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Selenium attenuates ischemia/reperfusion injury-induced
damage to the blood-brain barrier in hyperglycemia through
PI3K/AKT/mTOR pathway-mediated autophagy inhibition
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Abstract. Ischemic stroke is a leading cause of mortality and
disability. Diabetes mellitus, characterized by hyperglycemia,
is a common concomitant disease of ischemic stroke, which is
associated with autophagy dysfunction and blood-brain barrier
(BBB) damage following cerebral ischemia/reperfusion (I/R)
injury. At present, there is no effective treatment strategy for
the disease. The purpose of the present study was to explore
the molecular mechanisms underlying the protective effects of
selenium on the BBB following I/R injury in hyperglycemic
rats. Middle cerebral artery occlusion was performed in
diabetic Sprague-Dawley rats. Treatment with selenium and
the autophagy inhibitor 3-methyladenine significantly reduced
cerebral infarct volume, brain water content and Evans blue
leakage, while increasing the expression of tight junction (TJ)
proteins and decreasing that of autophagy-related proteins
(P<0.05). In addition, selenium increased the phosphorylation
levels of PI3K, AKT and mTOR (P<0.05). A mouse bEnd.3
brain microvascular endothelial cell line was co-cultured
in vitro with an MA-h mouse astrocyte-hippocampal cell
line to simulate the BBB. The cells were then subjected to
hyperglycemia, followed by oxygen-glucose deprivation for
1 h and reoxygenation for 24 h. It was revealed that selenium
increased TJ protein levels, reduced BBB permeability,
decreased autophagy levels and enhanced the expression of
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phosphorylated (p)-AKT/AKT and p-mTOR/mTOR proteins
(P<0.05). Treatment with wortmannin (an inhibitor of PI3K)
significantly prevented the beneficial effects of selenium on the
BBB, whereas insulin-like growth factor 1 (a PI3K activator)
mimicked the effects of selenium. In conclusion, the present
findings indicated that selenium can inhibit autophagy by
regulating the PI3K/AKT/mTOR signaling pathway, signifi-
cantly preventing BBB damage following cerebral I/R injury
in hyperglycemic conditions.

Introduction

Ischemic stroke, accounting for ~85% of all cases of strokes (1),
is a leading cause of mortality and disability (2,3). Diabetes
mellitus (DM), characterized by hyperglycemia, is an impor-
tant risk factor for ischemic stroke, and ~30% of patients with
stroke have diabetes (4). Hyperglycemia can cause microvas-
cular lesions, and the blood-brain barrier (BBB), which acts
as a semipermeable barrier between peripheral blood and the
central nervous system (CNS), is damaged during the acute
phase of diabetic stroke (5-7). In addition, increased vascular
permeability and the spillover of macromolecules and
pro-inflammatory factors can exacerbate post-stroke injury
and lead to hemorrhagic transformation, posing additional
therapeutic challenges (8,9). At present, tissue plasminogen
activator is the only drug used for thrombolytic therapy after
a stroke, but its therapeutic time window is extremely narrow,
and the risk of bleeding is significant (10). Even with throm-
bolytic therapy, the mortality and disability rates in patients
who have suffered a stroke remain high (11). Therefore, it is
necessary to develop new treatments for ischemic stroke in
hyperglycemic patients.

Autophagy is a physiological process characterized
by the degradation and recycling of cellular components.
Autophagy is activated as a survival response in hypoxic
conditions, low nutrient availability and other forms of
stress to remove damaged proteins and dysfunctional organ-
elles (12). Below a certain threshold, autophagy is beneficial;
however, when this threshold is exceeded, it can lead to cell
death (13-15). BBB damage is a key event in the secondary
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CNS damage following stroke, which is often associated with
the aberrant autophagy of brain microvascular endothelial
cells (16). Studies have revealed that excessive autophagy can
lead to cell dysfunction and death, as shown by the activa-
tion of the autophagy pathway following oxygen-glucose
deprivation (OGD), the loss of tight junction (TJ) protein
expression and the increase in endothelial cell perme-
ability (17,18). Furthermore, it has been revealed that the
inhibition of autophagy significantly reduces endothelial
cell permeability. Similarly, a recent study revealed that,
following autophagy inhibitor intervention in a rat model of
middle cerebral artery occlusion (MCAO), Evans blue (EB)
leakage and TJ protein expression were increased, which
protected BBB integrity (16). In a recent study, autophagy
was induced in a pMCAO mouse model of ischemic stroke
and oxygen-glucose deprivation intervention was performed
in vitro, following which a significant amount of pericytes
(important constituent cells of the BBB) underwent cell death
and BBB integrity was destroyed. The inhibition of autophagy
could also significantly promote the survival of pericytes
and effectively reduce BBB damage (19). Studies have
revealed that autophagic activity is significantly increased
and the BBB is damaged in diabetic mice following cerebral
ischemia/reperfusion (I/R) injury, and that the inhibition of
autophagy can attenuate brain injury (20,21). For example,
a recent study revealed that apigenin attenuates brain injury
by inhibiting autophagy in cerebral vascular endothelial
cells, exerting a protective effect against I/R injury (22). In
addition, icariside II can inhibit autophagy, reduce MMP9
and MMP2 levels, significantly reduce EB leakage following
cerebral I/R in rats and effectively alleviate BBB injury (1).
The PI3K/AKT/mTOR signaling pathway has been revealed
to regulate several biological processes, such as proliferation,
differentiation and apoptosis (23). The PI3K/AKT/mTOR
pathway has also been revealed to be closely associated with
autophagy (24,25). In addition, Liu et al (26) demonstrated
that the PI3K/AKT signaling pathway was inhibited in a
hyperglycemic environment, Autophagy-related circular
RNA can attenuate autophagy and ROS production in
Schwann cells subjected to hyperglycemia by promoting the
activation of the PI3K/AKT/mTOR pathway (27).

