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Abstract

Selenium has been shown to possess antioxidant and neuroprotective effects by modulating mitochondrial function and acti-
vating mitochondrial biogenesis. Our previous study has also suggested that selenium protected neurons against glutamate
toxicity and hyperglycemia-induced damage by regulating mitochondrial fission and fusion. However, it is still not known
whether the mitochondrial biogenesis is involved in selenium alleviating hyperglycemia-aggravated cerebral ischemia reper-
fusion (I/R) injury. The object of this study is to define whether selenium protects neurons against hyperglycemia-aggravated
cerebral I/R injury by promoting mitochondrial biogenesis. In vitro oxygen deprivation plus high glucose model decreased
cell viability, enhanced reactive oxygen species production, and meanwhile stimulated mitochondrial biogenesis signaling.
Pretreated with selenium significantly decreased cell death and further activated the mitochondrial biogenesis signaling.
In vivo 30 min of middle cerebral artery occlusion in the rats under hyperglycemic condition enhanced neurological deficits,
enlarged infarct volume, exacerbated neuronal damage and oxidative stress compared with normoglycemic ischemic rats
after 24 h reperfusion. Consistent to the in vitro results, selenium treatment alleviated ischemic damage in hyperglycemic
ischemic animals. Furthermore, selenium reduced the structural changes of mitochondria caused by hyperglycemic ischemia
and further promoted the mitochondrial biogenesis signaling. Selenium activates mitochondrial biogenesis signaling, protects
mitochondrial structure integrity and ameliorates cerebral I/R injury in hyperglycemic rats.
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Introduction

Cerebral ischemic injury leads to a high incidence of dis-
ability and mortality [1, 2]. Stroke patients are usually asso-
ciated with metabolic diseases such as obesity, hyperglyce-
mia and hyperlipidemia. Hyperglycemia is one of the most
important risk factors closely related to the occurrence and
progression of stroke [3]. Diabetic patients are much more
likely to experience cerebral stroke [3-7]. It is of great sig-
nificance to search for preventive and therapeutic approaches
that could effectively slow down or reduce diabetes-aggra-
vated ischemic injury.

Selenium is a trace element essential to maintain the
function of cells in most animals including humans [8].
Selenium supplementation increases the expression of sele-
nium-dependent enzymes [9]. Selenium treatment increases
the activity of antioxidant enzymes superoxide dismutase
(SOD) and glutathione peroxidase (GPx) to decrease oxida-
tive stress [9, 10]. Published papers showed that selenium
treatment could reduce mitochondrial oxidative stress in Par-
kinson’s disease and cerebral ischemia in rat hippocampus
[11, 12]. Our previous studies have suggested that selenium
reduced cerebral ischemic infarct volume through prereserv-
ing mitochondrial function, stimulating mitochondrial bio-
genesis, regulating mitochondrial dynamic balance between
fission and fusion, and blocking mitochondria-mediated cell
death pathways [10, 13, 14].

The objective of this study is to define whether the protec-
tive effect of sodium selenite against hyperglycemia-aggra-
vated cerebral ischemic injury is associated with activating
the mitochondrial biogenesis pathway and preserving mito-
chondrial structural integrity. The results demonstrated that
selenium protected neurons against hyperglycemia-aggra-
vated cerebral ischemic damage. The protective effect was
associated with activation of the mitochondrial biogenesis
signaling pathway and preserving mitochondrial structure.

Materials and Methods
Cell Culture and Reagents

Murine hippocampal neuronal HT22 cells were cultured
with Dulbecco’s Modified Eagle Medium (DMEM)/F12
(HyClone laboratories, Waltham, MA) supplemented with
10% fetal bovine serum (FBS, HyClone Cell Culture and
Bioprocessing) and 1% penicillin/streptomycin (HyClone
laboratories). HT22 cells were cultured at 90% relative
humidity in 5% CO, at 37 °C. The culture medium was

renewed every 24 h. Sodium selenite (Sigma, cat. 214485,
100 nM) was added to the culture medium 24 h prior to the
induction of oxygen deprivation (OD), which is a model
for hypoxia, or OD plus addition of p-glucose (Sigma-
Aldrich, St Lois, MO, 50 mM) (OD + HG), which is a model
to mimic ischemia in hyperglycemic/diabetic condition.
Sodium selenite was removed from the culture medium at
the onset of hypoxia or high glucose intervention. OD was
produced by filling the anoxic chamber (Thermo scientific
series II, America) with N, and the final oxygen content in
the incubator was maintained at 2.5+ 1.0 nmol/ml. After
1 h of OD, the cells were reoxygenated and harvested at
24 h after the reoxygenation for viability and biochemical
assays. The concentration of glucose during normal culture
and reoxygenation was 17.5 mM.

Cell Viability Assessment

Cell viability was determined using Cell Counting Kit-8
(CCK-8) (Dojindo Molecular Tech. Inc., Rockville, MD)
according to the manufacturer’s instruction. In brief, HT22
cells were cultured in 96-well plates (5000/well, Corning
Inc., New York, NY). Cell viability was assessed at 24 h
after the HT22 cells being exposed to OD and/or high glu-
cose for 1 h using SpectraMax microplate reader (Molecular
Devices, Sunnyvale, CA).

TUNEL Staining

Terminal transferase biotinylated-dUTP nick endlabeling
(TUNEL) assay (Kaiki, China) were performed in situ to
detect neuronal cell death, according to the manufacturer
instruction. Images were captured from five microscopic
fields per group by a fluorescent microscope (400 x, HPF)
and presented as ratio of TUNEL-positivelu stained neuronal
cells over number of total cells per high-power field.

Determination of ROS

After being exposed to 1 h hypoxia with 50 mM glucose and
reoxygenated for 24 h, the cells were incubated with dihy-
droethidine (DHE, 50 umol/l) in the culture medium at 37 °C
for 30 min. The cells were then washed with phosphate buff-
ered saline (PBS) and fixed in 4% paraformaldehyde. Images
were acquired under 400 X magnification using a fluorescent
microscope. The results were presented as relative fluores-
cence intensity (RFI).

