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Damage to the blood-brain barrier and activation
of neuroinflammation by focal cerebral ischemia
under hyperglycemic condition
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Abstract. Hyperglycemia aggravates brain damage caused by
cerebral ischemia/reperfusion (I/R) and increases the perme-
ability of the blood-brain barrier (BBB). However, there are
relatively few studies on morphological changes of the BBB.
The present study aimed to investigate the effect of hypergly-
cemia on BBB morphological changes following cerebral I/R
injury. Streptozotocin-induced hyperglycemic and citrate-buff-
ered saline-injected normoglycemic rats were subjected
to 30 min middle cerebral artery occlusion. Neurological
deficits were evaluated. Brain infarct volume was assessed by
2,3,5-triphenyltetrazolium chloride staining and BBB integrity
was evaluated by Evans blue and IgG extravasation following
24 h reperfusion. Changes in tight junctions (TJ) and base-
ment membrane (BM) proteins (claudin, occludin and zonula
occludens-1) were examined using immunohistochemistry and
western blotting. Astrocytes, microglial cells and neutrophils
were labeled with specific antibodies for immunohistochemistry
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after 1, 3 and 7 days of reperfusion. Hyperglycemia increased
extravasations of Evan's blue and IgG and aggravated damage
to TJ and BM proteins following I/R injury. Furthermore,
hyperglycemia suppressed astrocyte activation and damaged
astrocytic endfeet surrounding cerebral blood vessels following
I/R. Hyperglycemia inhibited microglia activation and prolif-
eration and increased neutrophil infiltration in the brain. It was
concluded that hyperglycemia-induced BBB leakage following
I/R might be caused by damage to TJ and BM proteins and
astrocytic endfeet. Furthermore, suppression of microglial cells
and increased neutrophil infiltration to the brain may contribute
to the detrimental effects of pre-ischemic hyperglycemia on the
outcome of cerebral ischemic stroke.

Introduction

Hyperglycemia is a major risk factor for ischemic stroke in
the clinic and increases the risk of mortality and morbidity
in patients suffering from stroke (1). The Emerging Risk
Factors Collaboration showed that the adjusted hazard
ratio for patients with with diabetes was 2.27 (1.95-2.65)
for ischemic stroke (2). Animal studies have confirmed that
hyperglycemia enlarges cerebral infarction volume and causes
hemorrhagic transformation of the infarct area, resulting in
a poorer prognosis (3,4). The mechanism of hyperglycemia
aggravated ischemic brain injury may involve lactic acidosis,
oxidative stress and activation of cell death pathways (5,6).
Our previous studies have demonstrated that imbalance of
mitochondrial fission/fusion and decreased mitochondrial
biogenesis contribute to hyperglycemia-enhanced ischemic
brain damage (7-9).

The neurovascular unit (NVU), with the blood-brain barrier
(BBB) asits core,emphasizes the close link between brain tissue
and its blood supply (10). The BBB is a structural and func-
tional barrier between the central nervous system (CNS) and
the systemic blood circulation. It prevents harmful substances
from entering the brain parenchyma and regulates the trans-
port of water, ions and macromolecules, thus maintaining the
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stability of brain homeostasis (11). The major components of
the BBB include vascular endothelial cells interconnected with
tight junctions (TJ), basement membrane (BM) and astrocytic
endfeet. TJs are located between adjacent vascular endothe-
lial cells, where they play a key role in limiting paracellular
permeability, thus regulating permeability of the BBB. Three
types of transmembrane proteins primarily constitute the TJ:
Claudin, occludin and zonula occluden-1 (ZO-1) (12). Claudin
is the principal component of the TJ complex and is involved
in selective permeability and cellular polarization (13). It is
considered to be the most important regulator of cerebrovas-
cular endothelial cell permeability (14). There are different
subtypes of claudin. Claudin-5 is the primary transmembrane
protein that forms the BBB (15). Miyamori ef al (16) observed
that in the late stage of cerebral ischemia/reperfusion (I/R),
claudin-5 migrates from endothelial cells to surrounding
astrocytes, which disrupts the BBB. Occludin is considered
as a staple of TJs between blood endothelial cells. Occludin
expression in cerebrovascular endothelial cells is suppressed
and integrity of the BBB is compromised following cerebral
I/R (17). This suggests that decreased expression of occludin
can be used as an indicator of BBB disruption. ZO-1 is the first
confirmed TJ adhesion protein (18) and is used as a marker for
BBB damage. It connects transmembrane proteins (occludin
and claudins) with cytoskeletal proteins on the inner side
of the cell (such as actin), thus serving a key role in TJ (18).
During cerebral ischemia/reperfusion (I/R), expression of
Z0-1 decreases significantly, resulting in degradation of TJ,
increased BBB permeability and formation of vasogenic cere-
bral edema (19). BM is located at the basal side of epithelial
cells and is composed of laminin, collagen IV, nidogen and
heparan sulfate proteoglycans (20-22). The role of BM ranges
from providing structural support to modulating molecular
signaling and maintaining normal function of the BBB (23,24).
Loss of BM occurs soon after the onset of ischemia (25), or as
early as 10 min post-reperfusion in a middle cerebral artery
occlusion (MCAO) model (26). Astrocytic endfeet cover
almost the entire surface of intraparenchymal capillaries in the
adult brain and are involved in the formation and maintenance
of the BBB (27). In ischemic brain, astrocytes are activated,
reflected by increased numbers of dendrites and enlarge-
ment of the cell body (28). Moreover, swelling of astrocytic
endfeet is one of the earliest morphological events following
ischemic stroke (29). Although several studies have shown that
hyperglycemia significantly increases brain edema and BBB
dysfunction, as shown by Evans blue leakage following I/R
injury (30-32), detailed morphological study of the BBB has
not previously been performed.