Selenium (symbol Se) is an essential trace element that is
necessary for animal and plant health (28,29). Selenium plays
an important role in antioxidation by affecting the activity of
glutathione peroxidase (30,31). In addition to its antioxidative
activity, selenium has become the focus of intensive research
for its potential role in the regulation of autophagy. Selenium
can reverse the inhibitory effect of citreoviridin on mTOR2
and inhibit autophagy in cardiomyocytes (32). Selenium
can also inhibit lactate dehydrogenase (LDH) release and
cadmium-induced autophagy by regulating calcium homeo-
stasis in leghorn male hepatoma cells (33). Our previous study
showed that sodium selenite exerts a neuroprotective effect by
modulating autophagy-related proteins (34); however, whether
it exerts a protective effect on the BBB following cerebral I/R
injury in hyperglycemic conditions remains unknown.

In the present study, an in vivo MCAO model of diabetic
rats was established by co-culturing bEnd.3 mouse brain
microvascular endothelial and MA-h mouse astrocyte-hippo-
campal cells to simulate the BBB in hyperglycemic conditions

by subjecting them to OGD/reoxygenation (OGD/R) in vitro.
The purpose of the present study was to explore the molecular
mechanisms underlying the protective effects of selenium on
the BBB following I/R injury in hyperglycemic rats.

Materials and methods

In vivo experiments

Animals. All animal experiments and procedures were
conducted in accordance with the Chinese Laboratory Animal
Use Guidelines (35) and followed the Laboratory Animal
Care and Use guidelines of Ningxia Medical University
(Yinchuan, China). All animal procedures were approved by
the Institutional Animal Care and Use Committee (IACUC)
of the Ningxia Medical University (Yinchuan, China). A total
of 100 adult male Sprague-Dawley rats (weight, 220-240 g) at
8 weeks of age were provided by Ningxia Medical University
(approval no. JACUC-NYLAC-2019-064). Animals were
housed under controlled temperature (22-24°C) and humidity
(60+5%) conditions in a 12-h light/dark cycle and they were
allowed free access to food and water. A total of 4 weeks
after the induction of diabetes with streptozotocin (STZ),
the rats were randomly divided into five groups: The
hyperglycemia Sham (Sham), hyperglycemia I/R (HIR),
sodium selenite-treated hyperglycemia I/R (Se), 3-methylad-
enine (3-MA)-treated hyperglycemia I/R (3-MA) and sodium
selenite plus 3-MA-treated hyperglycemia I/R (Se + 3-MA)
groups (20 rats per group). For the inhibition of autophagy,
3-MA (30 ug; Merck KGaA) was dissolved in 10 ul saline (36)
and injected into the ipsilateral ventricle immediately after
MCAO.

Induction of diabetes. Diabetes was induced in the rats by
12-h fasting followed by intraperitoneal (i.p.) administration
of STZ (60 mg/kg; Merck KGaA) (37). Blood glucose levels
were assessed after 72 h, with levels of >16.8 mmol/l consid-
ered hyperglycemic. Diabetic rats in the Se group received
i.p. injections of sodium selenite solution (0.4 mg/kg/day) and
cerebral ischemia was induced 4 weeks later (38).

Cerebral I/R injury. Cerebral I/R injury was induced by unilat-
eral MCAO (39). This was carried out following the induction
of diabetes and sodium selenite treatment for 4 weeks. The
animals were anesthetized by inhalation of 3% isoflurane
(induction) and maintained with 1.5-2.0% isoflurane during
surgical procedures, and the right internal carotid artery was
exposed and the thread bolt was inserted. Following MCAO
(30 min), the thread bolt was removed to restore normal blood
flow. The sham group underwent the same procedure, but the
middle cerebral artery was only exposed instead of occluding
it. Immediately after the surgery, the 3-MA treatment group
was intracerebroventricularly (i.c.v.) injected with 3-MA
(30 ug dissolved in 10 ul saline) (36). Normal saline (10 ul) was
injected in the Sham group. Successful induction was defined
as the appearance of hemiplegia 24 h after MCAO. Rats
were euthanized by an injection of excessive sodium pento-
barbital (800 mg/kg) (40); successful euthanasia was defined
as the disappearance of reflex and respiration, and cardiac
arrest. Following euthanasia, the brain tissues of 6 rats from
each group were randomly selected for triphenyltetrazolium
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chloride (TTC) staining, and those from the other 10 rats were
collected for follow-up biochemical tests.

Neurological deficit scoring. Two investigators who were
blinded to the groups conducted a neurological deficit evalua-
tion 24 h after MCAO, according to the Z-longa score grading
criteria: 0, Asymptomatic; 1, left forelimb internal rotation; 2,
left rotation; 3, left rotation dumping; 4, no spontaneous activity
and/or exhibiting depressed levels of consciousness (41). Rats
with scores of =2 were selected for the subsequent experiment.