Western Blot Analysis
At the end of each experiments, the cells were harvested

and rapidly homogenized with lysis buffer on ice. In ani-
mal study, the brain tissues were dissected from ischemic
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cortices (penumbra) and homogenized after sham-operation,
30 min MCAO plus 24 h and 72 h reperfusion. The protein
concentrations in each sample were determined using the
BCA Protein Assay Kit (Beyotime, China). Equal amount of
protein (50 pg/ul) was loaded onto 10% sodium dodecy! sul-
fate—polyacrylamide gels for electrophoresis, and then trans-
ferred onto a polyvinylidene fluoride membrane (PVDF,
0.45 pm, Millipore, USA). The membranes were immersed
in 5% non-fat milk to block the non-specific binding sites
and then incubated with primary antibodies at 4 °C over-
night. The primary antibodies include anti-UCP2 (1:1000,
Bioss, Beijing), SOD2 (1:1000, Bioss, Beijing), PGC-1a
(1:1000, Abcam, Cambridge, MA, USA), NRF1 (1:5000,
Abcam, Cambridge, MA, USA), TFAM (1:5000, CST,
MA, USA), and B-actin (1:2000, Bioworld, USA). p-actin
served as an internal control. On next day, the membranes
were washed and incubated with secondary antibodies (goat
anti-rabbit IgG, 1:3000 or goat anti-mouse IgG, 1:5000) for
2 h at room temperature. The blots were then developed by
enhanced chemical luminescence (Thermo Fisher, USA).
The relative densities of the target bands were quantified
using the Photoshop and normalized to p-actin.

Animals and Reagents

Ninety-two male Sprague Dawley (SD) rats, weighing
200-220 g, were provided by the Experimental Animal
Center of Ningxia Medical University (Yinchuan, China).
Among them, 20 were used for TTC, 26 for histological
staining, 33 for Western blot, and 13 for transmission elec-
tron microscopy (TEM). Detailed assignment of animals
is given in Table 1. All experiments were conducted at
Ningxia Medical University in strict accordance with the
Chinese Laboratory Animal Use Guidelines and approved
by institutional Animal Use and Care Committee at Ningxia
Medical University. Animals were kept on laboratory chow
and housed in standard conditions in a temperature con-
trolled room (20-22 °C) with a cycle of 12 h light/dark.
The animals were fasted at least 15 h and i.p. injected with
streptozotocin (STZ, Sigma, USA, 60 mg/kg) to induce
diabetic model. The animals blood glucose levels were
checked at 3 days after STZ injection and those who has a
level > 16.8 mmol/l were recruited to hyperglycemic group.
Animals in sodium selenite-treatment group were injected
daily i.p. with sodium selenite dissolved in PBS (0.4 mg/kg/
day) for 4 weeks prior to the induction of cerebral ischemia.
The animals were divided into 3 groups (Table 1) according
to the blood glucose level and selecium treatment, i.e. (1)
normoglycemic ischemia (NI); (2) hyperglycemic ischemia
(HI); (3) hyperglycemic ischemia + sodium selenite treat-
ment (HI+ Se). Each group was further divided into sham,
reperfusion at 24 h and 72 h subgroups.
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Table 1 Summary of groups and sub-groups

Groups  Processing TTC Histo WB TEM
NI
Sham Saline + sham 3 5 3
R24h  Saline+ MCAO
R72h  Saline+ MCAO 0 0 4
HI
Sham STZ + saline + sham 0 0 3
R24h  STZ+saline+ MCAO 6 8 4 3
R72h  STZ+saline+ MCAO 0 0 4
HI+Se
Sham STZ+ Se + sham 0 0 3 0
R24h  STZ+Se+MCAO 7 7 4 4
R72h  STZ+Se+MCAO 0 0 4 0

NI normoglycemic ischemia, HI hyperglycemic ischemia, Se sodium
selenite, R24 h and R72 h reperfusion at 24 h and 72 h, MCAO mid-
dle cerebral artery occlusion, STZ streptozotocin, TTC 2,3,5-triph-
enyltetrazolium chloride, Histo histology, WB Western blot, TEM
transmission electron microscopy

MCAO Model

Focal cerebral ischemia was induced by unilateral middle
cerebral artiery occlusion (MCAO) according to previous
methods [15, 16]. In brief, the common carotid artery, inter-
nal carotid artery and external carotid artery on the right
side were exposed. A monofilament nylon suture (external
diameter 0.28-0.38 mm) with a rounded tip coated with
silicon was inserted into the right internal carotid artery
from the common carotid artery until a faint resistance was
felt to block the origin of the middle cerebral artery. After
30 min of MCAQO, the intraluminal filament was withdrawn
to restore blood flow. In the sham group, the same surgical
procedure was performed without closure of the middle cer-
ebral artery. We selected 30 min MCAO because previous
studies has shown that the aggravating effects of hyperglyce-
mia on ischemic brain damage could be clearly differentiated
with this short length of ischemic insult [16].

Infarct Volume Assessment

The animal brains were removed and sliced into 2 mm
thick coronary sections in an adult rat brain matrix (RWD,
China). The sections were stained with 1.5% solution of
2,3,5-triphenyltetrazolium chloride (TTC, Sigma, USA) at
37 °C for 30 min, and then immediately fixed in 4% formal-
dehyde overnight. The images of TTC stained brain sec-
tions were captured with a digital camera into a computer.
Normal tissue was stained as red and infarct area as white.
The infarct area was measured by Image J program and the
infarct volume was calculated using the following equation:
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Percentage of hemispheric infarction volume = (contralateral
area — ipsilateral non-infarct area)/contralateral area x 100%.

Evaluation of Neurological Deficits

Neurological deficit scores were assessed by an examiner
who was blind to the experimental groups. The rats were
subjected to a neurological examination after 0-, 24-, and
72-h reperfusion using a modified scoring system [17].
Grade 0, normal neurologic behavior; (1) unable to extend
left forepaw completely; (2) crawling towards left; (3) fall-
ing to left; (4) failure or difficult to walk spontaneously and
exhibiting depressed levels of consciousness. Rats who had
scores 2 or above were considered as an indicator of success-
ful induction of the MCAO. Six rats were excluded from the
study because their neurological score equal or less than 1.

Tissue Preparation and Histological Evaluation

After neurological functional scores being assessed, the rats
were euthanized and decapitated at 24 h after reperfusion.
Their brains were immersed by 4% paraformaldehyde for
24 h. The brains were then dissected into 5 blocks, dehy-
drated and embedded in paraffin. The brain blocks were
sectioned at 4-pm thickness using a microtome (LEICA
RM2235, Wetzlar, Germany). The brain sections were either
stained with Eosin—hematoxylin (H&E) or Nissl staining
according to standard protocols. The results were examined
under a light microscope and images were captured into a
computer. Five microscopic fields (400 x, HPF) in the corti-
cal area of each animal were captured and used for counting
and presented as average of pyknotic cells (H&E stained
sections) or viable neurons (Nissl stained sections) per HPF.

Specimen Preparation for TEM

The penumbral cortical tissues (size: approximately 1 X 1x?2
mm?) were isolated and immediately fixed in 2.5% glutar-
aldehyde solution overnight at 4 °C, and post-fixed in 1%
osmium tetroxideat room temperature for 2 h. The samples
were then subjected to a graded ethanol dehydration, and
infiltrated with epoxy resin. Ultrathin sections (60 nm) were
cut and stained with uranyl acetate for 20 min and lead cit-
rate for 5 min and then viewed using a transmission electron
microscope (H7800, Hitachi).