Microglia, macrophages, neutrophils and T lymphocytes
are the most well-studied immune cells in the CNS that
interact directly or indirectly with BBB components and affect
the integrity of the BBB following ischemia (33). Microglial
cells, the resident immune cells in the brain, are among the first
responders to ischemia, followed by neutrophil influx and infil-
tration of peripheral macrophages, lymphocytes and dendritic
cells (34,35). Activated microglia serve dual role in the BBB
and ischemic brain damage. On one hand, they produce exces-
sive cytokines and chemokines that overexpress cell adhesion
molecules and promote leukocyte infiltration (36). On the other
hand, activated microglia may be beneficial to the injured

brain by phagocytizing cell debris and inhibiting the inflam-
matory response (33). In addition, damage to the BBB permits
extravasation of neutrophils to the brain parenchyma, which
increases the release of deleterious inflammatory mediators.
Accumulation of neutrophils, along with proinflammatory
mediators and proteases, also potentiates junction disassembly,
endothelial malfunction, and extracellular matrix degrada-
tion, resulting in irreversible BBB disruption (37). The effect
of hyperglycemia on activation of microglia and neutrophil
infiltration is in need of further investigation.

The aim of the present study was to investigate the effect
of preischemic hyperglycemia on key components of the BBB
following I/R injury in the rat brain. To this end, streptozotocin
(STZ)-induced hyperglycemic (HG) rats were subjected to
30 min MCADO, followed by 1, 3 or 7 days reperfusion. Levels
of TJ and BM-associated proteins. as well as changes in astro-
cytes and microglia and neutrophil infiltration, were assessed
using immunohistochemistry (IHC) and/or western blotting.

Materials and methods

Animals. A total of 95 male 8-week-old Sprague-Dawley
rats (weight, 200-230 g) were provided by the Experimental
Animal Center of Ningxia Medical University (Yinchuan
China). The animals were reared in a specific-pathogen-free
environment with a 12-h light/dark cycle and free access to
water and food, the temperature and humidity were controlled
(23°C, 55% humidity). Animal procedures were performed in
strict accordance with the Chinese Laboratory Animal Use
Regulation and were approved by the Institutional Animal
Care and Use Committee of Ningxia Medical University.

STZ-induced diabetic hyperglycemia. A total of 95 rats
were fasted for 12 h and intraperitoneally injected with STZ
(60 mg/kg) freshly dissolved in citrate buffer (pH 4.5) or an
equal amount of solvent as a control. Blood glucose levels were
measured 3 days after STZ injection. Rats with blood glucose
>16.7 mM were placed in the HG group. The rat body weight
and blood glucose levels were measured once/week for 4 weeks
Cerebral ischemia was induced after 4 weeks in STZ-induced
diabetic and citrate buffer-injected normoglycemic (NG) rats.
Animals in the NG and HG groups were further divided into
Sham, 1-, 3- and 7 day I/R (I/R 1, 3 and 7 day) subgroups.
Animal groups and number of animals in each group are given
in Table I.

I/R model. MCAO was induced for 30 min by inserting an
intraluminal filament through the right common carotid artery
and advancing to the internal carotid artery and the base
of the middle cerebral artery. Reperfusion was achieved by
withdrawing the filament after 30 min occlusion. Neurological
defects were scored at 1 day post-I/R according to the modi-
fied Neurological Severity Score (mNSS), which primarily
assesses sensory, motor, reflex, balance and muscle tone (35).
The higher the score, the more serious the neurological deficit.
Normal rats have score 0, and mild, moderate, and severe
injuries scores are 1-6, 7-12 and 3-18, respectively. The deficit
score was assessed 3 times in each rat and the mean value was
calculated. At the predetermined experimental end-points, the
rats (including the sham group) were euthanized and the brain
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Table I. Animal groups and numbers.

A, Normoglycemic

Group TTC staining IHC WB
Sham 5 5 3
I/R 1 day 6 7 4
I/R 3 days 0 6 4
I/R 7 days 0 5 3
B, Hyperglycemic

Group TTC staining IHC WB
Sham 0 5 4
I/R 1 day 5 9 4
I/R 3 days 0 6 5
I/R 7 days 0 5 4

TTC, 2,3,5-triphenyltetrazolium chloride; IHC, immunohistochem-
istry; WB, western blotting; I/R, ischemia/reperfusion.

was extracted. The brain samples used for morphological
studies were fixed in 4% paraformaldehyde for 4 h at room
temperature and embedded in paraffin. The brain samples
used for western blot analysis were frozen in liquid nitrogen
and stored in a -80°C freezer. Brain edema was evaluated by
dry-wet weight ratio as follows: W/Dratio=(wet weight-dry we
ight)/dry weight