Brain water content determination. The rat brains were quickly
collected following anesthesia and weighed (wet weight).
Next, the brains were dried at 100°C for 24 h and weighed
(dry weight) (42). The formula for calculating the brain water
content was: (wet weight-dry weight)/wet weight x100%.

Infarct volume assessment. A total of 24 h after MCAOQO, the
brains were harvested and cut into 2-mm thick coronal sections.
The slices were stained with 3-5-TTC (1.5%; Merck KGaA)
for 15 min at 37°C and then fixed with 4% paraformaldehyde
for 12 h at room temperature. Normal tissue appeared red,
while the infarcted area was stained white. Brain sections
were visualized by a digital camera and ImageJ 1.46 (National
Institutes of Health) was used to assess the infarct area and
correct for edema (43). The formula used for calculating
the cerebral infarct volume is as follows: Cerebral infarct
volume=contralateral hemispheric volume-(ipsilateral hemi-
spheric volume-infarcted area volume).

BBB permeability evaluation. The animals were anesthetized
24 h after MCAO, and EB (2%; Merck KGaA) was injected
into the tail vein at a dose of 5 ml/kg. Each hemisphere was
homogenized in 50% trichloroacetic acid, followed by centrif-
ugation at 12,000 x g for 15 min at 4°C. Next, 1 ml supernatant
was collected and the optical density value was measured at
632 nm using a fluorescence spectrophotometer (44).

Transmission electron microscopy (TEM). The penumbral
cortex was collected following cerebral I/R and fixed over-
night in 2% glutaraldehyde at 4°C, followed by three washes
with 0.1 M sodium dimethyl arsenate buffer. The cortex was
then soaked for 2 h at 4°C in 1% osmic acid and rinsed three
times with dimethyl arsenic sodium buffer. Next, the cortex
was dehydrated by immersing in a gradient series of alcohol
(30, 50, 70, 80, 90 and 100%) for 10 min at each concentration
at room temperature. The sample was then embedded in epoxy
resin, polymerized, sliced into ultra-thin sections and placed
on the copper net. Following 1% uranium acetate and 0.2%
lead citrate double staining for 10 min respectively at room
temperature, the sample was observed using a transmission
electron microscope (magnification, x8,000; model no. H7800;
Hitachi, Ltd.).

Immunofluorescence staining. Autophagy-associated proteins
Beclin-1, LC3B and p62 were detected by immunofluores-
cence. Briefly, paraffin sections (4 ym thick) of brain tissue
were incubated in 0.3% Triton X-100 for 30 min at room
temperature, and then incubated overnight at 4°C with rabbit
anti-Beclin-1 (1:50; product code ab62557; Abcam), rabbit

anti-LC3B (1:100; product code ab192890; Abcam) and rabbit
anti-p62 (1:50; product code abl09012; Abcam) primary anti-
bodies, followed by incubation at room temperature for 1 h with
tetramethylrhodamine/FITC-conjugated anti-rabbit secondary
antibodies (1:100; product code bsm-33179; BIOSS). Finally,
samples were fixed with DAPI sealant (10 ug/ml; Shanghai
Yeasen Biotechnology Co., Ltd.) at room temperature in the
dark for 5 min and analyzed under a fluorescence microscope
(magnification, x400; Olympus Corporation).

In vitro experiments
Cell identification, co-culture and treatments. The bEnd.3
mouse brain microvascular endothelial and MA-h mouse
astrocyte-hippocampal cell lines were purchased from The
Cell Bank of Type Culture Collection of The Chinese Academy
of Sciences. Mouse anti-CD34 (1:100; product code ab54208;
Abcam) and mouse anti-glial fibrillary acid protein (GFAP;
1:100; product code ab4648; Abcam) were used for bEnd.3 and
MA-h cell identification, respectively; the method is similar
to tissue immunofluorescence. Cells were co-cultured in vitro
to simulate the damage to the BBB caused by hyperglycemic
conditions and I/R injury (45,46). Briefly, bEnd.3 and MA-h
cells were first cultured separately in DMEM/F12 (Cytiva) in
an incubator (94% relative humidity, 5% CO, and 37°C). Next,
poly-lysine-coated Transwell (0.4 ym; Corning, Inc.) inserts
were removed, and the MA-h cell line (5x103 cells/ml) was
seeded into the outer chamber, cultured for 6 h, and then the
chamber was turned over to be cultured for another 6 h. Next,
the bEnd.3 cell line (density, 5x10° cells/ml) was seeded on
the insert and incubation was continued for an additional 12 h.
D-glucose (50 mM; control) and hyperglycemia + OGD/R
(H + O) were used to simulate the BBB injury induced by
hyperglycemic conditions and I/R injury. Prior to OGD/R,
the high-sugar medium was replaced with sugar-free medium
and cells were cultured in a hypoxic chamber (oxygen concen-
tration, 1%) for 1 h (38). After 24 h of reoxygenation, cells
were collected for analysis. Sodium selenite (100 nM) was
added 24 h before OGD/R induction. To determine whether
selenium inhibited autophagy and to determine the underlying
mechanisms, 3-MA (10 nmol; Merck KGaA), wortmannin
(Wort; 10 nmol; Merck KGaA; a specific PI3K inhibitor) and
insulin-like growth factor 1 (IGF-1; 100 nmol ng/ml; Merck
KGaA; a PI3K activator) were added to the culture medium
2 h before sodium selenite treatment. All reagents were
dissolved in PBS (47) (vehicle). First, the cells were divided
into the following groups: Control (hyperglycemia), H + O
(hyperglycemia + OGD/R), Se (hyperglycemia + OGD/R +
sodium selenite), 3-MA (hyperglycemia + OGD/R + 3-MA)
and Se + 3-MA (hyperglycemia + OGD/R + sodium selenite +
3-MA) groups. Then the cells were divided into the following
groups: Vehicle (hyperglycemia + OGD/R + vehicle), Se
(hyperglycemia + OGD/R + sodium selenite), IGF-1 (hyper-
glycemia + OGD/R + IGF-1), Wort (hyperglycemia + OGD/R
+ wortmannin) and Se + Wort (hyperglycemia + OGD/R +
sodium selenite + wortmannin) groups. All tests were repeated
three times.