Statistical Analysis

All data were represented as mean =+ standard diviation (SD).
Statistical analysis was performed using two-way analysis of
variance (ANOVA) with SPSS 19.00. Tukey’s post hoc test
was used for multiple comparisons. A value of p <0.05 was
considered as statistically significant.

Results

Selenium Reduces Cells Death Under OD
and OD + HG Conditions

To investigate the effect of selenium on HT22 cells under
oxygen deprivation (OD) and OD plus high glucose
(OD + HG) conditions, we performed cell viability and
TUNEL assays. The results showed that HG per se reduced
cell viability to 80% (Fig. 1a, ¢, p<0.01 vs. Control) and
increased TUNEL positively stained neurons to 186% of
the control value (Fig. 1b, d, p <0.01 vs. Control). OD
(1 h) resulted in a 20% reduction in viability (p <0.01 vs.
Control) and a 147% increase of TUNEL positively stained
neurons (p<0.01 vs. Control). Combination of 1 h OD
with 50 mM glucose caused a further reduction (44% of
control value) in cell viability (p <0.01 vs. OD) and an
increase of TUNEL positively stained cells (p <0.01 vs.
OD). Treatment with selenium alone slightly increased
cell viability (p <0.05 vs. Control) and decreased TUNEL
positively stained neurons (p <0.05 vs. Control). Selenium
pretreatment prevented high glucose-induced cell death as
indicated by increased cell viability to 92.8% of the control
values (p <0.01 vs. HG) and significantly decreased ratio
of TUNEL positive staining (p <0.01 vs. HG). Selenium
pretreatment prevented OD + HG induced cell death as
reflected by increased cell viability to 94.8% of the control
values (p <0.01 vs. OD + HG) and significantly decreased
ratio of TUNEL positive staining compared to OD + HG
group (p<0.01 vs. OD +HG).

Selenium Reduces ROS ROS Production Under OD
and OD + HG Conditions

Levels of ROS were measured by DHE probe to assess the
oxidative stress in HT22 cells after 1 h OD or OD + HG
followed by 24 h reoxygenation (Fig. 2a). Relative fluo-
rescence intensity (RFI) was summarized in the bargraph
(Fig. 2b). The results revealed that there was almost no
detectable ROS in unchallenged normal HT22 cells. HG
exposure increased the production of ROS (p <0.01 vs.
Control). The level of ROS increased in the OD group
as well (p <0.01 vs. Control) and further increased in
OD + HG group compared to the control and the OD alone
groups (p<0.01). Sodium selenite-treatment resulted
in a decrease of ROS production (p <0.05 vs. control).
Treatment with sodium selenite to both HG and OD + HG
groups significantly reduced the ROS levels (p <0.01 vs.
HG and p <0.01 vs. OD + HG). To clarify the mechanism
involved in selenium reducing the ROS production, we
detected the protein levels of mitochohdnrial uncoupling
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Fig. 1 Effects of selenium on
cell viabilities and TUNEL
staining in HT22 cells. a
Representative photomi-
crograms of cell morphol-
ogy, scale bar=100 pm. b
TUNEL staining. Red color,
TUNEL staining; Blue color,
DAPI nuclear staining. Scale
bar =100 pm. ¢ Cell viability at
24 h of reoxygenation follow-
ing 1 hof OD or 1 h OD plus
50 mM glucose (OD +HG).
Se, sodium selenite 100 nM.
d Quantification of TUNEL
positively stained cells over
total cell as marded by DAPI.
Experiments were repeated 4
times with triplicates for each
condition each time. Data

are presented as mean+ SD.
*p<0.05 and *¥p <0.01 vs.
control group; #p<0.01 vs.
OD group; &, <0.01 vs. HG
group; @@, <0.01 vs. OD+HG
group

Control

| ) ‘&s‘ &‘,

ontrol HG

1.5+

Cell viability by CCK8

protein 2 (UCP2) and mitochondrial superoxide dismutate
(SOD2) by Western blot (Fig. 2c). As shown, after HG
exposure, both UCP2 and SOD2 protein contents markedly
decreased (Fig. 2d, e, p<0.01 vs. Control). OD suppressed
the levels of these antioxidant enzymes compared to con-
trol (p <0.01 vs. Control). OD + HG further suppressed the
levels of anti-oxidant UCP2 (p <0.01 vs. OD) and SOD2
(p<0.05 vs. OD). Selenium per se increased the expres-
sion of UCP2 (p<0.01 vs. control) but decreased the
expression of SOD2 (p <0.01 vs. control). Combination
of Se + HG increased the expression of UCP2 (p <0.01 vs.
HG) but decreased the expression of SOD2 (p <0.05 vs.
HG) in HG group. Selenium treatment in OD + HG group
increased the protein levels of UCP2, and SOD?2 to a less
extent compared to OD + HG (p <0.01 vs. OD + HG).
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Selenium Activates Mitochondrial Biogenesis
Signaling After OD an OD + HG in the HT22 Cells

To explore the effects of selenium on mitochondrial biogen-
esis, we detected key regulators including PGC-1a, NRF1
and TFAM using Western blot (Fig. 3a). The results dem-
onstrated that the levels of PGC-1a, NRF1 and TFAM in
HT22 cells decreased mildly after HG exposure (Fig. 3b—d,
p <0.05 vs. Control). OD increased the levels of PGC-1a,
NRF1 and TFAM in cultured HT22 cells compared with
control cells (Fig. 3¢, d, p<0.01). OD + HG increased
these three markers as well (p <0.01 vs. Control), but to
a lesser extent than in OD (Fig. 3b—d, p<0.01 or p<0.05
vs. OD). Selenium per se matkedly increased the protein
levels of PGC-1a, NRF1 and TFAM (p <0.01 vs. Control).
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Fig.2 Effects of selenium on
UCP2 and SOD2 protein levels
in HT22 cells. a Labeling of
superoxide by DHE probe. Red
color, DHE; Blue color, DAPI.
Scale bar=50 pm. b Quanti-
fication of the relative DHE
fluorescence intensity (RFI). ¢
Representative Western blotts
of UCP2 and SOD2 in whole
cell lysate. d Relative protein
band density values for UCP2.
e Relative protein band density
values for SOD2. Experiments
were repeated 4 times with b

Control

triplicates for each condition -qé 8004
each time. Data are presented a #
as mean +SD. *p <0.05 and S 600+ ﬁ:
*#p <0.01 vs. control group; E
#p <0.05 and ¥p <0.01 vs. OD Q400
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Pretreatment with selenium to both HG group (p<0.01 vs.
HG) and OD +HG group (p <0.01 vs. OD + HG) markedly
increased the levels of PGC-1a, NRF1 and TFAM as well
(Fig. 3b—d).