2,3,5-Triphenyltetrazolium chloride (TTC) & Evans blue
staining. The cerebral infarct volume and integrity of the BBB
were assessed by TTC and Evans blue staining, respectively,
as previously described (38). Briefly, Evans blue dye (2%;
4 ml/kg) was injected into the left femoral vein and allowed
to circulate for 60 sec before the rats were euthanized with 1%
pentobarbital (40 mg/kg) and perfused transcardially with PBS
for 60 sec at 37°C. The brains were removed, washed with
PBS and kept at -20°C for 30 min before sectioning. Coronal
sections (2 mm) were cut in a rat brain matrix and stained
with 2% TTC (Amresco, LLC) for 30 min at 37°C. Following
staining, the brain slices were fixed with 4% paraformalde-
hyde for 10 min at 37°C to conserve the area stained by TTC.
The stained brain sections were digitally photographed using
a digital camera (PowerShot G7 X Mark II Canon, Inc.). The
infarcted area (white) and BBB disruption (blue) of each brain
section was measured using Image-Pro Plus 6.0 software
(Media Cybernetics, Inc.). The infarcted volume and the BBB
disrupted area were calculated according to the formula:
100% x (ipsilateral volume-contralateral volume)/contralateral
volume.

Immunohistochemistry (IHC). THC staining was performed as
described previously (9). Briefly, the 4-pm-thick brain sections
were de-paraffinized, rehydrated (in descending alcohol series)
and washed (in PBS). Antigen retrieval was performed using a
high-temperature (120°C) and high-pressure antigen repairing

method in sodium citrate buffer (pH 6.0). The sections were then
blocked with 3% H,0, and 10% normal goat serum (OriGene
Technologies, Inc.) in PBS for 30 min at 37°C. The sections
were incubated overnight at 4°C with primary antibodies
against von Willebrand Factor (VWF; 1:300; cat. no. ab6994;
Abcam), claudin-5 (1:100; cat. no. ab15106; Abcam),
70-1 (1:200; cat. no. ab216880; Abcam), occludin (1:200;
cat. no. ab216327; Abcam), laminin (1:200; cat. no. ab11575;
Abcam), collagen I'V (1:400; cat. no. ab6586; Abcam), glial
fibrillary acidic protein (GFAP; 1:200; cat. no. 3670S; Cell
Signaling Technology, Inc.) and anti-neutrophil antibody
(NIMP-R14; 1:50; cat. no. ab2557; Abcam). The sections were
rewarmed for 60 min at room temperature and then incubated
with horseradish peroxidase (HRP)-conjugated secondary
antibody (1:300; cat. no. TA130003, OriGene Technologies,
Inc.) for 30 min at 37°C. Color reaction was developed by
3,3'-diaminobenzidine (DAB) (1:20) incubation for 5 min and
counterstained with hematoxylin for 1 min, both at 37°C.

For IgG staining, after being de-paraffinized, rehydrated
and blocked as aforementioned, the sections were incubated
with HRP-conjugated Affinipure Goat Anti-Mouse IgG (H+L;
1:2,000; cat. no. SA00001-1; ProteinTech Group, Inc.) for 2 h
at 37°C. The sections were washed, and color reaction was
developed by DAB (1:20) incubation for 5 min and counter-
stained with hematoxylin for 1 min at 37°C. The images were
captured using a light microscope (cat. no. VM1000; Motic
Incorporation, Ltd.; magnification, x40), and the IgG-positive
areas were measured using Image-Pro-Plus 6.0 software
(Media Cybernetics, Inc.).

The immunofluorescent double labeling of VWF (1:200;
cat. no. ab6994; Abcam), with astrocyte marker GFAP
(1:200; cat. no. 3670S; Cell Signaling Technology, Inc.) and
double labeling of proliferating cell nuclear antigen (PCNA;
1:400; cat. no. ab29; Abcam) with the microglia marker
ionized calcium-binding adaptor molecule (IBA1) (1:200;
cat. no. ab5076; Abcam) were achieved by incubating the
two primary antibodies with brain sections separately for
4 h at 37°C and then with a mixture of two different fluores-
cence-conjugated secondary antibodies for 2 h at 37°C. The
specimens were mounted with Antifade Polyvinylpyrrolidone
Mounting Medium (Vector Informatik GmbH) containing
DAPI and then examined under a fluorescence confocal-scan-
ning microscope (cat. no. FV1000; Olympus Corporation;
magnification, x400).

Morphological analysis. Following immunostaining,
astrocyte and microglia morphology were evaluated using
software (Imagel; version 2.0.0-rc-69/1.52p; National
Institutes of Health). Analysis of dendrite branching features,
including number of endpoints, total segment length and
maximum branch length, was performed using the plugin
Analyze Skeleton (fiji.sc/AnalyzeSkeleton) (39). Briefly,
images were converted to 8-bit gray type and filtered with
Fast Fourier Transform bandpass filter plugin (imagej.nih.
gov/ij/plugins/fft-filter.html). The brightness and contrast were
adjusted to show cell morphology and noise was removed.
The images were then skeletonized and the number of
endpoints, total segment length and maximum branch length
were measured automatically using the Analyze Skeleton
plugin. The area of IBA1* stained cells and circularity index
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Figure 1. Schematic diagram and physiological data (A) Schematic diagram of experimental design. Changes in (B) body weight, (C) blood glucose level and
(D) neurological deficit following cerebral I/R in NG and HG animals. Hyperglycemia was induced by STZ injection and neurological deficit was assessed using
the mNSS at 1 day post-reperfusion following 30 min MCAO. n=5/group. ¥P<0.05 vs. 1 week, "P<0.05 vs. Sham, “P<0.05 vs. NG. NG, normoglycemic; HG,
hyperglycemic; STZ, streptozotocin; MCAO, middle cerebral artery occlusion; i.p., intraperitoneal; H&E, hematoxylin and eosin; IHC, immunohistochemistry;
IF, immunofluorescence; WB, western blotting; mNSS, modified neurological severity score; TTC, 2,3,5-triphenyltetrazolium chloride; EB, Evans blue.

