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Abstract
Background/Aims: Peri-operative cerebral ischemia reperfusion injury is one of the most 
serious peri-operative complications that can be aggravated in patients with diabetes. A 
previous study showed that microglia NOX2 (a NADPH oxidase enzyme) may play an important 
role in this process. Here, we investigated whether increased microglial derived gp91phox, also 
known as NOX2, reduced oxygen glucose deprivation (OGD) after induction of hyperglycemia 
(HG). Methods: A rat neuronal-microglial in vitro co-culture model was used to determine the 
effects of gp91phox knockdown on OGD after HG using six treatment groups: A rat microglia 
and neuron co-culture model was established and divided into the following six groups: 
high glucose + scrambled siRNA transfection (HG, n = 5); HG + gp91phoxsiRNA transfection 
(HG-gp91siRNA, n = 5); oxygen glucose deprivation + scrambled siRNA transfection (OGD, 
n = 5); OGD + gp91phoxsiRNA transfection (OGD-gp91siRNA, n = 5); HG + OGD + scrambled 
siRNA transfection (HG-OGD, n = 5); and HG + OGD + gp91phoxsiRNA transfection (HG-OGD-
gp91siRNA, n = 5). The neuronal survival rate was measured by the MTT assay, while western 
blotting was used to determine gp91phox expression. Microglial derived ROS and neuronal 
apoptosis rates were analyzed by flow cytometry. Finally, the secretion of cytokines, including 
IL-6, IL-8, TNF-α, and 8-iso-PGF2α was determined using an ELISA kit. Results: Neuronal 
survival rates were significantly decreased by HG and OGD, while knockdown of gp91phox 
reversed these rates. ROS production and cytokine secretion were also significantly increased 
by HG and OGD but were significantly inhibited by knockdown of gp91phoxsiRNA. Conclusion: 
Knockdown of gp91phoxsiRNA significantly reduced oxidative stress and the inflammatory 
response, and alleviated neuronal damage after HG and OGD treatment in a rat neuronal-
microglial co-culture model.
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Introduction

Cerebral ischemia reperfusion injury (CIRI), which is one of the most serious peri-
operative complications, leads to a lower quality of life and an increased mortality rate. 
An animal study demonstrated that aging is related to the increase in some endogenous 
protein, which may contribute to decreased brain ischemic tolerance [1]. Therefore, as the 
population ages, an increased incidence of peri-operative CIRIs is expected; at the same time, 
the incidence of diabetes has been increasing year-by-year. According to the 2015 World 
Diabetes Congress survey, nearly 415 million adults worldwide have diabetes. It has been 
confirmed that the incidence and extent of CIRI increase in diabetic patients [2]. Thus, it is 
of great importance to investigate the pathogenesis and treatment of CIRI in patients with 
diabetes.

Previous studies have confirmed that systemic inflammation affects central nervous 
system responses [3], and both oxidative stress and inflammatory responses play an 
important role in the development and progression of CIRI and diabetes mellitus [4, 5]. 
Oxidative stress is essential in the development of injury following CIRI [6] and these effects 
are known to be exacerbated in patients with diabetes [7]. Additionally, the inflammation 
induced by CIRI is significantly enhanced in patients with diabetes [8]. An in vitro study 
also found that high glucose induces ROS production and activates cytokine secretion [9]. 
The expression of calcium sensing receptor in hippocampal neurons also decreased after 
treatment with high glucose and then increases the production of ROS in mitochondria [10]. 
Recently, it has been suggested that microglial activation following ischemia likely contributes 
to neuronal damage via release of excessive inflammatory cytokines and reactive oxygen 
species (ROS) [11]. Other studies have demonstrated that NOX2, a NADPH oxidase enzyme, 
plays an important role in the CIRI process. The absence of NOX2 can markedly reduce the 
production of oxidative stress and inflammatory responses, which significantly decreases 
the edema, blood-brain barrier destruction, and extent of brain damage associated with CIRI 
[12]. Whether NOX2 is a target of therapy when patients with diabetes undergo CIRI is still 
unknown.