Blood Glucose Concentrations and Body Weights
in the Rats

In animal study, the blood glucose levels were signifi-
cantly increased in the hyperglycemic groups within one
week after STZ-injection (Table 2). The increases of blood
glucose maintained till 8 weeks after STZ injection. The
blood glucose levels in HI (30.3 £3.5 mM) and HI+ Se
(25.8+ 6.7 mM) groups were significantly higher than that
of the NI (5.7+0.6 mM) group (p <0.01). However, there
was no statistically significant difference between the HI
group and the HI+ Se group (p > 0.05). The body weights
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of the NI animals increased steadily every week from 221 in
frist week to 374 in 8th week (Table 3). The body weights
of the HI animal group stayed at low level of 186-205 g for
at least 6 weeks and then increased to 227-240 g in 7th and
8th weeks. The blood glucose levels in the HI group were
significant lower than those in NI group (p <0.05). The body
weights in HI + Se group had similar trend with HI group.
The body weights were significantly lower that those in NI
group starting to 3rd week to 8th week. There were no sig-
nificant differences in body weight between HI and HI+ Se
groups (Table 3).

Selenium Reduces Infarct Volume, Neurological
Deficits and Mortality

Measurements of infarct volume using TTC staining reveal
that hyperglycemia enlarged and selenium reduced ischemic
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Fig.3 Effects of selenium on a b 10-
expression of mitochondrial ’
biogenesis markers PGC-1a
’ PGC-1a| w - — - d
NRF1 and TFAM in HT22 2 - ' %
cells. a Representative Western — ?
blotts. b—d Relative protein NRF1‘ - ' <
band density values of PGC-1a, Y
NRF1 and TFAM, respectively. TFAM §
Experiments were repeated 4 )
times with triplicates for each B-actin m
condition each time. Data
are presented as mean+ SD. (.\(\0 Q\O o0 szO P x"oe' & ?
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Table 2 Blood glucose concentrations of the animal groups
Groups Iw 2w 3w 4w Sw 6w Tw 8w
NI (mmol/l) 5.2+0.6 5.7+0.7 5.7+0.7 5.6+0.9 5.8+0.1 52+0.6 5.6+0.4 5.7+0.6
HI (mmol/l) 225£3.4%F  188+£3.4%%  254+1.9%F  21.7£2.0%F  21.4+£3.2%F  28.1+£4.9%*%  30.7+2.6%* 30.3+3.5%*
HI+Se (mmol/l) 192+1.3%*%  19.6+3.3%% 244+4.2%  204+1.7%  207+£1.7%% 23.1+x44%% 21.9+4.3%* 258+6.7%*
Data are presented as mean+SD. N =10 per group. *p <0.05 and **p <0.01 vs. NI group
NI normoglycemic ischemia, HI hyperglycemic ischemia, Se sodium selenite, w week
Table 3 Body weights of the animal groups
Groups Iw 2w 3w 4w Sw 6w Tw 8w
NI(g) 221.3+24.6 241.8+234 2655+24.6 296.0+24.8 3145+16.0 329.8+29.7 352.8+21.5 374.3+16.5
HI (g) 202.5+6.8  205.8+4.0 204.0+9.2%*% 205.3+16.5%*% 194.5+43.6%% 186.8+46.9%*% 240.0+42.1%* 227.5+50.9%*
HI+Se(g) 203.5+154 212.0+6.7 213.8+29.4* 219.8+33.6%* 234.8+46.7% 245.0+49.9*% 267.5+57.9% 243.8+71.1%*

Data are presented as mean+SD. N =10 per group. *p <0.05 and **p <0.01 vs. NI group

NI normoglycemic ischemia, HI hyperglycemic ischemia, Se sodium selenite, w week

infarct volume (Fig. 4a). As expected, 30 min of MCAO in
normoglycemic animals resulted in small infarct volumes
(3.6%) that were confined the striatum after 24 h of reperfu-
sion. In some case, TTC staining yielded pinkish area, which
reflects selective neuronal necrosis. In contrast, 30 min of
MCAQO in hyperglycemic animals produced a significantly
larger infarct volume (44.72%) than in the NI group (Fig. 4b,
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p<0.01 vs. NI). Further, the damage was also extended to
the neocortex. Pretreatment with selenium in HI animals
significantly decreased the infarct volume in the hypergly-
cemic animals to 3.2% (Fig. 4b, p <0.01 vs. HI). Hypergly-
cemia worsened and selenium improved neurological func-
tion (Fig. 4c). Neurobehavioral assessment showed that HI
animals had a higher neurological deficit scores than the
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Fig.4 Effects of selenium on

I/R 24 h

A gham NI

infarct size, neurological scores
and mortality rates after MCAO
in the rat. a Representative
TTC-stained sections. Pale
areas show infarct area. b Bar-
graph showing measurements
of infarct volumes (n=4-7 per
group). Data are presented as
mean +SD. #p <0.01 vs. NI
group; &&;, <0.01 vs. HI group.
¢ Summary of the neurological
deficits score (n=10). *p <0.05
and **p <0.01 vs. respective NI
group; #p<0.05 and #¥p <0.01
vs. respective HI group. d Sum-
mary of the survival rate (n=10
in each group)

(2]

Neurological deficit scores

Oh 24 h
Time after reperfusion (h)

NI animals, which was persistent from immediately after
MCAO to 72 h after reperfusion. Pretreated with selenium
for 4 weeks significantly reduced the neurological deficit
scores in the HI animals (Fig. 4c, p <0.05). Again, this
decrease was observed immediately after MCAO as well as
after 24 h and 72 h of reperfusion. Hyperglycemia increased
and selenium decreased the mortality (Fig. 4d). After the
induction of I/R, 2 out of 10 animals in NI group died
between 8 and 18 h. In contrast, 3 out of 10 HI animals died
at 20 h of reperfusion, 2 additional rats at 42 h and another 3
at 72 h died in HI group. Thus, the animal survival rate in HI
group reduced to 70% at 20 h, 50% at 42 h and 20% at 72 h,
which is significantly lower than that of NI group (p <0.01
vs. NI). Selenium treatment significantly reduced the death
rate in HI animals (Fig. 4d). Therefore, only 3 out of 10
animals (30%) died at 72 h of reperfusion (p <0.05 vs. HI).

