2% BSA in place of the primary
antibody. Slides were imaged on Axiovert 200 microscope
(Carl Zeiss Microlmaging, Thornwood, NY).

Membrane Permeability Assay BMVEC permeability was de-
termined by measuring FITC-labeled dextran (Sigma-
Aldrich) across the monolayer as described [24]. Briefly, cells
were grown on gelatin-coated transwell membranes of 24-
well plate (filter area, 0.33 cm?, pore diameter size, 0.4 pm,
Corning Costar, Cambridge, MA, USA). Monolayer conflu-
ent BMVEC media was replaced with glucose-free 1% serum-
containing media and then placed in a hypoxic chamber (0.2%
05, 5% CO,) for 6 h, followed by 12 h of normoxia (21% O,,
5% CO,, and normal glucose) to mimic ischemia and reper-
fusion injury. TLR-4 inhibitor TAK242 (30 uM) and FITC-
dextran 500,000-conjugate (0.5 mg/ml) was added to the lu-
minal chamber at reoxygenation. Samples (100 pul media)
were collected from abluminal chamber (at time 0, 1, 3, 6, 9,
and 12 h) and transferred to 96-well plate for the fluorescence
measurement on plate reader (Synergy HT; Bio-Tek) with an
excitation wavelength of 490 nm and an emission wavelength
of 520 nm. The readings were presented as relative fluores-
cence unit (FLU).

Cell Viability Assay Cell viability and proliferation were mea-
sured by MTT cell proliferation assay kit (Vybrant MTT cell
proliferation assay kit, Thermo Fisher). BMVECs grown
in 96-well plate were subjected to OGDR and respective
treatments. Tetrazolium MTT (3-(4,5-dimethylthiazolyl-
2)-2,5-diphenyltetrazolium bromide) was added in each
well resulting intracellular purple formazan that was solubi-
lized, and optical density was measured at 570 nm on a
spectrophotometer.

@ Springer

Cell Migration Assay Cell migration assay (wound healing)
was performed as described before [25]. Briefly, BMVECs
were grown to confluence on a 12-well plate. Monolayer
was wounded with a single sterile cell scraper of fixed diam-
eter. Images of wounded areas were taken immediately before
6 h of OGD and after 30 h of reoxygenation. Cell migration
was calculated by measuring migration distance normalized to
initial distance of the wound using AxioObserver Zeiss
Microscope software, and data are expressed as the percentage
of untreated control cells.

Western Blot Analysis Briefly, equivalent amounts of cell ly-
sates of brain tissue/microvessels/BMVECs (20 pg protein/
lane) were loaded onto 10% SDS-PAGE, proteins separated,
and proteins transferred to nitrocellulose membranes. The
membranes were blocked with 5% bovine serum albumin
followed by incubation for 12 h at 4 °C with primary antibody
anti-claudin-5 (35-2500, Invitrogen), anti-occludin (71-1500,
Invitrogen), anti-TLR-4 (ab22048, Abcam), anti-RIP3
(MABE28,EMD Millipore), anti-MyD88 (4283, Cell
Signaling Tech.), or anti-pNFkB(S536, Cell signaling Tech.)
at 1:1000 dilution or anti (3-actin at 1:3000 dilution. After wash-
ing, membranes were incubated for 1 h at 20 °C with appropri-
ate secondary antibodies (horseradish peroxidase [HRP]-conju-
gated; dilution 1:3000). Prestained molecular weight markers
were run in parallel to identify the molecular weight of proteins
of interest. For chemiluminescent detection, the membranes
were treated with enhanced chemiluminescent reagent and the
signals were monitored on Alpha Imager (Alpha Innotech; San
Leandro, CA). Relative band intensity was determined by den-
sitometry software (Alpha Innotech, ProteinSimple, San Jose,
CA) and normalized with (3-actin protein.

ELISA IL-6 BMVECs from diabetic animals subjected to
OGDR secreted IL-6 in the media, and it was measured using
commercially available ELISA kit (ab10072, Abcam) follow-
ing the manufacturer’s instruction. Results are expressed in
pg/ml media.

Statistical and Power Analyses Power analyses were conduct-
ed prior to in vivo treatment experiments and were based on
the preliminary data for TLR-4 expression in control and dia-
betic animal brain samples (control 0.7 0.2 and diabetic 1.1 £+
0.2) and predicted functional outcome composite score in con-
trol vs. diabetic animals. We hypothesized that TRL-4 inhibi-
tion will have no effect on control and will improve (increase
the score) in diabetic rats to control levels. A sample size of six
animals per group was predicted to provide 80% power to
detect a significant difference. Two-way ANOVA (2 x 2 de-
sign) was used to assess disease and treatment effects in control
and diabetic rats. For behavioral outcomes, repeated measures
ANOVA (D0, D1, and D3) was performed across groups. A
Bonferroni’s post-test adjustment for multiple comparisons was
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used for all post hoc mean comparisons for significant effects
from all analyses. For TLR-4 expression in the brain homoge-
nates, one-way ANOVA was used to compare the data followed
by a Tukey’s post hoc comparison. Effect of OGDR and
TAK242 on permeability, claudin-5 and occludin expression
was analyzed by two-way ANOVA. Data are expressed as
mean + SEM, and p <0.05 was considered significant.