Cell viability assessment. Cell viability was determined
using a Cell Counting Kit-8 (CCK-8) assay (Dojindo
Molecular Technologies, Inc.), according to the manufacturer's



4 YANG et al: SELENIUM REDUCES I/R INJURY-INDUCED BBB DAMAGE IN HYPERGLYCEMIA

instructions. Briefly, bEnd.3 and MA-h cells were plated into
a 96-well plate (5,000 cells/well) and treated with different
reagents (25, 50, 100, 200 and 400 nmol sodium selenite, and
17.5, 30, 40, 50, 60 and 70 mM D-glucose). In the control
group, 17.5-mM glucose diluted in DMEM/F12 medium was
used. Following the addition of CCK-8 (10 ul/well, incubated
at 37°C for 2 h), the absorbance was measured at 450 nm using
a microplate reader.

In vitro BBB permeability. The in vitro permeability of
the BBB was evaluated using fluorescein sodium dye (cat.
no. F6377; Merck KGaA) (48). After the co-cultured cells
had fused, they were subjected to hyperglycemia (D-glucose,
50 mM) and hyperglycemia + OGD/R (H + O), and treated
with sodium selenite (100 nM) and fluorescein sodium dye for
24 h. Next, 5 ug/ml fluorescein sodium was added to the upper
Transwell chamber, followed by incubation at 37°C for 30 min.
Finally, 100 ul medium was collected from the basal chamber
and the absorbance was measured at 485/535 nm using a spec-
trophotometer.

Western blot analysis. Co-cultured cells and rat ischemic
penumbral tissue were collected and lysed with RIPA lysis
buffer (Beyotime Institute of Biotechnology). Protein concen-
tration was determined using the BCA protein analysis kit
(Beyotime Institute of Biotechnology). Equivalent amounts
of protein samples (30 pg/well) were separated by electropho-
resis via 6-15% SDS-PAGE, transferred to PVDF membranes
(EMD Millipore), blocked with 5% skimmed milk for 70 min
at 4°C and incubated overnight with primary antibodies at 4°C.
The antibodies used were as follows: Anti-zonula occludens-1
(ZO-1; 1:1,000; cat. no. bs-1329R; BIOSS), anti-claudin-5
(1:1,000; product code ab131259; Abcam), anti-occludin
(1:1,000; product code ab216327; Abcam), anti-Beclin-1
(1:2,000), anti-LC3B (1:1,000), anti-p62 (1:1,000; product code
ab109012; Abcam), anti-phosphorylated (p)-PI3K (1:1,000;
cat. no. bs-6417R; BIOSS), anti-PI3K (1:1,000; product code
ab191606; Abcam), anti-p-AKT (1:2,000; cat. no. 4060S; Cell
Signaling Technology, Inc.), anti-AKT (1:2,000; cat. no. 4685S;
Cell Signaling Technology, Inc.), anti-p-mTOR (1:1,000; cat.
no. 55368S; Cell Signaling Technology, Inc.) and anti-mTOR
(1:1,000; cat. no. 2983S; Cell Signaling Technology, Inc.).
The membranes were washed with TBS-Tween-20 (1:1,000)
and incubated with secondary antibodies (1:5,000; cat.
no. 33101ES60; Shanghai Yeasen Biotechnology Co., Ltd.) for
1 h at room temperature. The bands were visualized by ECL
(EMD Millipore). The ImagelJ software (version 1.47; National
Institutes of Health) was used for densitometric analysis.

RNA isolation and reverse transcription-quantitative (RT-q)
PCR. Total RNA was extracted from brain ischemic penumbra
tissues and co-culture cells with TRIzol® reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) and first strand cDNA was
synthesized using a reverse transcription kit (PrimeScript™
RT Reagent kit-Perfect Real-Time; Takara Bio, Inc.). The kit
was used according to the manufacturer's protocol. GAPDH
was used as the control. The SYBR Green PCR Master Mix
kit (Takara Biotechnology co., Ltd.) was used for RT-qPCR
analysis. The thermocycling conditions were as follows: Initial
denaturation at 95°C for 8 min, 40 cycles of denaturation at

95°C for 15 sec, annealing at 55°C for 30 sec and extension
at 70°C for 25 sec. The relative expression of mRNA was
analyzed using the 222°4 method (49). The primers used were
as follows: Beclin-1 forward, 5'-CTGCATTGGCTACCAGCC
CAG-3' and reverse, 5"TCCTCACCACTCGGGCTCA-3"
LC3B forward, 5'-AGTCTCGATAAAGTGCCACG-3' and
reverse, 5'-GGGCACCATATCGGCCATCA-3'; p62 forward,
5'"TGCAGGGCTACCTCACACTC-3' and reverse, 5'-AAC
CTCACTCAGCGTGTCCA-3"; and GAPDH forward, 5-AGT
GCCTCGGTCGTCTCATA-3" and reverse, 5'-ATGAAGGGG
TGCAGGATGGC-3'.