Selenium Improves Histologic Outcomes

Brain sections were stained by H&E staining and Nissl stain-
ing (Fig. 5). To differentiate the damage between NI and
HI, we selected to present the data from the fronto-parietal
cortex. As shown H&E staining in Fig. 5a, upper panel, sev-
eral shrunken neurons and vacuoles around the neurons, a
presentation of brain edema, were observed at the ischemic
region in NI group. The number of neuronal pyknosis and

HI+Se b
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vacuoles in brain tissue was largely increased in the HI
group compared to NI group (Fig. 5b, p <0.01), suggest-
ing severe neuronal damage and brain edema. Compared
with the HI group, pretreatment of selenium in HI animals
reduced the number of neuronal pyknosis and extent of brain
edema (p<0.01).

Nissl staining (Fig. 5a lower panel and Fig. 5¢) revealed
that the number of Nissl bodies in the cytoplasm of neurons
was moderately decreased in NI group (p <0.01 vs. sham).
The number of Nissl bodies was drastically decreased in
HI group (p<0.01 vs. NI). Pretreatment with selenium in
HI animals improved the presence of Nissl bodies in the
neurons (p <0.05 vs. HI).

Selenium Affacts Antioxidant Enzymes in the Rats

To determine whether selenium affects antioxidant
enzymes, we detected UCP2 and SOD2 by Western blot
using brain tissues collected from ipsilateral hemisphere
(Fig. 6a). Semi-quantification of the targeting immunob-
ands showed that UCP2 protein level decreased mildly
after 24 h and 72 h in NI group. Hyperglycemia mark-
edly suppressed UCP2 even without ischemic insult. At
24 h and 72 h, UCP2 remained at low levels, which sug-
gests that the hyperglycemia is the suppression factor.
After being treated with selenite, UCP2 levels in both
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Fig.5 Histologic outcomes

IIR 24 h

assessed by H&E and Nissl
staining after 24 h of reperfu-
sion. a Representative images
of H&E staining (upper row)
and Nissl staining (lower row)
from the cortex (400 X) of the
Sham, NI, HI, and HI+Se
animls.. Arrows point to normal
neurons in the sham group and
arrowheads indicate pyknotic
and swollen neurons. Scale

bar =50 pm. b Quantification of
pyknotic cells in the fronto-pari-
etal cortex using H&E stained
brain sections. ¢ Quantification
of the viable neurons in the
fronto-parietal cortex using
Nissl staining. Data are pre-
sented as mean +SD. N=5-8
per group. *¥p <0.01 vs. sham
group; ™p <0.01 vs. NI group:
&5 <0.05 and ¥¥p <0.01 vs. HI
group
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hyperglycemic sham and HI groups increased drastically
when compared to normoglycemic and hyperglycemic
groups (Fig. 6b). Changes of SOD2 followed the same
pattern. Therefore, ischemia in normoglycemic animals
caused mild to moderate decreases at 24 h and 72 h.
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Hyperglycemia led to more pronounced declines at 24 h
and 72 h compared with NI animals (p <0.01). Selenium
treatment in hyperglycemic animals increased SOD?2 after
ischemia at 24 h and 72 h (Fig. 6¢, p<0.01 vs. HI).
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Selenium Regulates Mitochondrial Biogenesis
Pathway in the Rats

TEM examination showed that round nucleus, intact nuclear
membrane, clear nucleolus and abundant cytoplasm could be
observed in the sham-operated animals. Part of nuclear pyk-
nosis, bending of nuclear membrane and reduced cytoplasm
could be observed in the NI group. Nuclear pyknosis was
more prominent in the HI group, while selenium treatment
improved nuclear pyknosis in HI group compared the HI
group (Fig. 7a, upper panel). Further, a few damaged mito-
chondria with disrupted or broken cristae were observed in
the NI group (arrowhead in Fig. 7a, lower panel) compared

Fig.7 Changes of mitochon-
drial ultrastructure and biogen-
esis markers in rat cortical area
at24 hor 72 h I/R. a Repre-
sentative TEM micrographs
from cortical neurons in NI,

HI, and HI + Se treated animals
subjected to 30 min MCAO and
24 h of reperfusion. The bottom
row is the enlargement of the
contents of the black box on the
top row. Arrows indicate normal
mitochondria and arrowheads
point to damaged mitochon-
dria. Scale bar=2 pm for

upper row and 1 pm for lower
row. Nu=neuronal nucleus. b
Representative Western blotts of
mitochondrial biogenesis mark-
ers PGC-1a, NRF1 and TFAM
in cortical area at 24 or 72 h
I/R. c—e, Relative target protein

with the sham group. In the HI group, the richness of mito-
chondria in the microscopic field seemed decreased. The
mitochondrial swelling became more severe and the mito-
chondrial crest was difficult to identify compared with sham
and NI animals (arrowheads in Fig. 7a, lower panel). Sele-
nium treatment in HI animals reinstalled the mitochondrial
density in the cytoplasm, reduced mitochondrial swelling
and improved the integrity of mitochondrial cristae (arrows
in Fig. 7a lower panel).

To investigate whether ischemia under normo- and
hyperglycemic conditions affects mitochondrial biogen-
esis signaling and whether selenium is able to prevent the
modulating effects of ischemia on mitochondrial biogenesis,
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we measured the protein levels of 3 factors that are known
to regulate mitochondrial biogenesis, PGC-1a, NRF1 and
TFAM in brain tissues collected from ipsilateral hemi-
sphere (Fig. 7b). Western blot showed that PGC-1a was not
changed in NI, but decreased at 72 h of reperfusion in HI
animals (p < 0.05 vs. NI). Selenium resulted in pronounced
increases of PGC-1a with or without ischemia in hyper-
glycemic animals (Fig. 7c, p<0.01). NI caused a biphasic
change in NRF1, an initial decrease at 24 h and followed by
an increase at 72 h of reperfusion (p <0.01 vs. sham). HI
increased the NRF1 after 24 hand 72 h (p <0.01 vs. sham).
However, NRF1 content was lower in HI group at 72 h
than that in NI at 72 h (p <0.05). Selenium intervention in
hyperglycemic animals significantly increased NRF1 levels
under both sham and ischemic conditions (Fig. 7d, p <0.01).
NI moderately increased TFAM at 24 h and then started
to decline towards control level at 72 h of reperfusion. HI
elevated TFAM at 24 h and declined below control value at
72 h. TFAM moderately decreased at 72 h of reperfusion
in HI animals than NI animals (p <0.01). Selenium again
significantly increased TFAM levels under hyperglycemic
sham and hyperglycemic ischemic conditions compared with
NI and HI groups (Fig. 7e, p<0.01).