(CI) were measured using the plugin Shape Descriptors (40).
The CI parameter was calculated by the Shape Descriptors
plugin as follows: Area=[4p(area)/(perimeter)’] (41). The
numbers of VWF*", GFAP* and IBA1* cells were counted using
Image-Pro-Plus 6.0 software (Media Cybernetics, Inc.).

Western blorting. Following reperfusion, ipsilateral brain tissue
was homogenized in RIPA lysis buffer containing protease
inhibitors (Nanjing KeyGen Biotech Co., Ltd.). The protein
concentration of the supernatants (24,148.8 x g, 5 min,4°C) was
measured using a BCA Protein Quantitation Assay (Nanjing
KeyGen Biotech Co., Ltd.). Equal amounts of protein (30 ug)
were loaded onto 8-10% sodium dodecyl sulfate-polyacrylamide

gels. Following electrophoresis, bands were transferred onto
PVDF membranes. After being blocked with 5% BSA (OriGene
Technologies,Inc.) for2hat37°C,the membranes wereincubated
overnight at 4°C using the aforementioned primary antibodies
against claudin-5, ZO-1, occludin, laminin and collagen IV
or TNF-a (1:1,000; cat. no. 17590-1-AP; ProteinTech Group,
Inc.), IL-1P (1:500; cat. no. ab200478; Abcam) or IL-6 (1:2,000;
cat. no. 66146-1-Ig; ProteinTech Group, Inc.). The membranes
were washed and incubated with HRP-conjugated secondary
antibody (1:2,000; cat. no. SA00013-2; ProteinTech Group,
Inc.) for 2 h at room temperature. Visualization was performed
using ECL kit (cat. no. 34577, Thermo Fisher Scientific, Inc.).
The immunoblots were visualized using a computerized image
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Figure 2. Permeability of the BBB following I/R. (A) Representative brain sections stained with 2,3,5-triphenyltetrazolium chloride and Evans blue at 1 day
after I/R. Pale areas show infarct volume; blue areas show Evans blue extravasation. Quantitative summary of (B) infarct volume and (C) Evans blue extravasa-
tion (BBB damage) area. (D) Representative brain slices stained with anti-IgG antibody at 1 day post-I/R. (E) Quantitative summary of IgG* extravasation area
expressed as percent of the whole brain section area. (F) Quantitative summary of brain water content through wet and dry brain weight ratio. (G) Representative
photomicrographs of hematoxylin and eosin-stained cortex. Scale bar, 50 gm. n=5/group. “P<0.05 vs. Sham, ¥P<0.05 vs. NG. BBB, blood-brain barrier; I/R,

ischemia/reperfusion; NG, normoglycemic; HG, hyperglycemic.

analysis system (Amersham Imager 600; Cytiva), and the
results were expressed as the ratio of corresponding protein
to B-actin (1:5,000; cat. no. SAO0001-7L; ProteinTech Group,
Inc)).

Statistical analysis. Data are presented as the mean + SEM
(n=3). Data were analyzed by one- or two-way ANOVA
followed by post hoc Tukey's test. All statistical analysis was
performed using the SPSS 22.00 software (IBM Corp.). P<0.05
was considered to indicate a statistically significant difference.

Results

Hyperglycemia enhances neurological deficit following
cerebral I/R injury. The experimental paradigm is presented
in Fig. 1A. The rat body weight and blood glucose levels were
measured once/week for 4 weeks following STZ injection.
Weight of NG animals increased from 215.7+31 to 331.2+20 g
after 4 weeks; HG animals did not gain weight during the
4-week period. As a result, the body weight of HG animals
in weeks 2-4 were significantly lower (Fig. 1B). The blood
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section. n=5/group. ‘P<0.05 vs. Sham, “P<0.05 vs. NG. NG, normoglycemic; HG, hyperglycemic; I/R, ischemia/reperfusion.

glucose levels of HG animals elevated to >16.7 mM at 1 week
post-STZ injection and further increased to 22-34 mM in
2-4 weeks post-STZ injection. By contrast, the blood glucose
in NG animals stayed at baseline levels of 5-8 mM (P<0.01 vs.
HG; Fig. 1C). Neurological function was assessed using the
mNSS at 1 day post-reperfusion (Fig. 1D). The sham control
animals had a mean score of 2. Cerebral ischemia in NG
animals increased the deficit score to 9 (P<0.01 vs. Sham) and
to 13.6 in HG ischemic animals (P<0.05 vs. NG).