Our previous study showed that inhibition of NOX2 may lead to the subsequent inhibition 
of oxidative stress and inflammation after CIRI in diabetic rats, and that microglia were 
likely the primary source of increased NOX2 [13]. In consideration of another study [14], the 
findings of which were consistent, in part, with our previous above findings, we initiated an 
in vitro study to simulate CIRI in diabetes to investigate whether increased expression of 
microglial derived gp91phox, also termed NOX2, reduces oxygen glucose deprivation (OGD) 
after induction of hyperglycemia (HG).

Materials and Methods

Cell culture: rat microglia cells and neurons
The rat microglia cell line was purchased from Bioleaf (Shanghai, China) and cultured in DMEM 

medium (Gibco, Gaithersburg, MD, USA), supplemented with 10% fetal calf serum, 100 U/mL of penicillin, 
and 100 mg/mL of streptomycin. Cells were cultured at 37 °C in an atmosphere of 5% CO2 in 95% air in a 
humidified incubator.

   Use of progeny was approved by the Animal Center of the Second Affiliated Hospital of Harbin 
Medical University. Primary hippocampal neuronal cells were isolated from day-old neonate SD rats and 
cultured as described previously [15, 16]. Briefly, animals were euthanized and brains were removed, 
placed in culture dishes, washed in sterile Hank’s balanced salt solution (HBSS; Hyclone, Logan, UT, USA) 
after which the meninges was removed and the hippocampus was carefully dissected out. Hippocampal 
tissues were washed with sterile HBSS, cut into small pieces (approximately 2 × 2 mm2) and digested with 
0.05% trypsin for 20 min at 37 °C, and the digestion procedure was stopped by adding 5mL DMEM. The 
resultant cell suspension was then filtered through cell strainer (70 μm) and was centrifuged at 1000 × g at 
for 5 min room temperature. After removing supernatant and adding 3–5 mL of DMEM medium, cells were 
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resuspended to a density of 1 × 106/L. Neuronal suspension (1mL) were inoculated in six cell culture plate 
coated with L-poly lysine (Sigma, St. Louis, MO, USA) and were cultured in a humidified 5% CO2 atmosphere 
at 37 °C. After 4–6 h, when the neurons were adherent, the medium was changed to neurobasal-A medium, 
consisted of 94% neurobasal-A, 2% glutamine, 2% B27, and 2% penicillin and streptomycin (Gibco). Two-
thirds of the culture medium was replaced every 3 days.

Transfection of rat microglia cells with gp91phoxsiRNA
For transfections, approximately 5 × 105 of microglial were seeded into six-well culture plates and 

incubated overnight. Transfection with gp91phox siRNA oligo (Genma, Suzhou, China) was performed using 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Cells were incubated with 2 µL of 100 nmol/L siRNA 
and 6 µL of Lipofectamine in 1 mL of Opti-MEM medium (Gibco) according to the manufacturer’s protocol. 
Transfected cells were incubated for 6 h after which Opti-MEM medium was replaced by standard culture 
medium. Twenty-four hours after transfection, a second transfection was performed, which lasted for 48 h.

Western blotting and real-time PCR analysis for the optimal gp91phox siRNA
Three kinds of gp91phoxsiRNA (siRNA1, siRNA2, and siRNA3) were designed for screening the 