Results

Ischemic Stroke in Diabetes Increases TLR-4 Protein
in Brain Parenchyma and Isolated Microvessels

TLR-4 protein in the brain was measured by two approaches.
First set of experiments showed that TLR-4 protein is higher
in total brain homogenates of both ischemic and non-ischemic
hemispheres of diabetic animals compared to sham or control
groups (Fig. 1a). In the second set of experiments, isolated
microvessels were used which also showed a significant in-
crease in TLR-4 expression in both hemispheres of diabetic
animals (Fig.1b).

The Effect of In Vivo TLR-4 Inhibition
on Neurovascular Injury

All measures of neurovascular injury (infarct size, edema,
excess Hb, and HT) were greater in diabetic animals. There
was a disease and treatment interaction such that TLR-4 inhi-
bition reduced infarct size and excess hemoglobin only in
diabetic animals (Fig. 2a, d). Treatment was effective in re-
ducing edema in both control and diabetic groups.

a

Total brain homogenate

TIRa [ === See S D B S| 05KDa

B-Actin | — — ----1 42kDa

=
@«

TLR4/actin

Fig. 1 Diabetes increases expression of TLR-4 in total brain homogenate
and cerebral microvasculature after ischemic stroke. Control and diabetic
rats were subjected to 60 min of MCAO or sham surgery and sacrificed
after 72 h of reperfusion. a, b Representative Western blot images and

B-Actin

The Effect of TLR-4 Inhibition on Neurobehavioral
Outcomes

Ischemic stroke reduced the composite scores in both control
and diabetic groups; however, it was more pronounced in
diabetic animals (Fig. 3a). Inhibition of TLR-4 had no effect
on adhesive removal ability of control animals. TLR-4 inhibi-
tion in diabetic animals improved the deficit in fine motor
skills (Fig. 3a, b).

The Effect of TLR-4 Inhibition on BMVEC Membrane
Permeability and Tight Junction Proteins

Immunofluorescence images showed increased TLR4 expres-
sion under OGDR conditions (Fig. 4a). Membrane permeabil-
ity of BMVECs was significantly increased with OGDR (Fig.
4b). There was a trend for reduced permeability with the inhi-
bition of TLR-4 signaling (p =0.0848). After OGDR, expres-
sion of tight junction proteins occludin and claudin-5 was re-
duced in diabetic BMEVC:s. Interestingly, inhibition of TLR-4
had differential effects under normoxic and hypoxic conditions:
TAK242 lowered both protein levels in normoxia but prevented
the hypoxia-induced decreases in OGDR (Fig. 4c¢).

The Effect of TLR-4 Inhibition on BMVEC Viability
and Migration

To determine the effects of TLR-4 activation under hypoxic
conditions, we measured cell viability and migration after
OGDR and in combination with iron treatment in the presence
and absence TLR-4 inhibition and antioxidant treatment.
Hypoxia-mediated decrease in cell survival was prevented by

Cerebral microvasculature

Lo W B 105kDa

G G e D D e 1)(Da

TLR4

-
o
n

TLR4/actin
b

measurement of TLR-4 protein expression in total brain homogenate and
brain microvessels, respectively. Level of TLR-4 protein was significant-
ly higher in both ischemic (I) and non-ischemic (NI) hemisphere of dia-
betic animals; *p < 0.05, compared with sham or control (n =4)
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Fig. 2 Inhibition of TLR-4 reduces the neurovascular injury in diabetic
animals subjected to ischemic stroke. Control and diabetic rats were
subjected to 60 min of MCAO and treated with vehicle or TLR-4
inhibitor TAK-242 (3 mg/kg; i.p.) at reperfusion, 24 and 48 h after
reperfusion (n =5). After 72 h of reperfusion, animals were sacrificed
to measure the neurovascular injury. a Diabetic animals had larger infarct
size and treatment with TAK242 reduced infarct size only in the diabetic

TLR-4 neutralizing antibody or antioxidant NAC treatment
(Fig. 5a). Measurement of cell migration is a measure of wound
healing ability of cells. Inhibition of TLR-4 or NAC prevented
the decrease mediated by OGDR+Fe treatment (Fig. 5b).