Hyperglycemia aggravates brain injury and increases
permeability of the BBB following I/R. TTC & Evans blue
double staining were used to evaluate the infarct volume and
BBB disruption. The normal non-ischemic brain tissue was

stained pink while the ischemic infarcted area remained white.
When the permeability of the BBB increased, Evans blue
penetrated the BBB via blood vessels, staining brain tissue
blue. TTC staining revealed that ischemia in NG animals
resulted in 29% infarct volume at 1 day recovery. As expected,
preischemic hyperglycemia enlarged the infarct volume
to 45% (Fig. 2A and B). The area of Evans blue staining in
NG animals was 11% leaking area; in HG animals, this was
increased to 19% (P<0.05 vs. NG), suggesting HG exacer-
bated BBB leakage at 1 day reperfusion (Fig. 2A and C).
In order to confirm that HG increased the permeability of
the BBB following I/R injury, IgG staining was performed
(Fig. 2D and E). The results demonstrated that ischemia
in NG animals led to moderately increased IgG staining in
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Figure 4. Immunoreactivity and levels of tight junction and basement membrane proteins following cerebral I/R injury. Representative photomicrographs
showing (A) claudin-5, (B) ZO-1, (C) occludin, (D) laminin and (E) collagen IV staining in the ischemic cortical penumbra (n=5/group). (F) Representative
western blots and relative amounts of (G) claudin-5, (H) ZO-1, (I) occludin, (J) laminin and (K) collagen IV (n=6/group). "P<0.05 vs. Sham, ¥P<0.05 vs. NG.

I/R, ischemia/reperfusion; ZO-1, zonula occluden-1; NG, normoglycemic; HG, hyperglycemic.

the right middle cerebral artery territory. In HG animals,
the IgG-stained area was significantly increased (P<0.01 vs.
NG), confirming that hyperglycemia damaged the integrity
of the BBB. Evaluation of brain edema by dry-wet weight
ratio revealed that brain edema was mildly and moderately
increased in NG and HG animals, respectively.

The effect of HG on histopathology of brain tissue at the
frontal cortex was evaluated using hematoxylin and eosin
(H&E) staining. Sham group exhibited normal brain structure
with no evidence of tissue swelling, necrosis or other visible

abnormalities (Fig. 2G). No abnormalities were observed in HG
Sham animals, aside from an increased number of microves-
sels compared with the NG Sham group. At 1 day post-I/R,
cerebral infarction, which is characterized by brain edema,
loosening of the matrix, pyknotic neurons and loss of blood
vessels (42), was observed. These changes were significantly
worsened in the HG group compared with the NG group.
At 3- and 7-days post-reperfusion, glial cell proliferation and
irregular neovascularization appeared. Glial cell infiltration in
HG animals was less than that in the NG group.
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Figure 5. Changes of endfeet following I/R. (A) Immunofluorescent double labeling of von Willebrand factor (green) and GFAP (red) in the ischemic cortical
penumbra. White solid triangles indicate vessels completely surrounded by astrocytic endfeet; hollow triangles indicate vessels with incomplete/absent astro-
cytic endfeet. (B) GFAP immunohistochemistry in the ischemic cortical penumbra. Magnified skeletonized insets (top left) and enlarged inserts (bottom right)
demonstrate morphological changes of astrocytes at different times post-I/R injury. Quantitative summary of (C) GFAP-positive astrocytes, (D) endpoints,
(E) total segment length and (F) maximum branch length. n=5/group. “P<0.05 vs. Sham, ¥P<0.05 vs. NG. GFAP, glial fibrillary acidic protein; NG, normogly-

cemic; HG, hyperglycemic; I/R, ischemia/reperfusion.

Effect of hyperglycemia on cerebral vessel density following  evaluated by labeling vascular endothelial cells via VWF
cerebral I/R injury. In order to observe the influence of HG  staining and counting the number of vessels in NG- and
ischemia on cerebral blood vessels, vascular density was  HG-ischemic rats (Fig. 3). Consistent with the observations in



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 48: 142, 2021 9

A Sham /R 1 day I/R 3 days I/R 7 days

C D
150 4
K%} ” m NG
@ £
S S 4s0{ mHG "
— = e
< 88
g S+ 300
- 33 -
b} @ = J # T
2 g 1% § l,
S < i
- 4 0-_-'
E & 2 2 E = g 2
b= S 3 3 £ 2 = 3
» p ) ~ «n = ) ~
- T T = T c
E F
151
% - NG » 100 1mNG
g 12qmHa 32 HG
= . 33 80
2 09 ‘ T + O
i : 55 o
- | =
g 0.6 1 ) + C_D 40
G § T <5
0.31 B &)e\“ 20
0-

Sham -b
o

I/R 1 day
I/R 3 days
I/R 7 days

Sham

I/R 1 day
I/R 3 days
I/R 7 days

Figure 6. Immunofluorescent double labelling of microglial marker IBA1 (green) and proliferation marker PCNA (red). (A) Representative photomicrographs
showing IBA1 staining in the ischemic cortex penumbra. Enlarged inserts indicate morphology of activated microglia. (B) Co-localization of IBA1 and PCNA
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to all IBA1* cells indicates microglial proliferation. n=5/group. "P<0.05 vs. Sham, #P<0.05 vs. NG. IBA1, ionized calcium-binding adaptor molecule; PCNA,

proliferating cell nuclear antigen; NG, normoglycemic; HG, hyperglycemic; I/R, ischemia/reperfusion.