best gp91phoxsiRNA to inhibit the expression of gp91phox; the scrambled siRNA was used as a negative 
control. At 72 h post-transfection, cells were harvested and washed with phosphate-buffered saline (PBS) 
for subsequent protein expression analysis. Initially, protein samples from all experimental protocols were 
obtained by cell lysis in RIPA lysis buffer (Beyotime Biotechnology, Jiangsu, China) in the presence of the 
proteinase inhibitor, phenylmethanesulfonyl  fluoride (PMSF; Sigma). After elimination of cell debris by 
centrifugation, protein samples were quantified and equal quantities were separated by 8% sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). Resolved proteins were then transferred onto PVDF 
membranes (Millipore, Billerica, MA, USA), which were blocked with 5% non-fat milk for 2 h, incubated 
with primary antibodies against gp91phox (1:1000; BD, New York, NY, USA) or GADPH (1:1000; ZSGB-Bio, 
Beijing, China) overnight at 4 °C followed by a goat anti-rabbit secondary antibody (ZSGB-Bio) coupled to 
horseradish peroxidase for 2 h at room temperature. Protein bands were then visualized using BeyoECL 
Plus (Beyotime Biotechnology) in the GelDoc-2000 imaging system, Bio-RAP. The relative expression of 
gp91phox was normalized to internal GADPH.

For PCR analysis, cells were culture as above and were then transfected with gp91phoxsiRNA or the 
scrambled siRNA for 72 h. Total RNA was isolated using a High-pure RNA Isolation kit (Roche, Basel, 
Switzerland). The concentration of total RNA was measured and reverse transcription was conducted 
using 10 µL of total RNA (25 nmol/L) with the Transcriptor First Strand cDNA Synthesis kit (Roche) 
according to the manufacturer’s protocol. One microliter of cDNA was amplified in real-time PCR assays 
using SYBR Green Master (Roche) and the BIO-RAD System (Bio-Rad,Berkeley, CA, USA) according to the 
manufacturer’s protocol. Cycling conditions of real-time PCR were set as follows: initial activation step, 3 
min at 95 °C; and 40 cycles, 12 s at 95 °C and 40 s at 62 °C. GADPH was used as an internal control. The 
primer sequences used for qRT-PCR are listed as follows: Gp91phox(NOX2), 5-GAATCTCAGGCCAATCACTT-3 
(Forward), 5-TGGTCTTGAACTCGTTATCCC-3 (Reverse); GADPH, 5-TCTCTGCTCCTCCCTGTTC-3 (Forward), 
and 5-ACACCGACCTTCACCATCT-3 (Reverse). According to results, we found the optimal gp91phox siRNA 
inhibited the gp91phox most effectively.

Neuronal MTT cytotoxicity assay to exclude the influence of hypertonic osmotic pressure
Cultured neurons were used for in vitro studies on day 7. Neuronal cells were seeded in six-well plates 

at an initial density of 10, 000 cells/well and were treated with 140 mmol/L glucose and 140 mmol/L 
mannitol for 48 h, after which 100 µL of 5 mg/mL of MTT in PBS was added to each well, and incubated for 
4 h at 37 °C. To dissolve formazan crystals, 500 µL of dimethyl sulfoxide (DMSO; Sigma) was added. After 
shaking the six-well plate for 1 min, the absorbance was measured at 492 nm using a microplate reader 
(BioTek Epoch, Burlington, VT, USA). The 100% value, as the standard to assess cytotoxicity, was obtained 
from the optical density (OD) values assayed in untreated cells.
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Establishment of a neuronal-microglial co-culture model
Rat microglia cells and hippocampal neuron were co-cultured using the Transwell system (Corning, 

Inc., Corning, NY, USA) as previously described, with several modifications [17]. Hippocampal neurons were 
cultured in the lower chamber while microglia was cultured in the upper chamber.

Experimental protocol and treatment
Cells were divided into the following six groups: high glucose stimulation + scrambled siRNA 

transfection (HG, n = 5); high glucose stimulation + gp91phoxsiRNA transfection (HG-gp91siRNA, n = 5); 
oxygen glucose deprivation + scrambled siRNA transfection (OGD, n = 5); oxygen glucose deprivation + 
gp91phoxsiRNA transfection (OGD-gp91siRNA, n = 5); high glucose stimulation + oxygen glucose deprivation 
+ scrambled siRNA transfection (HG-OGD group, n = 5); and high glucose stimulation + oxygen glucose 
deprivation + gp91phoxsiRNA transfection (HG-OGD-gp91siRNA, n = 5).