TLR-4 Signaling in BMVECs of Diabetic Animals

TLR-4 activation triggers downstream activation of RIP3 and
MyD88. Thus, we measured the expression of RIP3 and
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Fig. 3 Inhibition of TLR-4 improves the functional outcomes after
ischemic stroke. a Composite score measured at day 1 after ischemic
stroke injury was significantly lower in diabetic animals (*p < 0.05 vs.
TAK?242-treated control or diabetic animals; n =5 control+TAK242, n =
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animals as indicated by the interaction. b Edema was greater in diabetic
animals and treatment reduced edema in both control and diabetic
animals. ¢ Hemorrhagic transformation (HT) index was significantly
higher compared to control animals. There was a treatment effect in
both groups. d Diabetic animals showed excess Hb in ischemic
hemisphere and inhibition of TLR-4 significantly reduced it only in
diabetic animals

MyD88 in OGDR in combination with iron. The notable in-
crease in RIP3 expression was reduced with the inhibition of
TLR-4 (Fig. 6a). MyDS88 levels were increased in OGDR and
OGDR-+iron groups (Fig. 6b).

NFkB is a major transcription factor that regulates genes
associated with innate and adaptive immune responses.
OGDR resulted in an increase in the expression of phospho-
NFkB and iron treatment did not further increase NFkB phos-
phorylation. TLR-4 inhibition reduced its expression to

b Adhesive removal test

200 =
T 1504
c
o
3 100 N N
[ § \
E \ \
= 50 § %
\ \
\ \
04 - % s § »
Day 0 Day 1 Day3
[ Control I Diabetic

Control+ TAK242 B Diabetict+ TAK242

10 control and diabetic, n =9 diabetic+ TAK242). On day 3, diabetic
animals did not show any recovery (“p <0.05 vs. all other groups). b
Adhesive removal time was significantly reduced only in diabetic
TAK?242-treated animals (*p < 0.05 vs. diabetic)
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Fig.4 OGDR increased the expression of TLR-4 in BMVEC:s of diabetic
animals. a Representative immunofluorescent images of TLR-4 (green),
nuclei stained with DAPI (blue) and merged images in BMVECs exposed
to 6 h OGD and 12 h of reoxygenation. There was no positive staining
when primary antibody was omitted (not shown). Scale bar is 50 um. b
OGDR increased the membrane permeability and reduced the expression

control normoxia levels (Fig. 7a). IL-6 levels, a major pro-
inflammatory cytokine, were increased by OGDR compared

Fig. 5 Inhibition of TLR-4
improved cell viability and cell
migration of BMVECs of diabetic
rats upon OGDR and iron
treatment. a Cell viability was
measured after 6 h OGD and 12 h

a

150+

of tight junction proteins in BMVECs. ¢ Representative images of
immunoblots for occludin and claudin-5 after 6 h OGD and 12 h of
reoxygenation in BMVECs isolated from diabetic GK rats. Treatment
with TLR-4 inhibitor (TAK242; 30 uM) reduced tight junction proteins
under normoxic conditions but increased expression of both occludin and
claudin-5 under OGDR conditions indicated by the interaction (n =4-5)

to normoxia. Addition of iron in OGDR condition did not
potentiate the secretion of IL-6; however, IL-6 levels remained

Normoxia OGDR

b

of reoxygenation and iron .

treatment in BMVECs isolated

from diabetic GK rats. Cells were

treated with iron(Il)sulfate (Fe;

o
=
1

0.1 mM) and TLR-4 neutralizing
antibody (TLR4 Neu Ab;10 pg/
ml) or N-acetyl cysteine (NAC;

1 mM). b Representative image
and measurement of cell migration
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Fig. 6 Inhibition of TLR-4 reduces expression of RIP3 and Myd88
proteins of upon OGDR and iron treatment in BMVECs of diabetic
rats. Representative image and measurement of RIP3 (a) and Myd88
(b) expression after 6 h of OGD followed by 12 h of reoxygenation in
BMVEC:s. Cells were treated with iron(Ill)sulfate (Fe; 0.1 mM) and TLR-

Normoxia

significantly higher compared to normoxia. TLR-4 inhibition
reduced IL-6 levels, but it was significantly different only with
NAC treatment (Fig. 7b).