H&E-stained sections, the number of vessels in both cortex  group compared with the NG Sham group. The number of
and striatum regions significantly increased in the HG Sham  blood vessels initially decreased after 1 day and significantly
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Figure 7. Neutrophil infiltration following I/R (A) NIMP-R14 staining showing neutrophil infiltration in the meninges and brain parenchyma (cortex and
striatum) following cerebral I/R injury. Arrows indicate NIMP-R14* neutrophils; enlarged insets demonstrate polymorphonuclear features of neutrophil.
(B) Neutrophil density in different areas of the brain. n=5/group. “P<0.05 vs. NG. I/R, ischemia/reperfusion; NG, normoglycemic; HG, hyperglycemic;

NIMP-R14, anti-neutrophil antibody.

increased in both structures at 3 and 7 days post-I/R in NG
animals. Similarly, the number of blood vessels decreased
at 1 day and significantly increased in the cortex and striatum
at 3 and 7 days post-I/R in HG animals, but the extent of these
increases were less than those in NG animals (Fig. 3A-D).
Blood vessels with diameters <10 zm were defined as capil-
laries and the ratio of capillaries to all vessels was calculated.
The ratio in the NG Sham group was 47.6%; in the HG Sham
group, this was increased to 70.2% (Fig. 3E). Following I/R
injury, the capillary ratio increased significantly at 1-7 days
post-reperfusion compared with sham groups but there was no
significant difference between the NG and HG groups.

TJ and BM are damaged by hyperglycemia following I/R. TJs
are the most important barrier structure of the BBB. They are
primarily composed of claudins, occludins and ZO-1 (43).
These three proteins were distributed continuously and
uniformly among vascular endothelial cells with a granular
shape in NG and HG Sham groups. At 1 day post-reperfusion,
TJ proteins were distributed intermittently among vascular
endothelial cells with loss of continuity and decreased staining
intensity. These changes were more notable in the HG group
than in the NG group. At 3 and 7 days post-reperfusion, TJ
proteins recovered continuity of distribution around the vessels

and increased intensity of staining; this recovery was slower in
HG compared with NG animals (Fig. 4A-C).

Laminin and collagen IV constitute the network skeleton
of the BM (44). In the Sham NG and HG groups, laminin and
collagen IV were distributed in the vessels and their shapes
could be clearly seen (dark brown). At 1 day post-reperfusion,
the two proteins were lost along with infarct formation in brain
tissue of both NG and HG animals, with more pronounced
changes observed in the HG animals. At 3 and 7 days
post-reperfusion, immunoreactivity of the BM protein was
detected, along with the neovascularization of cerebral vessels.
The density of laminin and collagen IV was weaker in HG
compared with NG groups (Fig. 4D and E).

The aforementioned observations were confirmed by
western blot analysis of the proteins. Similar to the observa-
tions in IHC, the levels of these proteins decreased sharply
at 1 day post-reperfusion and increased gradually from 3 to
7 days post-reperfusion. Compared with NG animals, the
levels of all five aforementioned proteins were lower in HG
animals (Fig. 4F-K).

Damage to astrocytic endfeet and astrocytic activation. The
astrocytic endfoot is an important component of the BBB (45).
In the Sham HG and NG groups, vWF-labeled vessels were
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tightly surrounded by GFAP-stained astrocyte endfeet. This was
observed in both large and small vessels in the NG Sham group.
At 1 day post-reperfusion, most of the vessels lost astrocytic
endfeet and only a few large vessels were partially surrounded
by astrocytes in the NG and HG groups. By contrast, HG Sham
group exhibited more blood vessels than the NG Sham group.
At 1 day recovery, both large and small vessels lost astrocyte
endfoot wrappings in HG animals (Fig. 5A).

IHC of astrocytes using anti-GFAP antibody demonstrated
that astrocytes had small cell bodies and fewer dendrites in
NG Sham group compared with the HG Sham group. Number
of astrocytes increased moderately after 1 day, peaked
at 3 days and slightly declined at 7 days in NG animals.
Compared with NG Sham, the astrocyte bodies enlarged and
exhibited increased number of dendritic endpoints, length of
the dendrite segment and maximum branch length of dendrites
in NG I/R animals (Fig. 5B-F), suggesting that astrocytes were
activated by I/R in NG animals. Compared with NG animals,
the number of astrocytes increased slightly in the HG Sham
group. Following I/R, the number of astrocytes in NG groups
increased to lesser extent at days 1 and 3 but was higher
at day 7 than those in HG I/R at corresponding endpoints.
The number of endpoints, total length of branch segments and
maximum branch length increased in HG 1 and 3 day groups
but did not exceed those in NG animals, but exhibited higher
values at 7 days compared with NG (Fig. 5B-F). These data
suggest that HG activated astrocytes and HG-activated astro-
cytes persisted longer than in NG animals following I/R.

Inhibition of microglia by hyperglycemia following cerebral
I/R injury. As innate immune cells in the CNS, microglia

remove harmful substances that enter the brain paren-
chyma (41). Microglial activation was assessed by labeling
IBA1 [a marker of mature microglia (46)] coupled with
morphological analysis. The results (Fig. 6) showed that in the
NG Sham group, microglia remained in a survey state, charac-
terized by a ramified morphology with long branches and small
cellular body. However, in the HG Sham group, the number
of microglia cells increased and amoeboid morphology with
a larger cellular body and shorter branches were observed,
indicating activation of microglial cells by HG. Following I/R
injury, the number of IBA1-stained cells increased from days 1
to 7 in NG animals, as did the average area of the microglial
cells, circularity index and newly generated microglial cells,
reflected by positive double labelling of IBA1 with cell prolif-
eration marker PCNA (Fig. 6A-F). The activated microglia
exhibited typical morphological characteristics, such as
thickening and retraction of dendrites and enlargement of cell
body to nearly circular shape (Fig. 6E). Compared with NG
ischemic animals, the number and average area of microglial
cells, as well as the number of newly generated microglial
cells, decreased in the corresponding HG group, suggesting
that the activation of microglia in HG I/R group was as strong
as in the NG I/R counterparts (Fig. 6A-F).