The treatments were performed 48 h after the microglia were transfected with gp91siRNA or scrambled 
siRNA. For the HG and HG-gp91siRNA groups, the co-cultured cells were incubated with 140 mmol/L of 
glucose for 48 h, then cultured in normal culture medium for 30 min. For the OGD and OGD-gp91siRNA 
groups, the co-cultured cells were incubated with normal glucose for 48 h, then were deprived of oxygen-
glucose for 30 min. Finally, for the HG-OGD and HG-OGD-gp91siRNA groups, the co-cultured cells were first 
incubated with 140 mmol/L of glucose for 48 h, then deprived of oxygen-glucose for 30 min. Thereafter, all 
cells were washed twice with PBS and re-suspended for analysis. The experiment protocol is shown in Fig. 1.

Neuronal MTT cytotoxicity assay
The survival rate of hippocampal neurons was measured using the MTT assay. After treatment, 100 µL 

of 5 mg/mL of MTT in PBS was put into each well, and incubated for 4 h at 37 °C. To dissolve the formazan 
crystal, 500 µL of DMSO was added. After shaking six-well plate for 1 min, absorbance was measured at 
492 nm by a microplate reader (BioTek Epoch). The 100% value as the standard to assess cytotoxicity was 
obtained from the OD values assayed in untreated cells.

Flow cytometry for detecting neurons apoptosis
The apoptosis rate of hippocampal neurons was detected using Annexin V FITC/PI apoptosis kit (4A 

Biotech, Beijing, China). After treatment, hippocampal neuron cells were digested by 2.5% trypsin and 
centrifugation at 1000 × g for 5 min and the supernatant was discarded. A pre-cooled buffer solution (PBS 
with calcium) was used for the preparation of a single cell suspension, then centrifuged at 1000 × g for 
5 min, the supernatant was discarded, and binding buffer was added at a concentration of 1 × 106 cells/
mL. Annexin V FITC (5 µL) was then added to the cell and gently mixed and incubated for 5 min at room 
temperature in the dark. After adding 10 µL of PI and 400 μL of PBS, the cells were immediately detected and 
analyzed using flow cytometry (BD FACSCaliburTM Flow Cytometry, BD Biosciences, Franklin Lakes, USA). 

Fig. 1. Experimental 
protocol and experimental 
timeline for transfection, 
HG treatment, OGD, MTT 
survival rate of neurons, 
western blotting, flow 
cytometry, and culture 
medium cytokines.

 

1 
 

Fig. 1.
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A total of 1 × 104 cells were selected each time, and Cell Quest software was used to conduct data analysis. 
Annexin V-positive cells were apoptotic cells. Finally, the cell apoptosis rate of each group was calculated.

Western blotting analysis for gp91phox expression
After treatment, cells were harvested and washed with PBS for subsequent analysis of  gp91phox protein 

expression by western blot as previously described in the Western blotting and real-time PCR analysis for the 
optimal gp91phox siRNA section.

Measurement of intracellular ROS accumulation in microglial cells
Intracellular ROS accumulation was determined using a ROS assay kit (Jiancheng, Nanjing, China) that 

utilizes 2’,7’-dichlorofluorescin diacetate (DCFH-DA) as a fluorescent probe. In principle, DCFH-DA freely 
penetrates the cell membrane and is hydrolyzed by esterase into DCFH, which is then oxidized by ROS 
resulting in a fluorescent green color. After high or normal glucose treatment, cells were incubated with 
10 μmol of DCFH-DA for 45 min at 37 °C in the dark and washed twice with DMEM. For the HG-OGD, HG-
OGD-gp91siRNA, OGD, and OGD-siRNA groups, the cells were deprived of oxygen-glucose for 30 min after 
incubation with DCFH-DA, washed twice with PBS and resulting fluorescent images were acquired using 
an inverted Olympus IX71 fluorescence microscope. The fluorescence intensities were measured by flow 
cytometry and reflected the amount of ROS that had been generated.