Statistical analysis. The data are expressed as the mean + SD.
Statistical analysis was performed using SPSS 20.0
(IBM Corp.). To analyze the difference between means,
one-way ANOVA and Kruskal Wallis test with a least signifi-
cant difference post hoc test was performed, such as Dunnett's
and Tukey's post hoc tests. P<0.05 was considered to indicate
a statistically significant difference. Each experiment was
repeated at least three times.

Results

Selenium attenuates cerebral I/R injury in diabetic rats. The
flow diagram of the in vivo experiment is illustrated in Fig. 1A.
To investigate whether selenium exerted a protective effect on
rats during I/R injury in hyperglycemic conditions, diabetic
rats were subjected to MCAO, and the neurological deficit
score, infarct volume, brain water content and pathological
changes were analyzed 24 h later. The neurological deficit
score of the HIR group was significantly higher than that of
the Sham group after 24 h of I/R. Conversely, neurological
deficit scores in the Se, 3-MA and Se + 3-MA groups were
significantly lower than those of the HIR group (Fig. 1B).
Furthermore, selenium significantly reduced the brain water
content (Fig. 1C) and infarct volume (Fig. 1D and E) compared
with the HIR group, indicating that selenium therapy can
reduce cerebral I/R injury in hyperglycemic conditions.

Selenium protects BBB integrity. To further investigate the
protective effects of selenium, BBB permeability was assessed
by measuring EB leakage. As anticipated, hyperglycemic
animals subjected to MCAO revealed increased EB leakage
after 24 h of reperfusion. Conversely, the Se and 3-MA groups
revealed reduced EB leakage when compared with the HIR
group (Fig. 2A).

The TJ proteins ZO-1, claudin-5 and occludin are important
determinants of the integrity and paracellular permeability of
the BBB (50). Their expression was assessed by western blot
analysis, and it was revealed that TJ protein expression in the
HIR group was significantly reduced when compared with the
Sham group. Conversely, a significant increase in TJ protein
expression was observed in the Se, 3-MA and Se + 3-MA
groups when compared with the HIR group (Fig. 2B-E).

I/R injury in hyperglycemic conditions increases autophagy
but selenium reverses this effect. To investigate the role of
autophagy in I/R injury in hyperglycemic conditions, the
expression of the autophagy-associated proteins Beclin-1,
LC3B and p62 was assessed by western blot analysis and
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Figure 1. Selenium attenuates cerebral I/R injury in diabetic rats. (A) Flow diagram of the in vivo experiment. (B) Neurological deficit scores and (C) brain
water content after 24 h of MCAO. (D) Representative triphenyltetrazolium chloride-stained slices. Pale areas correspond to infarcted tissues. (E) Bar-graph
revealing infarct volumes (n=4 per group). Experiments were repeated 3 times for each condition. Scale bar, 1.0 cm. Results are expressed as the mean + SD.
“P<0.05 and “P<0.01 vs. the sham group; “P<0.05 vs. the HIR group. I/R, ischemia/reperfusion; MCAO, middle cerebral artery occlusion; HIR, hyperglycemia
ischemia/reperfusion; TTC, triphenyltetrazolium chloride; STZ, streptozotocin; WB, western blotting; IF, immunofluorescence; TEM, transmission electron
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Figure 2. Effects of selenium on the permeability of the blood-brain barrier and tight junction protein expression. (A) Evans Blue leakage after 24 h of
middle cerebral artery occlusion. (B) Representative western blots revealing levels of expression of ZO-1, claudin-5 and occludin in the ischemic penumbra.
(C-E) Western blot analysis semi-quantification of claudin-5, occludin and ZO-1 levels. Results are expressed as the mean + SD. “P<0.01 vs. the sham group;
"P<0.05 vs. the HIR group. ZO-1, zonula occludens-1; HIR, hyperglycemia ischemia/reperfusion; 3-MA, 3-methyladenine; Se, sodium selenite.

immunofluorescence (n=4 per group). Immunofluorescence
staining revealed an increased expression of Beclin-1 and LC3B,
but a decreased expression of p62 (Fig. 3A-D) in the HIR group
compared with the Sham group. Of note, selenium adminis-
tration significantly decreased the expression of Beclin-1 and
LC3B, but increased that of p62 (Fig. 3A-D). As revealed in
Fig. 3E-I, the western blot analysis results confirmed the immu-
nofluorescence data, since selenium significantly reduced the
expression of Beclin-1 and LC3B, but increased that of p62.
BBB ultrastructural changes and autophagy were also
evaluated by TEM. It was revealed that, in the Sham group,
the BBB was intact, the mitochondrial morphology and
plasma membrane were normal, and mitochondrial crests were
arranged regularly. In the other four groups, the integrity of the
BBB was compromised: The mitochondria exhibited different

degrees of crest rupture, dissolution and vacuolation, and
varying numbers of autophagosomes could be observed. The
integrity of the BBB was damaged the most, and mitochon-
drial autophagosomes were most abundant in the HIR group.
Conversely, the integrity of the BBB was only slightly compro-
mised and the number of autophagosomes was decreased in
the selenium-treated and 3-MA groups (Fig. 4A).