Discussion

Hyperglycemia is well known to exacerbate neuronal injury
and infarct volume resulted from cerebral ischemia, and to
induce the poor clinical outcomes [15, 16, 18]. In the present
study, in vitro OD + HG experiments showed that OD+HG
decreased cell viability and increased TUNEL positively
stained cells of the HT22 cells. It is interesting that high
glucose per se in cell culture decreased cell viability and sig-
nificantly increase TUNEL positive cells. This suggests that
HG itself is harmful to cell survival, which is consistent to
increased ROS and reduced levels of UCP2 and SOD2 under
high glucose condition. The in vitro results were further con-
formed by the in vivo experiment showing increased infarct
volume, worsend neurological deficit score and decreased
survival rate in HI compared with NI rats. These results were
consistent with the previous studies and further confirmed
that hyperglycemia could aggravate ischemic brain injury
[15, 16, 18, 19]. The small infarct volume observed in this
experiment is due to the nature of short period of MCAO.
30 min MCAO causes a relative small infarct volume con-
fined to the striatum and the surunding areas have different
extent of selective neuronal necrosis [16].

Selenium is an essential micronutrient for human being.
It exerts its function through cooporating itself to seleno-
cysteine (Sec), the latter constitutes various selenoproteins
[20]. Selenium supplementation boosts immune response
and promote human health by promoting the proliferation
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of activated T cells and increasing tumor cytotoxicity and
natural killer cell activity and increasing antioxidant capac-
ity [21]. Selenoproteins prevent the oxidative modification of
lipids, reduce platelet aggregation and inhibit inflammation
[8]. Deficiency of selenium in human body is associated
with development of many diseases, such as osteoarthrosis,
Keshan disease, immunodeficiency disease, cardiomyopathy
and hypothyroidism [22].

Selenium and seenoproteins have been known for their
antioxidant nature [23]. Selenium has been shown to have
the ability of protecting against neurodegeneration during
ischemia [20]. The administration of selenium enhances
learning and memory function in Alzheimer’s disease rat
model [23]. Selenium increases the content of DNA and
expression of mitochondrial proteins in hepatic tissue [24].
However, it is not known whether selenium could alleviate
hyperglycemia-aggravated ischemic brain damage. In the
present study, we demonstrated that selenium pretreatment
protected the HT22 cells from OD + HG-induced decreases
of cell viability and increases of TUNEL positively stained
cells. The experiment of the hyperglycemic ischemic rats
with selenium treatment further conformed the in vitro
results. Therefore, the selenium treated HI rats had a longer
survival time and better survival rate than the non-selenite
treated HI animals. After 30 min of brain ischemia, pre-
treatment with selenium significantly decreased the infarct
volume, decreased neurological deficit scores, and reduced
number of degenerative neurons and brain edema. These
results suggest that selenium is capable of alleviating hyper-
glycemia-enhanced hypoxic/ischemic damage both in vitro
and in vivo.

Published papers have suggested that hyperglycemia
exacerbates cerebral ischemic injury by inducing lactate aci-
dosis, disturbing calcium homeostasis, enhancing free radi-
cals production, increasing the permeability of blood—brain
barrier, damaging the structure of mitochondria, and pro-
moting inflammatory response [19]. In the present study,
ROS increased in OD and OD + HG further increased the
production compared to OD, suggesting that high glucose
exacerbates ROS accumulation. Treating HT22 cells with
selenium successfully blocked the OD + HG-induced ROS
production. The ROS are mainly produced through the
mitochondrial electron transportation [25]. In normal con-
ditions, the excessive superoxide radicals produced in the
mitochondria is catalized to hydrogen peroxide by SOD2
and the H202 is further reduced to carbone dioxide and
water by glutathione peroxidase (GPx) or peroxidoxin in
the brain [26, 34]. Under pathological conditions, environ-
mental stressors, including inflammatory, metabolic depres-
sion, glucose/oxygen deprivation and release of excitatory
neurotransmitters, could overwelme the intrinsic antioxidant
mechinary and induce oxidative stress [27-30]. Excessive
ROS can destroy a series of cellular components including
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DNA, proteins and lipids [29]. In the present study, we have
demonstrated that high glucose per se inhibited the levels of
UCP2 and SOD2. This may explain why high glucose per
se is toxic to neurons. The results also demonstrated that
OD + HG further reduced the levels of UCP2 and SOD2
comapred with the already low levels of these proteins under
OD condition. This may be part of reason accountable for
the detrimental effect of hyperglycemia on hypoxic/ischemic
damage. We have previously shown that mutation in SOD2
further increses the ischemic brain damage in hyperglycemic
animals [35]. Our results are consistent with previous reports
showing that UCP2 reduces while hyperglycemia enhances
ROS production, and cerebral ischemia inhibits the SOD2
and hyperglycemia enhances ROS [31-33]. In the present
study, selenium per se significantly increased the UCP2
level, which is in agreement with the observation that sele-
nium improved cell viability under normal cultures. How-
ever, it not clear why SOD2 lelve in selenium per se group
was much lower compared with the control. Combinations
of HG + Se or OD + HG + Se significantly elevated the level
of UCP2, and SOD2 to less extent. Animal study showed
that NI reduced the UCP2 and SOD2 levels at 24 hand 72 h
of reperfusion following a 30 min MCAOQO. Hyperglycemia
further suppressed the levels of UCP2 and SOD2, even in
control animals, which is in agreement with the glucose tox-
icity to nerons and increased levels of ROS observed in vitro
under HG condition. Excessive superoxide production may
comsumed large amount of SOD2 beyond being replenished.
Selenium treatment to control or HI animals drastically
increased the levels of UCP2 and and SOD2. Taken together,
our results suggest that selenium reduces the cytotoxicity
of glucose and ischemia both in vitro and in vivo through
uregulating antioxidant enzymes and this protective effect is
associated with increasing UCP2 and SOD?2 lelvels.
Activation of mitochondrial biogenesis has been reported
in cancer, metabolic diseases, diabetes and human immuned-
eficiency syndrome [36]. Several reports have suggested that
cerebral ischemia may activate or suppress mitochondrial
biogenesis [37, 38]. Activation of mitochondrial biogenesis is
associated with neuroprotection [37, 39]. Nanjaiah et al. have
reported that hyperglycemia reduces mitochondrial biogen-
esis in retina by down-regulating the expression of PGC-1a
and TFAM [40]. Selenium has been shown to activate mito-
chondrial biogenesis pathway in cultured cells and in ischemic
brain [10, 22, 41]. However, it is not known whether selenium
is capable of activating mitochondrial biogenesis signaling
in hyperglycemic ischemic animals. In the present study, we
found that HG per se in cultured cells mildly decreased the
levels of PGC-1a, NRF1 and TFAM. OD increased their levels
and this could be explained by a normal tissue response to the
injury. OD + HG decreased the protein levels of these 3 factors
compared with OD. Selenium per se or incombination with
HG or OD +HG dramatically increased the protein levels of