Discussion

Acute ischemic stroke is a debilitating disease. Diabetes is one
of the most commonly found comorbidities associated with poor
stroke outcomes, but underlying reasons why recovery is further
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Fig.7 Inhibition of TLR-4 reduced the expression of NF-kB in cell lysate
and secretion of IL-6 in media upon OGDR and iron treatment in
BMVEGCs of diabetic rats. a Representative image and measurement of
NF-kB and b measurement of IL-6 in collected media after 6 h of OGD
and 12 h of reoxygenation and iron treatment in BMVECs isolated from

@ Springer

b Mydss

- == 3kpa

B-Actin s cllite GEED @ 12(Da

*

150 *_ -T-
£ N
B %
® 5 100 y
: g N\
xX O
wz
25 504 \
£
= )
. AN
Control Control Fe Fe +
TLR-4
Neut Ab
Normoxia OGDR

4 neutralizing antibody (TLR4 Neu Ab;10 pg/ml). Addition of TLR-4
neutralizing antibody significantly reduced the expression of downstream
proteins RIP3 and Myd88 after OGDR and addition of iron (“p < 0.05 vs.
OGRD+Fe; *p <0.05 vs. control; n =4)

compromised in diabetes is not known. Number of studies have
shown TLR-4 signaling could mediate inflammatory responses
in cerebral ischemia and plays important role in cell prolifera-
tion, differentiation, and apoptosis [12, 16, 26].The current study
was designed to explore the role of TLR-4 in worsened vascular
injury after stroke in diabetes [5] and focused on endothelial cell
survival in conditions that mimic neurovascular injury in diabet-
ic stroke. Our novel findings show that (1) ischemic stroke in-
creases the expression of TLR-4 not only in the brain but also in
the microvasculature of diabetic animals; (2) TLR-4 inhibition

b
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diabetic GK rats. Cells were treated with iron(II)sulfate (Fe; 0.1 mM) and
TLR-4 neutralizing antibody (TLR4 Neu Ab;10 pg/ml) or N-acetyl
cysteine (NAC; 1 mM). Inhibition of TLR-4 (TLR-4 neut Ab) and
oxidative stress (NAC treatment) both reduced the NF-kB expression
(*p <0.05 vs. control, “p < 0.05 vs. OGDR+Fe; n =4)
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after reperfusion prevents amplified neurovascular injury (great-
er infarct size, HT, and excess Hb) and improves functional
outcomes in diabetes, and (3) inhibition of TLR-4 restores mem-
brane permeability while increasing expression of tight junction
proteins, cell survival, and angiogenic potential of BMVECs
isolated from diabetic animals.

Clinical and experimental studies have demonstrated that
ischemia reperfusion injury in diabetes results in greater bleed-
ing into the brain and worsened outcomes compared with non-
diabetics [17, 27-29]. Functional recovery after stroke is also
impeded in diabetes but underlying reasons are not fully under-
stood. As recently highlighted by American Heart Association
[30], cerebrovascular health is crucial for brain health. In addi-
tion to providing constant blood flow to the brain, small vessels
of the brain forms BBB and provide neurotrophic functions by
secreting growth factors necessary for survival within the
neurovascular unit [31]. Thus, in the current study, we focus
on the microvascular injury and integrity in diabetes. Our stud-
ies showed that TLR-4 protein is not only increased in total
brain homogenates but also in the microvessels isolated from
diabetic animals after stroke. While microvessel preparation
includes multiple cell types including endothelial cells, vascular
smooth muscle cells, and possibly embedded pericytes, in vitro
BMVEC studies provide additional information on critical role
of endothelial cells. A recent study reported that inhibition of
TLR-4 signaling by TAK242 prevents neuronal apoptosis and
improves outcomes in diabetic rats [ 16]. Our results at the brain,
vascular tissue, and endothelial cell levels enhance the signifi-
cance of this past study and show that TLR-4 inhibition also
provides acute vascular protection by reducing edema and
bleeding while improving short-term functional outcome after
stroke in diabetes.

Amplified HT in diabetes may also influence the restor-
ative and regenerative processes within the neurovascular net-
works. Toxic effects of extravasated blood components in-
cluding red blood cells (RBCs), coagulation factors, comple-
ment components, and immune globulins can increase the
severity of stroke injury [8, 32, 33]. Hemin, the oxidative form
of heme released from RBCs exerts its toxic effects via release
of excessive iron, depletion of glutathione and production of
free radicals in ICH models [9]. TLR-4 is activated by many
endogenous ligands such as heme and fibrinogen [34], which
are produced in brain after ischemic injury. However, there is
paucity of information about the effect of free iron in vascular
injury, particularly endothelial cell death after ischemic stroke
in diabetes. Microvascular endothelial cells have stronger in-
flammatory responses and show greater levels of TLR-4 and
CD14 expression than macrovascular endothelial cells [15].
Our group has previously reported that there is a greater loss of
angiogenic properties in BMVECs isolated from diabetic an-
imals after OGDR [7]. Thus, in an effort to address the role of
TLR-4 in vascular repair after an ischemic event, we used
BMVECs isolated from diabetic animals. To mimic the