Neutrophil infiltration increases in the meninges of HG I/R
animals. Neutrophil infiltration damages the BBB, which
further increases neutrophil infiltration (47). Neutrophil
infiltration was investigated by labeling brain sections with
neutrophil antibody (anti-NIMP-R14) followed by IHC anal-
ysis of meningeal and brain parenchyma (cortex and striatum)
with respect to the number of NIMP-R14* neutrophils. NG
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Figure 9. Schematic diagram of structural changes of the BBB following middle cerebral artery occlusion in NG and HG animals. Ischemia/reperfusion causes
degradation of tight junctions and basement membrane and loss of astrocytic endfeet. Hyperglycemia further aggravates the damage and results in increased
BBB permeability compared with NG animals. HG suppresses activation and proliferation of microglia and increased neutrophil infiltration, which may
contribute to its detrimental effect on ischemic brain damage. BBB, blood-brain barrier; NG, normoglycemic; HG, hyperglycemic; ZO-1, zonula occluden-1.

I/R-increased neutrophil infiltration primarily occurred in the
meninges and HG I/R caused further increases. In the brain
parenchyma, only a small number of NIMP-R14" cells were
detected and there was no significant difference between the
NG I/R and HG I/R groups (Fig. 7A and B).

Inflammation increases in the penumbra of HG I/R animals.
In order to determine the change in neuroinflammation, protein
levels of pro-inflammatory factors TNF-a, IL-1 § and IL-6 in
the cortical penumbral tissue were measured. Protein levels
of these three factors were significantly increased following
I/R in NG animals, with peak levels at 1 day post-I/R (Fig. 8).
Compared with NG I/R animals, the increases were further
enhanced in the HG I/R groups. In addition, animals in the
HG sham groups also exhibited increased levels of inflamma-
tory markers, suggesting hyperglycemia-alone caused stress
to brain. This was consistent with observations that astrocytes
and microglia were activated in the HG Sham group.

Discussion

Both animal and clinical studies have confirmed that diabetes
is an important independent risk factor for stroke (48-51).
Compared with non-diabetic patients, people with diabetes
are more likely to suffer stroke (52). Furthermore, the size
of cerebral infarction, mortality and rate of disability are
significantly increased following stroke in patients with hyper-
glycemia or diabetes (53,54). In the present study, HG animals
exhibited more severe cerebral edema, larger infarct volume
and higher neurological deficit scores than NG animals
following 30 min ischemia and 24 h reperfusion. The patho-
morphological results showed that hyperglycemia aggravated

brain tissue damage; more severe pan-necrosis was observed
in the brain sections from HG compared with those from from
NG animals at days 1, 3 and 7 post-reperfusion. These results
support the hypothesis that hyperglycemia is an aggravating
factor in cerebral I/R injury. In addition, hyperglycemia-alone
increased the number of small vessels and capillaries, as
observed by routine H&E and vascular specific VWF staining.
The percentage of capillaries increased in HG Sham animals,
suggesting hyperglycemia may increase vasogenesis in normal
healthy animals (55).

Over the past few decades, a number of clinical trials
have examined the efficacy of neuroprotective agents (56,57),
however, none of them improved clinical recovery in patients
following a stroke (58). Lo et al (10) proposed the concept of
the NVU in 2003, which refers to an overall structural and
functional unit consisting of neurons, endothelial cells, glial
cells with pericytes, BM and extracellular matrix (10,59,60).
As a core structure of the NVU, the BBB not only prevents
harmful substances entering the brain parenchyma but also
regulates endothelial-glial and glial cell-neuron interaction. In
order to determine the effects of hyperglycemia on the BBB
following I/R, the integrity of the BBB was assessed using
Evans blue and IgG leakage assays. HG I/R significantly
increased leakage of both Evans blue and IgG from cere-
bral blood vessels to the brain parenchyma, suggesting that
hyperglycemia damaged the BBB and increased its perme-
ability. This finding is consistent with results reported by
Kamada er al (30), who demonstrated that MMP-9 is activated
following HG I/R injury.

TJs, primarily composed of claudin-5, occludin and ZO-1
proteins, are key for maintaining structure and function of the
BBB (33). Claudin-5 is a TJ-specific protein necessary for TJ
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formation and BBB function (61). Occludin is a cell polarity
protein that primarily has the function of palisade and barrier
regulation. The palisade function is to divide the plasma
membrane of epithelial cells into functional zones (the lipid
part of the top and the protein part of the basal side) while
preventing mutual diffusion between the functional areas,
which mediates formation of cell polarity. The barrier regulation
function is selective to transmembrane materials (15,62-64). It
regulates the transport of small molecules between cells and
maintains brain tissue homeostasis (65). ZO-1 protein is key to
TJ stability and function (66-68). Dissociation of ZO-1 from
the TJ complex is associated with increased permeability of
the BBB (69). Since these three proteins are the major struc-
tural proteins of the TJ, changes in their expression result in
alteration of BBB permeability and brain edema (70,71). In the
present study, hyperglycemia notably suppressed protein levels
and exacerbated discontinuity of these TJ proteins around
vessels following I/R injury compared with NG animals,
suggesting that hyperglycemia-induced BBB leakage resulted
from damage to TJ proteins.