The expression of proteins associated with the PI3K pathway
was also evaluated. A lower expression of p-PI3K/PI3K,
p-AKT/AKT and p-mTOR/mTOR was observed in the HIR
group compared with the Sham group. Of note, selenium
reversed these changes (Fig. 4B-E). These results indicated
that selenium has the same effects as 3-MA, suggesting that
selenium reduces BBB damage following cerebral I/R injury in
hyperglycemic conditions by inhibiting excessive autophagy.
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Figure 3. Effects of selenium on the expression of autophagy-associated proteins Beclin-1, LC3B and p62. (A) Immunofluorescence staining. Red color:
Beclin-1, p62; Green color: LC3B; Blue color: DAPI nuclear staining. Scale bar, 50 gm. (B-D) The expression of Beclin-1, LC3B and p62 was assessed
by immunofluorescence staining. (E and F) Representative western blots revealing the expression of Beclin-1, LC3B and p62 in the ischemic penumbra.
(G-T) Western blot analysis semi-quantification of Beclin-1, LC3B and p62 expression. Results are expressed as the mean + SD. “P<0.01 vs. the sham group;
"P<0.05 vs. the HIR group. HIR, hyperglycemia ischemia/reperfusion; 3-MA, 3-methyladenine; Se, sodium selenite.

In vitro, selenium increases cell viability and protects the
BBB, suppressing autophagy following OGD/R in hypergly-
cemic conditions. CD34 and GFAP are specific markers of
brain microvascular endothelial cells and astrocytes, respec-
tively (51,52). Immunofluorescence staining was used for bEnd.3
and MA-h cell identification (Fig. SA and B). To determine the
optimal concentrations of glucose and sodium selenite for the
in vitro assays, cell viability was assessed using a CCK-8 assay.
Co-cultured cells were treated with different concentrations of
D-glucose for 24 h. The results revealed that the co-cultured
cells were significantly damaged when the concentration of

D-glucose reached 50 mM (Fig. 6A cell viability: 56.4+2.6%;
P<0.05 vs. the control). Therefore, 50 mM D-glucose was
used for the subsequent experiments. As revealed in Fig. 6B,
selenium exerted a protective effect under hyperglycemic
conditions and after OGD/R injury (cell viability in 100 nmol
selenium: 89.2+2.7%, P<0.05 vs. the H + O group). There was
no significant difference in cell viability between the 100 nmol
selenium and control groups, indicating that selenium itself had
no toxic effects on the co-cultured cells. The protective effects
of selenium peaked at 100 nmol, and thus, this concentration
was used for the subsequent experiments.
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A B SFAP

Figure 5. MA-h and bEnd.3 cell identification. (A) CD34 represents bEnd.3.
(B) GFAP represents MA-h cells. Red color: CD34. GFAP: Blue color. DAPI
nuclear staining. Scale bar, 50 gm. GFAP, glial fibrillary acid protein.

To further investigate the protective effects of selenium
against BBB damage, cell viability and BBB permeability
were assessed in the control, H + O, Se, 3-MA and Se + 3-MA
groups. Hyperglycemia and OGD/R decreased cell viability
(Fig. 6C) and increased permeability to sodium fluoride
(Fig. 6D) when compared with the control group. Conversely,
selenium increased cell viability (Fig. 6C) and decreased
permeability to sodium fluoride following OGD/R under
hyperglycemic conditions (Fig. 6D).

Furthermore, ZO-1, occludin and claudin-5 expression
was significantly decreased following OGD/R under hyper-
glycemic conditions, as determined by western blot analysis.
Conversely, selenium increased the levels of expression of
these TJ proteins compared with the H + O group (Fig. 6E-H).
These results indicated that selenium protects the BBB
following OGD/R under hyperglycemic conditions in vitro.

Conversely, selenium reduced Beclin-1 and LC3B expres-
sion but increased that of p62 compared with the H + O group
(Fig. 6I-M). These results were consistent with the in vivo

results and indicated that selenium may protect the integrity of
the BBB by inhibiting autophagy.

PI3K pathway inhibition reduces the protective effects of
selenium. To explore the mechanisms underlying the protec-
tive effects of selenium on the BBB, cell viability, fluorescein
leakage and TJ protein expression were assessed following the
addition of Wort (a specific PI3K inhibitor) and insulin-like
growth factor 1 (IGF-1; a PI3K activator). The cells were
divided into the following groups: Vehicle (H + O + vehicle),
Se, IGF-1, Wort and Se + Wort groups. Following treatment
with selenium, cell viability increased (Fig. 7A) and perme-
ability to sodium fluoride decreased (Fig. 7B) compared with
the vehicle group, which was similar to the result following
treatment with IGF-1. Conversely, Wort counteracted the
beneficial effects of selenium.