ischemia-reperfusion injury and release of free iron, cells were
exposed to OGD and iron was added during reoxygenation.
We observed that OGDR increased TLR-4 expression and
membrane permeability and this was accompanied with de-
creased expression of tight junction proteins (occludin and
claudin-5), whereas inhibition of TLR-4 prevented this effect.
Thus, it can be speculated that the vasoprotection achieved
with TLR-4 inhibition in vivo could be due to improved
BBB integrity. In the current study, we used in vivo TLR-4
inhibition starting immediately after reperfusion. While addi-
tional in vivo studies are needed to better understand the role
of iron-induced TLR-4 signaling in compromised
neurovascular repair and functional recovery in diabetes, im-
provement of viability and migration ability of BMVECs with
the inhibition of TLR-4 may have long-term effects as well.
TLR-4 activation triggers the RIP3 kinase-dependent pro-
grammed necrosis that occurs through either TIR domain-
containing adapter-inducing interferon- (TRIF) or MyD88
signal transduction. It has been demonstrated in murine sickle
cell disease model that heme triggers TLR-4 signaling leading
to endothelial cell activation and vaso-occlusion, and it re-
quires redox-active iron to mediate these processes [35, 36].
Heme released during hemolysis activates TLR-4 signaling in
endothelial cells leading to release of Weibel-Palade body
degranulation and activation of NF-«kB. This can further acti-
vate NADPH oxidase-mediated production of reactive oxy-
gen species, interleukins, and cytokines [36]. We also ob-
served the activation of NF-kB with hypoxia and iron treat-
ment, while inhibition of TLR-4 and oxidative stress with
NAC blocked its activation and prevented cytokine release.

Transmembrane pattern recognition receptors, such as
TLRs, play an important role in the induction and regulation
of immune/inflammatory responses [37, 38]. TLR-4 is
expressed by variety of cell types including immune cells
and vascular cells [39], but most TLR-4 studies focused on
immune cells such as monocytes, macrophages, and lympho-
cytes. Indeed, information related to the role of TLR-4 in the
inflammatory response by vascular cells, in particular
BMVEC:s, is relatively scarce. The current study provides
novel information that ischemic stroke in diabetes increases
the expression of TLR-4 in both neuronal and vascular tissue
and its inhibition can improve the neurobehavioral outcomes.
Our results also suggest that endothelial TLR-4 inhibition has
therapeutic potential by providing vascular protection and res-
toration in diabetes.

Acknowledgements AE is a Research Career Scientist at the Charlie
Norwood Veterans Affairs Medical Center in Augusta, GA. This work
was supported in part by a Veterans Affairs (VA) Merit Award
(BX000347), VA Research Career Scientist Award and National
Institutes of Health (NIH) awards (ROINS083559) to AE and Program
Project award (PO1HL128207) to RCW, JCS, and AE. The contents do
not represent the views of the Department of Veterans Affairs or the US
Government.

@ Springer



1616

Mol Neurobiol (2019) 56:1607-1617

References

10.

11.

12.

13.

14.

15.

Krishnamurthi RV, Moran AE, Feigin VL, Barker-Collo S,
Norrving B, Mensah GA, Taylor S, Naghavi M et al (2015)
Stroke prevalence, mortality and disability-adjusted life years in
adults aged 20-64 years in 1990-2013: data from the global burden
of disease 2013 study. Neuroepidemiol 45(3):190-202. https://doi.
org/10.1159/000441098

Ergul A, Kelly-Cobbs A, Abdalla M, Fagan SC (2012)
Cerebrovascular complications of diabetes: focus on stroke.
Endocr Metab Immune Disord Drug Targets 12(2):148-158
Navaratna D, Guo S, Arai K, Lo EH (2009) Mechanisms and tar-
gets for angiogenic therapy after stroke. Cell Adhes Migr 3(2):216—
223

Xiong Y, Mahmood A, Chopp M (2010) Angiogenesis,
neurogenesis and brain recovery of function following injury.
Current Opin Investig Drugs 11(3):298-308

Ergul A, Alhusban A, Fagan SC (2012) Angiogeneis: a harmonized
target for recovery after stroke. Stroke 43(8):2270-2274. https://
doi.org/10.1161/STROKEAHA.111.642710

Prakash R, Somanath PR, El-Remessy AB, Kelly-Cobbs A, Stern
JE, Dore-Dufty P, Johnson M, Fagan SC et al (2012) Enhanced
cerebral but not peripheral angiogenesis in the Goto-Kakizaki mod-
el of type 2 diabetes involves VEGF and peroxynitrite signaling.
Diabetes 61(6):1533—-1542. https://doi.org/10.2337/db11-1528
Abdelsaid M, Prakash R, Li W, Coucha M, Hafez S, Johnson MH,
Fagan SC, Ergul A (2015) Metformin treatment in the period after
stroke prevents nitrative stress and restores angiogenic signaling in
the brain in diabetes. Diabetes 64(5):1804—1817. https://doi.org/10.
2337/db14-1423