The BM is the second barrier structure of the BBB.
Located at the interface of the circulation system and the
CNS, the BM is well positioned to regulate BBB integrity
under both homeostatic and pathological conditions. The
brain BM primarily consists of laminin, collagen IV, nidogen
and heparan sulfate proteoglycans. Laminin and collagen IV
are the two most abundant components, which constitute the
basic framework of the BM. Cerebral ischemia damages BM
components, including laminin and collagen IV in gerbil, rat
and primate models of cerebral I/R injury, potentially due to
activation of MMP-9 (20,22,44,72-74). In the present study,
hyperglycemia further decreased the levels of laminin and
collagen IV at 1, 3 and 7 days post-reperfusion compared
with NG animals at identical time points, suggesting that
HG ischemia causes more severe damage to the BM than NG
ischemia. Suppression of TJ proteins and damage to the BM
by hyperglycemia may explain why there is an increased tran-
sition from ischemic to hemorrhagic stroke in animal stroke
models and clinical patients with stroke (75,76).

Astrocytes are the most abundant cell type in the CNS (77).
They support and protect neurons by maintaining the homeo-
static balance of the neural microenvironment (78). Astrocytes
also interact with endothelial cells and support BBB integrity
via endfeet that encircle cerebral blood vessels (27). In our
previous study, partial or complete absence of astrocyte
endfeet around the blood vessel wall was observed in diabetic
animals following MCAO (79). In the present study, the loss of
astrocytic endfeet following I/R injury was primarily observed
in the small cerebral blood vessels in the NG group, while
hyperglycemia exacerbated loss of endfeet to all types of cere-
bral blood vessel. This variable damaging effect of HG and
NG on endfeet of blood vessels with different diameters may
be one of the mechanisms underlying the exacerbated damage
induced by hyperglycemia on the BBB. Several studies have
shown that activated astrocytes release trophic factors and
extracellular matrix molecules, which promote neuronal
survival and plasticity following ischemia (80-82).

In the present study, astrocytes were activated at day 1
post-reperfusion following ischemia. In NG animals, the
activation peaked at 3 days post-I/R, and then tapered off

at 7 days. Changes of astrocytes, such as activation, in HG
animals followed the same trend as seen in NG groups.
However, the number of GFAP* cells and endpoints, total
length of dendrite segments and maximum branch length
were significantly higher at 7 days in HG compared with NG
animals. These results suggest that hyperglycemia prolonged
the duration of astrocytic activation. This may facilitate tissue
repair; however, continuously activated astrocytes form glial
scar tissue around the necrotic brain tissue of the infarct,
which provides a physical barrier against axonal growth, thus
preventing neurological recovery following stroke (60,83).

Activation of microglial cells occurs in CNS infectious
disease and neurodegenerative disorders. The activation of
microglia has also been shown to regulate brain endothelial
cell proliferation (84). The present results showed that cerebral
I/R injury resulted in a time-dependent activation of microglial
cells in the brain, as reflected by increases in number of IBA-1*
cells, average area of the microglia and circularity index. I/R
increased microglial cell proliferation, as detected by double
positive labeling of IBA-1 and PCNA. Compared with NG
animals, hyperglycemia repressed activation and proliferation
of microglial cells. This may suppress the immune response
and tissue repair in the reperfusion stage.

The infiltration of neutrophils serves an important role in
mediating post-stroke damage in the brain. It causes increased
production of free radicals, exacerbation of neuroinflammation
and disruption of the BBB and hemorrhagic transformation
post-stroke (35). Activation of neutrophils via lipopolysac-
charide notably enhances BBB disruption in an animal model
of stroke (85). By contrast, inhibition of neutrophils alleviates
BBB leakage following stroke and decreases the risk of hemor-
rhagic transformation following thrombolysis (86). Consistent
with these reports, the present study demonstrated ~3-fold
increases in numbers of of neutrophils in the meninges of HG
animals compared with the NG group; no significant differ-
ence in the number of neutrophils in the brain parenchyma or
striatum was observed between groups.

Activation of microglia and infiltration of neutrophils may
elicit release of pro-inflammatory cytokines, which contribute
to neuronal damage following stroke (87). Increases in levels of
TNF-a, IL-1p and IL-6 were observed at 1 day post-I/R; these
levels decreased at 3 and 7 days post-I/R in NG animals. The
changes in expression levels of these inflammatory cytokines
followed the same trend in HG groups; however, the levels
were higher than in the corresponding NG groups. These
results are consistent with the increased infiltration of neutro-
phils in HG groups, suggesting that hyperglycemia aggravated
the ischemia-induced neuroinflammatory response.

In conclusion, hyperglycemia increased BBB leakage,
suppressed levels of TJ and BM proteins and damaged astrocyte
endfeet that enclose cerebral vasculature following cerebral
I/R injury. Furthermore, hyperglycemia suppressed microglial
activation and proliferation, enhanced neutrophil infiltration
into the brain and increased levels of inflammatory cytokines.
It was hypothesized that hyperglycemia-exacerbated BBB
damage is caused by damage to TJs, BM and astrocytes, and
is associated with increased neuroinflammation (Fig. 9). The
present study aimed to determine the underlying mechanism
of aggravated BBB damage in diabetes. However, other
aspects, such as the association or cascade reaction between
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these structures (endothelial cells, TJs, astrocytes, BM and
microglia) and the role of pericytes, an important barrier for
the BBB (66,67), deserve further investigation.
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