In addition, TJ protein expression in the Wort group
decreased significantly compared with the Se and IGF-1
groups (Fig. 7C-F). These results indicated that selenium
improved BBB function through the PI3K signaling pathway.

Pharmacologic modulation of the PI3K signaling pathway
enhances or inhibits autophagy following OGD/R under
hyperglycemic conditions. To gain further insights into the
mechanisms underlying the protective effects of selenium on
the BBB, the PI3K signaling pathway was pharmacologically
modulated and the expression of autophagy-related proteins
was evaluated by western blot analysis. It was revealed that
IGF-1 markedly increased the p-PI3K/PI3K, p-AKT/AKT
and p-mTOR/mTOR ratios compared with the vehicle group.
(Fig. 8A-D). Conversely, PI3K pathway protein expression
was decreased following the addition of Wort (Fig. 8A-D).
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Figure 6. Effects of selenium on cell viability, fluorescein leakage and expression of TJ and autophagy-related proteins in vitro. Cell viability under different
(A) D-glucose and (B) selenium concentrations, and (C) after 24 h of reoxygenation following 1 h of OGD plus 50 mM glucose (H + O). Sodium selenite,
100 nM; and 3-methyladenine, 50 nM. (D) Fluorescein leakage after OGD/R in hyperglycemic conditions. (E) Representative western blots revealing TJ
protein expression. (F-H) Western blot analysis semi-quantification of TJ proteins. (I and J) Western blots revealing Beclin-1, LC3B and p62 expression.
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deprivation/reoxygenation; 3-MA, 3-methyladenine; Se, sodium selenite.

Furthermore, the expression levels of the autophagy proteins
Beclin-1 and p62 were assessed by western blot analysis and
RT-qPCR. The results revealed that IGF-1 decreased the
expression of Beclin-1, but increased that of p62 (Fig. 8E-H),
while Wort had the opposite effects. Similar results were
observed in terms of Beclin-1 and p62 mRNA expression
(Fig. 81 and J). In conclusion, the activation or inhibition of
the PI3K pathway was revealed to downregulate or upregulate
autophagy, respectively.

Selenium inhibits autophagy by activating the
PI3K/AKT/mTOR signaling pathway. To verify whether
selenium inhibits autophagy through the activation of

the PI3K/AKT/mTOR signaling pathway, PI3K signaling
pathway protein expression was assessed by western blot
analysis following the addition of Wort. A clear reduction
was identified in the Se + Wort group when compared
with the Se group (Fig. 8A-D). Furthermore, the addition
of Wort significantly increased the expression of Beclin-1
but decreased that of p62 (Fig. 8E-H). Consistent with the
western blot analysis results, Beclin-l mRNA levels were
significantly upregulated and p62 levels were downregulated
(Fig. 8I and J). In conclusion, the pharmacological inhibi-
tion of the PI3K pathway neutralized the selenium-induced
effects on autophagy, suggesting that selenium acts through
the PI3K signaling pathway.
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Figure 7. Inhibition of the PI3K pathway counteracts the protective effects of selenium. (A) Cell viability following treatment with sodium selenite (100 nM),
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Discussion

To the best of our knowledge, this is the first study demon-
strating that selenium significantly reduces cerebral I/R
injury-induced BBB damage in diabetic rats by inhibiting
autophagy through the PI3K/AKT/mTOR signaling pathway.

Ischemic stroke is one of the main causes of disability
worldwide. High glucose is an important risk factor for isch-
emic stroke. Acute hyperglycemia and chronic diabetes can
aggravate this condition (53). High glucose levels can lead
to microangiopathy, including thickening of the capillary
basement membrane, changes in the intercellular charges
and an increase in vascular permeability (54). Collectively,
these factors can lead to a high incidence of ischemic stroke.
Experimental studies have revealed that, compared with
non-diabetic ischemic stroke, diabetic stroke can lead to more
serious vascular dysfunction and inflammatory response and
result in damage to the brain parenchyma (55,56). Currently,
the treatment modalities for stroke in diabetic patients are
relatively limited, whereas the disability and fatality rates in
these patients are significantly increased (11).

As a physical diffusion barrier, the BBB prevents harmful
substances from entering the brain tissue through the blood.

The destruction of the BBB is a common clinical manifesta-
tion of CNS diseases, including stroke, and one of the causes
of secondary damage to the brain parenchyma (57). During a
stroke, the hypoxic microenvironment is formed by the whole
penumbra after cerebral ischemia injury, resulting in BBB
damage and increased permeability due to the interruption of
the blood supply; BBB injury occurs in the acute phase after a
stroke and is one of the first steps in the aggravation of stroke
damage (4). However, there are few studies on the role of BBB
in the pathology of stroke. Therefore, regulating the perme-
ability of the BBB to protect the CNS from secondary injury
may be a potential strategy for the treatment of CNS diseases,
including stroke. Several experimental studies have revealed
that damage to the BBB leads to increased permeability and
hemorrhagic transformation in diabetic animals (55,58,59).
The BBB is composed of endothelial cells, astrocytic terminal
processes, pericytes and a basement membrane, which prevent
microscopic and neurotoxic substances from entering the
CNS (60). TJs between the endothelial cells form a diffu-
sion barrier. These TJs are formed by proteins such as ZO-1,
occludin and claudin-5 (61). TJs in mice with type 2 diabetes
were revealed to be damaged following a stroke, increasing
the infarcted area and aggravating the neurological function
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Figure 8. Inhibition of the PI3K signaling pathway neutralizes the selenium-mediated inhibition of autophagy. (A) The levels of p-PI3K/PI3K, p-AKT/AKT and
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defects (62). The results of the present study revealed that the
integrity of the BBB was compromised following I/R injury
in hyperglycemic conditions. Both in vivo and in vitro experi-
ments revealed that the expression of TJ proteins decreased,
while the permeability of the BBB increased. The expression of
TJs was decreased in diabetic rats after cerebral I/R (P<0.01),
whereas the expression of TJs was increased after selenium
intervention (P<0.05) in vitro. Selenium treatment could
increase the expression of TJ proteins, reduce EB leakage and