Babu R, Bagley JH, Di C, Friedman AH, Adamson C (2012)
Thrombin and hemin as central factors in the mechanisms of intra-
cerebral hemorrhage-induced secondary brain injury and as poten-
tial targets for intervention. Neurosurg Focus 32(4):E8. https:/doi.
org/10.3171/2012.1.FOCUS11366

Robinson SR, Dang TN, Dringen R, Bishop GM (2009) Hemin
toxicity: a preventable source of brain damage following hemor-
rhagic stroke. Redox Rep 14(6):228-235. https://doi.org/10.1179/
135100009X12525712409931

Hua F, Tang H, Wang J, Prunty MC, Hua X, Sayeed I, Stein DG
(2015) TAK-242, an antagonist for Toll-like receptor 4, protects
against acute cerebral ischemia/reperfusion injury in mice. J
Cereb Blood Flow Metab 35(4):536-542. https://doi.org/10.1038/
jcbfm.2014.240

Hyakkoku K, Hamanaka J, Tsuruma K, Shimazawa M, Tanaka H,
Uematsu S, Akira S, Inagaki N et al (2010) Toll-like receptor 4
(TLR4), but not TLR3 or TLRY, knock-out mice have neuroprotec-
tive effects against focal cerebral ischemia. Neuroscience 171(1):
258-267. https://doi.org/10.1016/j.neuroscience.2010.08.054

Caso JR, Pradillo JM, Hurtado O, Lorenzo P, Moro MA, Lizasoain
1 (2007) Toll-like receptor 4 is involved in brain damage and in-
flammation after experimental stroke. Circulation 115(12):1599—
1608. https://doi.org/10.1161/CIRCULATIONAHA.106.603431
Ning R, Chopp M, Yan T, Zacharek A, Zhang C, Roberts C, Cui X,
Lu M et al (2012) Tissue plasminogen activator treatment of stroke
in type-1 diabetes rats. Neuroscience 222:326-332. https://doi.org/
10.1016/j.neuroscience.2012.07.018

Rodriguez-Yanez M, Brea D, Arias S, Blanco M, Pumar JM,
Castillo J, Sobrino T (2012) Increased expression of Toll-like re-
ceptors 2 and 4 is associated with poor outcome in intracerebral
hemorrhage. J Neuroimmunol 247(1-2):75-80. https://doi.org/10.
1016/j.jneuroim.2012.03.019

LuZ,LiY, JinJ, Zhang X, Lopes-Virella MF, Huang Y (2012) Toll-
like receptor 4 activation in microvascular endothelial cells triggers
a robust inflammatory response and cross talk with mononuclear

@ Springer

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

cells via interleukin-6. Arterioscler Thromb Vasc Biol 32(7):1696—
1706. https://doi.org/10.1161/ATVBAHA.112.251181

Li C, Che LH, Ji TF, Shi L, Yu JL (2017) Effects of the TLR4
signaling pathway on apoptosis of neuronal cells in diabetes
mellitus complicated with cerebral infarction in a rat model. Sci
Rep 7:43834. https://doi.org/10.1038/srep43834

Ergul A, Elgebaly MM, Middlemore ML, Li W, Elewa H, Switzer
JA, Hall C, Kozak A et al (2007) Increased hemorrhagic transfor-
mation and altered infarct size and localization after experimental
stroke in a rat model type 2 diabetes. BMC Neurol 7:33. https://doi.
org/10.1186/1471-2377-7-33

Kelly-Cobbs Al, Prakash R, Li W, Pillai B, Hafez S, Coucha M,
Johnson MH, Ogbi SN et al (2013) Targets of vascular protection in
acute ischemic stroke differ in type 2 diabetes. Am J Physiol Heart
Circ Physiol 304(6):H806-HS815. https://doi.org/10.1152/ajpheart.
00720.2012

Qin Z, Karabiyikoglu M, Hua'Y, Silbergleit R, He Y, Keep RF, Xi G
(2007) Hyperbaric oxygen-induced attenuation of hemorrhagic
transformation after experimental focal transient cerebral ischemia.
Stroke 38(4):1362-1367. https://doi.org/10.1161/01.STR.
0000259660.62865.¢b