PGC-1a, NRF1 and TFAM. These results suggest that seleniu
is capapble of activating mitochondrial biogenesis pathway
in normal neuronal cells and under high glucose and/or OD
conditions.The experimental results of animal study were con-
sistent with those in vitro. In geneal ischemia increased the
levels of mitochondrial biogenesis markers, hyperglycemia
reduced levels compared with NI, and selenium significantly
increase the all three markers in HI animals. Specifically, NI
increased NRF1 and TFAM but not PGC-1a. This may be
because the PGC-1a was upregulated at mRNA level or there
are other factor could activate NRF1 and TFAM as well. Ther
eresults from NI is consistent with the reports from Dr. Chen’s
group [37, 38]. Comparired with NI, HI suppressed the protein
expression of the three markers at 24 h or 72 h. Administration
of selenium to sham operated control or HI animals signifi-
cantly increased the PGC-1a, NRF1 and TFAM expression
levels. Mitochondrial ultrastructual examination demonstrated
increased mitochondrial damage in HI compared with NI ani-
mals and selenium prevented the damage in HI animals. These
data suggest that selenium is capable of activating mitochon-
drial biogenesis pathway and protect the integrity of mitochon-
drial structure. Such effects may contribute to its neuroprotec-
tive effect against ischemic brain damage in hyperglycemic
animals. Therefore, selenium could be used as an important
complementary medicine for preventing and treating stroke
and other oxidative stress involved disorders.

In summary, both in vitro and in vivo models of hyperglyce-
mic hypoxia/ischemia have demonstrated that hyperglycemia
enhances neuronal damage and such adverse effect of glucose
is associated with increased ROS production and suppressed
UCP2 and SOD2. Treatment with sodium selenite reduced the
damage, increased antioxidant enzymes and reduced ROS con-
tent in hyperglycemic ischemic animals. In addition, selenium
activates mitochondrial biogenesis signaling in hyperglycemic
ischemic animals.

Acknowledgements This work was supported by the National Natural

Science Foundation of China (31960177 to LJ, 31780280 to JZZ), and
the Natural Science Foundation of Ningxia (2018AAC03092 to YMM).

Compliance with Ethical Standards

Conflict of interest The authors have declared that no competing inter-
est exists.

Ethical Approval All animal procedures were approved by Institutional
Animal Care and Use Committee (IACUC) at the Ningxia Medical
University.

References

1. Li K, Cui Y, Zhang H, Liu X, Zhang D, Wu A, LiJ, Tang Y
(2015) Glutamine reduces the apoptosis of HIC2 cells treated

@ Springer



1900

Neurochemical Research (2020) 45:1888-1901

14.

15.

16.

17.

18.

19.

with high-glucose and reperfusion through an oxidation-related
mechanism. PLoS ONE 10:e132402

Zhang G, Yang P, Yin Z, Chen H, Ma F, Wang B, Sun L, Bi
Y, Shi F, Wang M (2018) Electroacupuncture preconditioning
protects against focal cerebral ischemia/reperfusion injury via
suppression of dynamin-related protein 1. Neural Regen Res
13:86-93

Sung J, Koh P (2017) Hyperglycemia aggravates decreases of
PEA-15 and its two phosphorylated forms in cerebral ischemia.
J Vet Med Sci 79:654-660

Brola W, Sobolewski P, Fudala M, Goral A, Kasprzyk M, Szc-
zuchniak W, Pejas-Dulewicz R, Przybylski W (2015) Metabolic
syndrome in polish ischemic stroke patients. J Stroke Cerebro-
vasc Dis 24:2167-2172

Wajima D, Nakamura M, Horiuchi K, Miyake H, Takeshima Y,
Tamura K, Motoyama Y, Konishi N, Nakase H (2010) Enhanced
cerebral ischemic lesions after two-vein occlusion in diabetic
rats. Brain Res 1309:126-135

Jing L, Mai L, Zhang J, Wang J, Chang Y, Dong J, Guo F, Li
PA (2013) Diabetes inhibits cerebral ischemia-induced astrocyte
activation: an observation in the cingulate cortex. Int J Biol Sci
9:980-988

Xuan M, Mari O, Naohiro I, Satoshi A, Shinya K, Hirokazu M,
Takeshi S, Yoshiyuki M, Hiroshi I, Yasuhide H (2015) Chronic
treatment with a water-soluble extract from the culture medium
of ganoderma lucidum mycelia prevents apoptosis and necropto-
sis in hypoxia/ischemia-induced injury of type 2 diabetic mouse
brain. Evid Based Complement Alternat Med 2015:1-16
Rayman MP (2012) Selenium and human health. Lancet
379(9822):1256-1268

Ansari MA, Ahmad AS, Ahmad M, Salim S, Yousuf S, Ishrat T,
Islam F (2004) Selenium protects cerebral ischemia in rat brain
mitochondria. Biol Trace Elem Res 101:73-86

. Mehta SL, Kumari S, Mendelev N, Li PA (2012) Selenium pre-

serves mitochondrial function, stimulates mitochondrial biogen-
esis, and reduces infarct volume after focal cerebral ischemia.
BMC Neurosci 13:79

. Li PA, Hou X, Hao S (2017) Mitochondrial biogenesis in neu-

rodegeneration. J Neurosci Res 95:2025-2029

. Dominiak A, Wilkaniec A, Wroczynski P, Adamczyk A (2016)

Selenium in the therapy of neurological diseases. Where is it
going? Curr Neuropharmacol 14(3):282-299

. MaY, Guo Y, Ibeanu G, Wang L, Dong J, Wang J, Jing L, Zhang

J, Li PA (2017) Overexpression of selenoprotein H prevents
mitochondrial dynamic imbalance induced by glutamate expo-
sure. Int J Biol Sci 13:1458-1469

Ma Y, Ibeanu G, Wang L, Zhang J, Chang Y, Dong J, Li PA,
Jing L (2017) Selenium suppresses glutamate-induced cell death
and prevents mitochondrial morphological dynamic alterations
in hippocampal HT22 neuronal cells. BMC Neurosci 18(1):15
Muranyi M, Fujioka M, He Q, Han A, Yong G, Csiszar K, Li
PA (2003) Diabetes activates cell death pathway after transient
focal cerebral ischemia. Diabetes 52:481-486

Gisselsson L, Smith ML, Siesjo BK (1999) Hyperglycemia and
focal brain ischemia. J Cereb Blood Flow Metab 19:288-297
Longa EZ, Weinstein PR, Carlson S, Cummins R (1989) Revers-
ible middle cerebral artery occlusion without craniectomy in
rats. Stroke 20:84-91

Liu W, Jiang H, Rehman FU, Zhang J, Chang Y, Jing L, ZhangJ
(2017) Lycium barbarum polysaccharides decrease hyperglyce-
mia-aggravated ischemic brain injury through maintaining mito-
chondrial fission and fusion balance. Int J Biol Sci 13:901-910
Hei C, Liu P, Yang X, Niu J, Li PA (2017) Inhibition of mTOR
signaling confers protection against cerebral ischemic injury in
acute hyperglycemic rats. Int J Biol Sci 13:878-887

@ Springer

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

31.