improve the cell viability of brain microvascular endothelial
cells, thereby reducing damage to the BBB. It is possible that
in vitro, the co-cultured cells could not completely simulate
BBB injury after HIR in vivo. The construction of BBB in vitro
will be further improved in our future studies to render it more
consistent with the ischemic microenvironment in vivo.
Autophagy is a physiological process that maintains the
stability of the intracellular environment that degrades and
recovers damaged proteins and organelles through the lysosomal
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pathway. Autophagy plays a central role in several physiological
and pathological processes (63,64). The autophagic process
can be activated by nutritional deprivation or other stressful
conditions. Previous studies have revealed that autophagy
is upregulated following cerebral I/R in diabetes (2,65,66).
Autophagy is characterized by the formation of autophagosomes
that can engulf cytosolic organelles. Beclin-1, LC3B and p62
are the main autophagy-related proteins (67,68). Beclin-1 trig-
gers autophagy and LC3B forms autophagosomes, whereas p62
is negatively correlated with autophagic activity (69). Growing
evidence has indicated that overactivated autophagy under
pathological conditions can trigger cell death and BBB damage;
for example, following a stroke in diabetic mice, the expression
of autophagy-related proteins was increased, while that of the
TJ protein occludin was decreased, and 3-MA reversed these
effects (70,71). Wu et al reported that DI-3n-butylphthalide
can exert neuroprotective effects by inhibiting autophagy and
blocking TJ protein loss (72). Our previous study also revealed
that hyperglycemia increased LC3 II/I expression following
cerebral I/R injury (34). In the present study, it was revealed
that the expression levels of Beclin-1 and LC3 were increased
in diabetic rats after an ischemic stroke, whereas that of p62
was decreased, which was consistent with our previous results.
However, selenium significantly attenuated these changes. In
the in vivo experiment, the expression of the autophagy-related
proteins Beclin-1 and LC3 II/I was significantly decreased,
whereas that of p62 was significantly increased following sele-
nium treatment. Similarly, following the use of the autophagy
inhibitor 3-MA, selenium reduced autophagy and diabetic
cerebral I/R injury. Selenium inhibited the expression of
autophagy-related proteins in vitro. Furthermore, the expres-
sion of the PI3K/AKT/mTOR autophagy-related pathway
proteins was also detected in vivo, and it was revealed that
the expression of PI3K/AKT/mTOR-related pathway proteins
was increased following treatment with sodium selenite. These
findings indicated that selenium may inhibit autophagy through
the PI3K signaling pathway.

The PI3K/AKT/mTOR signaling pathway regulates several
biological processes, such as cell proliferation, differentiation
and apoptosis, and is closely associated with autophagy (73).
Nicotine can inhibit autophagy in brain microvascular endo-
thelial cells by activating the PI3K/AKT/mTOR pathway (24).
Homocysteine plays a neuroprotective role by inhibiting the
excessive autophagy of neural stem cells following OGD/R
through the PI3K/AKT/mTOR signaling pathway (74). In the
in vivo results of the present study, it was revealed that the phos-
phorylation levels of the PI3K, AKT and mTOR proteins were
significantly decreased following cerebral I/R injury under high
glucose conditions, but selenium significantly inhibited these
effects. However, it was unclear whether selenium affected
autophagy through the PI3K/Akt/mTOR signaling pathway.
Therefore, an in vitro study was designed and conducted, using
the PI3K/Akt/mTOR signaling pathway specific activator,
IGF-1, and the specific inhibitor Wort, to further determine
whether there was a causal relationship between selenium and
the PI3K/Akt/mTOR signaling pathway. The selenium-medi-
ated effects were accompanied by corresponding changes in
the expression of autophagy-related proteins. Of note, Wort, a
PI3K inhibitor, counteracted the beneficial effects of selenium
following BBB damage. These results indicated that selenium

attenuated cerebral I/R injury-induced BBB damage under
hyperglycemic conditions by inhibiting autophagy through the
PIBK/AKT/mTOR signaling pathway.

The present study had certain limitations. Although it
was demonstrated herein that selenium can reduce damage to
the BBB during the acute phase of cerebral I/R injury under
hyperglycemic conditions, whether selenium can also protect
the BBB in the subacute and chronic phases after stroke needs
to be evaluated in future studies.

In conclusion, the results of the present study revealed that
selenium significantly ameliorated I/R injury-induced BBB
damage under hyperglycemic conditions, both in vivo and
in vitro, by activating the PI3K/AKT/mTOR pathway to inhibit
overactive autophagy.
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