Prakash R, Li W, Qu Z, Johnson MA, Fagan SC, Ergul A (2013)
Vascularization pattern after ischemic stroke is different in control
versus diabetic rats: Relevance to stroke recovery. Stroke 44(10):
2875-2882. https://doi.org/10.1161/STROKEAHA.113.001660
Hawkins BT, Abbruscato TJ, Egleton RD, Brown RC, Huber JD,
Campos CR, Davis TP (2004) Nicotine increases in vivo blood-
brain barrier permeability and alters cerebral microvascular tight
junction protein distribution. Brain Res 1027(1-2):48-58. https://
doi.org/10.1016/j.brainres.2004.08.043

Prakash R, Johnson M, Fagan SC, Ergul A (2013) Cerebral neo-
vascularization and remodeling patterns in two models of type 2
diabetes. PLoS One 8(2):¢56264

Lockman JA, Geldenhuys WJ, Bohn KA, Desilva SF, Allen DD,
Van der Schyf CJ (2007) Differential effect of nimodipine in atten-
uating iron-induced toxicity in brain- and blood-brain barrier-asso-
ciated cell types. Neurochem Res 37:134-142

Othman A, Ahmad S, Megyerdi S, Mussell R, Choksi K, Maddipati
KR, Elmarakby A, Rizk N et al (2013) 12/15-Lipoxygenase-de-
rived lipid metabolites induce retinal endothelial cell barrier dys-
function: contribution of NADPH oxidase. PLoS One 8(2):¢57254.
https://doi.org/10.1371/journal.pone.0057254

Abdelsaid MA, Matragoon S, El-Remessy AB (2013) Thioredoxin-
interacting protein expression is required for VEGF-mediated an-
giogenic signal in endothelial cells. Antioxid Redox Signal 19(18):
2199-2212. https://doi.org/10.1089/ars.2012.4761

Lim KH, Staudt LM (2013) Toll-like receptor signaling. Cold
Spring Harb Perspect Biol 5(1):a011247. https://doi.org/10.1101/
cshperspect.a011247

Elgebaly MM, Prakash R, Li W, Ogbi S, Johnson MH, Mezzetti
EM, Fagan SC, Ergul A (2010) Vascular protection in diabetic
stroke: role of matrix metalloprotease-dependent vascular remodel-
ing. J Cereb Blood Flow Metab 30(12):1928-1938. https://doi.org/
10.1038/jcbfm.2010.120

Knoflach M, Matosevic B, Rucker M, Furtner M, Mair A, Wille G,
Zangerle A, Werner P et al (2012) Functional recovery after ische-
mic stroke—a matter of age: data from the Austrian Stroke Unit
Registry. Neurology 78(4):279-285. https://doi.org/10.1212/WNL.
0b013e31824367ab

Baird TA, Parsons MW, Phan T, Butcher KS, Desmond PM, Tress
BM, Colman PG, Chambers BR et al (2003) Persistent poststroke
hyperglycemia is independently associated with infarct expansion
and worse clinical outcome. Stroke 34(9):2208-2214. https://doi.
org/10.1161/01.STR.0000085087.41330.FF

Gorelick PB, Furie KL, Iadecola C, Smith EE, Waddy SP, Lloyd-
Jones DM, Bae HJ, Bauman MA et al (2017) Defining optimal


https://doi.org/10.1159/000441098
https://doi.org/10.1159/000441098
https://doi.org/10.1161/STROKEAHA.111.642710
https://doi.org/10.1161/STROKEAHA.111.642710
https://doi.org/10.2337/db11-1528
https://doi.org/10.2337/db14-1423
https://doi.org/10.2337/db14-1423
https://doi.org/10.3171/2012.1.FOCUS11366
https://doi.org/10.3171/2012.1.FOCUS11366
https://doi.org/10.1179/135100009X12525712409931
https://doi.org/10.1179/135100009X12525712409931
https://doi.org/10.1038/jcbfm.2014.240
https://doi.org/10.1038/jcbfm.2014.240
https://doi.org/10.1016/j.neuroscience.2010.08.054
https://doi.org/10.1161/CIRCULATIONAHA.106.603431
https://doi.org/10.1016/j.neuroscience.2012.07.018
https://doi.org/10.1016/j.neuroscience.2012.07.018
https://doi.org/10.1016/j.jneuroim.2012.03.019
https://doi.org/10.1016/j.jneuroim.2012.03.019
https://doi.org/10.1161/ATVBAHA.112.251181
https://doi.org/10.1038/srep43834
https://doi.org/10.1186/1471-2377-7-33
https://doi.org/10.1186/1471-2377-7-33
https://doi.org/10.1152/ajpheart.00720.2012
https://doi.org/10.1152/ajpheart.00720.2012
https://doi.org/10.1161/01.STR.0000259660.62865.eb
https://doi.org/10.1161/01.STR.0000259660.62865.eb
https://doi.org/10.1161/STROKEAHA.113.001660
https://doi.org/10.1016/j.brainres.2004.08.043
https://doi.org/10.1016/j.brainres.2004.08.043
https://doi.org/10.1371/journal.pone.0057254
https://doi.org/10.1089/ars.2012.4761
https://doi.org/10.1101/cshperspect.a011247
https://doi.org/10.1101/cshperspect.a011247
https://doi.org/10.1038/jcbfm.2010.120
https://doi.org/10.1038/jcbfm.2010.120
https://doi.org/10.1212/WNL.0b013e31824367ab
https://doi.org/10.1212/WNL.0b013e31824367ab
https://doi.org/10.1161/01.STR.0000085087.41330.FF
https://doi.org/10.1161/01.STR.0000085087.41330.FF