32.

33.

34.

35.

Schweizer U, Brauer AU, Kohrle J, Nitsch R, Savaskan NE (2004)
Selenium and brain function: a poorly recognized liaison. Brain
Res Brain Res Rev 45:164-178

Rayman MP (2000) The importance of selenium to human health.
Lancet 356:233-241

Mendelev N, Mehta SL, Idris H, Kumari S, Li PA (2012) Selenite
stimulates mitochondrial biogenesis signaling and enhances mito-
chondrial functional performance in murine hippocampal neu-
ronal cells. PLoS ONE 7:e47910

Tomas-Sanchez C, Blanco-Alvarez V, Martinez-Fong D, Gon-
zalez-Barrios J, Gonzalez-Vazquez A, Aguilar-Peralta A, Tor-
res-Soto M, Soto-Rodriguez G, Limén ID, Brambila E, Millan-
Pérez-Pena L, Cebada J, Orozco-Barrios CE, Leon-Chavez BA
(2018) Prophylactic zinc and therapeutic selenium administration
increases the antioxidant enzyme activity in the rat temporopa-
rietal cortex and improves memory after a transient hypoxia-
ischemia. Oxid Med Cell Longev 2018:9416417-9416432

Hu L, Wang C, Zhang Q, Yan H, Li Y, Pan J, Tang Z (2016) Mito-
chondrial protein profile in mice with low or excessive selenium
diets. Int J Mol Sci 17:1137

Cadenas S (2018) Mitochondrial uncoupling, ROS genera-
tion and cardioprotection. Biochim Biophys Acta Bioenerg
1859(9):940-950

Trewin AJ, Bahr LL, Almast A, Berry BJ, Wei AY, Foster TH,
Wojtovich AP (2019) Mitochondrial reactive oxygen species gen-
erated at the complex-II matrix or intermembrane space microdo-
main have distinct effects on redox signaling and stress sensitivity
in caenorhabditis elegans. Antioxid Redox Signal 31:594-607
Moreno-Ulloa A, Nogueira L, Rodriguez A, Barboza J, Hogan
MC, Ceballos G, Villarreal F, Ramirez-Sanchez I (2014) Recov-
ery of indicators of mitochondrial biogenesis, oxidative stress, and
aging with (—)-epicatechin in senile mice. J Gerontol A Biol Sci
Med Sci 70:1370-1378

Guo Z, Cao G, Yang H, Zhou H, Li L, Cao Z, Yu B, Kou J (2014)
Acombination of four active compounds alleviates cerebral
ischemia-reperfusion injury in correlation with inhibition of
autophagy and modulation of AMPK/mTOR and JNK pathways.
J Neurosci Res 92:1295-1306

Zhao Q, Ma Y, Jing L, Zheng T, Jiang H, Li PA, Zhang J (2019)
Coenzyme Q10 protects astrocytes from ultraviolet B-induced
damage through inhibition of ERK 1/2 pathway overexpression.
Neurochem Res 44:1755-1763

Sarmah D, Kaur H, Saraf J, Vats K, Pravalika K, Wanve M, Kalia
K, Borah A, Kumar A, Wang X, Yavagal DR, Dave KR, Bhat-
tacharya P (2019) Mitochondrial dysfunction in stroke: implica-
tions of stem cell therapy. Transl Stroke Res 10:121-136

Haines BA, Mehta SL, Pratt SM, Warden CH, Li PA (2010) Dele-
tion of mitochondrial uncoupling protein-2 increases ischemic
brain damage after transient focal ischemia by altering gene
expression patterns and enhancing inflammatory cytokines. J
Cereb Blood Flow Metab 30(11):1825-1833

Wang Y, Zhang Y, Yang L, Yuan J, Jia J, Yang S (2019) SOD2
mediates curcumin-induced protection against oxygen-glucose
deprivation/reoxygenation injury in HT22 cells. Evid Based Com-
plement Alternat Med 2019:1-14

Bullock JJ, Mehta SL, Lin Y, Lolla P, Li PA (2009) Hyperglyce-
mia-enhanced ischemic brain damage in mutant manganese SOD
mice is associated with suppression of HIF-1a. Neurosci Lett
456:89-92

Chan JM, Oh WK, Xie W, Regan MM, Stampfer MJ, King IB,
Abe M, Kantoff PW (2009) Plasma selenium, manganese super-
oxide dismutase, and intermediate- or high-risk prostate cancer. J
Clin Oncol 27:3577-3583

Mehta SL, Lin Y, Chen W, Yu F, Cao L, He Q, Chan PH, Li PA
(2011) Manganese superoxide dismutase deficiency exacerbates



Neurochemical Research (2020) 45:1888-1901

1901

36.

37.

38.

39.

ischemic brain damage under hyperglycemic conditions by alter-
ing autophagy. Transl Stroke Res 2:42-50

Hsieh AYY, Budd M, Deng D, Gadawska I, Coté HCF (2018)
A monochrome multiplex real-time quantitative PCR assay for
the measurement of mitochondrial DNA content. J] Mol Diagn
20(5):612-620

Yin W, Signore AP, Iwai M, Cao G, Gao Y, Chen J (2008) Rap-
idly increased neuronal mitochondrial biogenesis after hypoxic-
ischemic brain injury. Stroke 39:3057-3063

Anne Stetler R, Leak RK, Yin W, Zhang L, Wang S, Gao Y,
Chen J (2012) Mitochondrial biogenesis contributes to ischemic
neuroprotection afforded by LPS pre-conditioning. J] Neurochem
123:125-137

LiL, XiaoL,Hou Y, He Q, ZhuJ, Li Y, Wu J, ZhaoJ, Yu S, Zhao
Y (2016) Sestrin2 silencing exacerbates cerebral ischemia/reper-
fusion injury by decreasing mitochondrial biogenesis through the
AMPK/PGC-1a pathway in rats. Sci Rep 6:30272

40.

41.

Nanjaiah H, Vallikannan B (2020) Lutein upregulates the PGC-1a,
NRF1, and TFAM expression by AMPK activation and down-
regulates ROS to maintain mtDNA integrity and mitochondrial
biogenesis in hyperglycemic ARPE-19 cells and rat retina. Bio-
technol Appl Biochem 66:999-1009

Khera A, Dong L, Holland O, Vanderlelie J, Pasdar EA, Neuzil J,
Perkins AV (2015) Selenium supplementation induces mitochon-
drial biogenesis in trophoblasts. Placenta 36:863—-869

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

@ Springer