Mol Neurobiol (2019) 56:1607-1617

1617

31.

32.

33.

34.

35.

brain health in adults: a presidential advisory from the American
Heart Association/American Stroke Association. Stroke 48(10):
¢284—303. https://doi.org/10.1161/STR.0000000000000148
Iadecola C (2017) The neurovascular unit coming of age: a journey
through neurovascular coupling in health and disease. Neuron
96(1):17-42. https://doi.org/10.1016/j.neuron.2017.07.030

Xi G, Keep RF, Hoff JT (2006) Mechanisms of brain injury after
intracerebral haemorrhage. The Lancet Neurol 5(1):53-63. https:/
doi.org/10.1016/S1474-4422(05)70283-0

Aronowski J, Zhao X (2011) Molecular pathophysiology of cere-
bral hemorrhage: secondary brain injury. Stroke 42(6):1781-1786.
https://doi.org/10.1161/STROKEAHA.110.596718

Figueiredo RT, Fernandez PL, Mourao-Sa DS, Porto BN, Dutra FF,
Alves LS, Oliveira MF, Oliveira PL et al (2007) Characterization of
heme as activator of Toll-like receptor 4. J Biol Chem 282(28):
20221-20229. https://doi.org/10.1074/jbc.M610737200

Belcher JD, Chen C, Nguyen J, Milbauer L, Abdulla F, Alayash Al,
Smith A, Nath KA et al (2014) Heme triggers TLR4 signaling

36.

37.

38.

39.

leading to endothelial cell activation and vaso-occlusion in murine
sickle cell disease. Blood 123(3):377-390. https://doi.org/10.1182/
blood-2013-04-495887

Belcher JD, Nath KA, Vercellotti GM (2013, 2013) Vasculotoxic
and proinflammatory effects of plasma heme: cell signaling and
cytoprotective responses. ISRN Oxidative Med:831596. https://
doi.org/10.1155/2013/831596

Funk SD, Yurdagul A Jr, Orr AW (2012) Hyperglycemia and en-
dothelial dysfunction in atherosclerosis: lessons from type 1 diabe-
tes. Int J Vasc Med 2012:569654-569619. https://doi.org/10.1155/
2012/569654

Akira S, Takeda K (2004) Toll-like receptor signalling. Nat Rev
Immunol 4(7):499-511. https://doi.org/10.1038/nri1391

Cole JE, Mitra AT, Monaco C (2010) Treating atherosclerosis: the
potential of Toll-like receptors as therapeutic targets. Expert Rev
Cardiovasc Ther 8(11):1619-1635. https://doi.org/10.1586/erc.10.
149

@ Springer


https://doi.org/10.1161/STR.0000000000000148
https://doi.org/10.1016/j.neuron.2017.07.030
https://doi.org/10.1016/S1474-4422(05)70283-0
https://doi.org/10.1016/S1474-4422(05)70283-0
https://doi.org/10.1161/STROKEAHA.110.596718
https://doi.org/10.1074/jbc.M610737200
https://doi.org/10.1182/blood-2013-04-495887
https://doi.org/10.1182/blood-2013-04-495887
https://doi.org/10.1155/2013/831596
https://doi.org/10.1155/2013/831596
https://doi.org/10.1155/2012/569654
https://doi.org/10.1155/2012/569654
https://doi.org/10.1038/nri1391
https://doi.org/10.1586/erc.10.149
https://doi.org/10.1586/erc.10.149

	Inhibition...
	Abstract
	Introduction
	Materials and Methods
	Results
	Ischemic Stroke in Diabetes Increases TLR-4 Protein in Brain Parenchyma and Isolated Microvessels
	The Effect of In�Vivo TLR-4 Inhibition on Neurovascular Injury
	The Effect of TLR-4 Inhibition on Neurobehavioral Outcomes
	The Effect of TLR-4 Inhibition on BMVEC Membrane Permeability and Tight Junction Proteins
	The Effect of TLR-4 Inhibition on BMVEC Viability and Migration
	TLR-4 Signaling in BMVECs of Diabetic Animals

	Discussion
	References