Enzyme-linked immunosorbent assay (ELISA) for cytokines
Cell culture supernatant levels of interleukin-6 (IL-6), interleukin-6 (IL-8), tumor necrosis factor-alpha 

(TNF-α), and 8-isoprostane were determined using commercial ELISA kits (Bio-Swamp, Shanghai, China). 
The culture supernatants of each group were not diluted prior to detection. Experimental procedures were 
performed according to the manufacturer’s instructions. A microplate reader (BioTek Epoch, Winooski, VT, 
USA) was used to detect the OD values at 450 nm.

Statistical analysis
All statistical analyses were performed using SAS 9.3 international standard statistical programming 

software. Data are expressed as the mean ± standard deviation (SD). All experiments were assessed by a 
two-factor 2 × 3 factorial design ANOVA. A single effect comparison was performed when the interaction 
effect was found to be statistically significant. A p < 0.05 was considered significant for all statistical analyses.

Results

Neither gp91phox siRNA nor hypertonic osmotic pressure result in neuronal damage
Fig. 2 A-C shows that transfection of the first gp91phox siRNA resulted in maximum 

inhibition of gp91phox expression (p < 0.05). Therefore, all subsequent experiments used 
the first gp91phox siRNA. Fig. 2 D shows that only HG, but not the equal osmotic pressure of 
mannitol, resulted in significant neuronal damage (p < 0.05).

Transfection of microglia with gp91phoxsiRNA significantly increases the survival rate of 
neurons
We used the MTT method to test the cytotoxicity of the neurons, with results showing 

that OGD combined with HG treatment significantly decreased the survival rate of neurons 
compared with either OGD or HG treatment alone (Fig. 3; p < 0.0001). Transfection of 
microglia with gp91phoxsiRNA significantly increased the survival rate of neurons after either 
HG or OGD treatment alone and after a combination of HG and OGD treatment (Fig. 3; p < 
0.0001).

http://dx.doi.org/10.1159%2F000494243
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Fig. 2. Western blotting and real-time PCR analysis for the best gp91phox siRNA and the cytotoxicity assay 
of the neurons by MTT to exclude the influence of hypertonic osmotic pressure. siRNA1, siRNA2, and 
siRNA3 were the three kinds of gp91phoxsiRNA designed for screening out the best gp91phoxsiRNA, which 
can inhibit the expression of gp91phox. scr-siRNA was the scrambled siRNA used as the negative control. A, 
Representative western blot bands of gp91phox (58 kDa) and GADPH (36 kDa) in the microglia 72 h after 
transfection. B, Quantification of western blot bands compared with GADPH (100%). C, Representative real-
time PCR of gp91phox and GADPH in the microglia 72 h after transfection. D, The cytotoxicity assay of the 
neurons by MTT to exclude the influence of hypertonic osmotic pressure after treatment with 140 mmol/L 
glucose and 140 mmol/L mannitol for 48 h. * p<0.001 vs NC group, # p<0.001 vs HG group.

 

2 
 

Fig. 2.

Fig. 3. The cytotoxicity assay of the 
neurons by MTT. * p<0.0001 vs. HG 
group or OGD group, # p<0.0001 vs. the 
corresponding siRNA group.
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Fig. 3.

http://dx.doi.org/10.1159%2F000494243


Cell Physiol Biochem 2018;50:783-797
DOI: 10.1159/000494243
Published online: 12 October 2018 789

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Zeng et al.: Gp91 and Neuron Damage Induced by OGD and Hyperglycemia

Transfection of microglia with gp91phoxsiRNA significantly decreases the neuronal 
apoptosis rate
Flow cytometry detection of FITC-Annexin V/PI double staining showed that OGD 

combined with HG treatment significantly increased the rate of apoptosis in neurons 
compared with OGD or HG treatment alone (Fig. 4; p < 0.0001). Transfection of microglia 
with gp91phoxsiRNA significantly decreased the rate of apoptosis rate in neurons compared 
with the corresponding scrambled siRNA transfection groups (Fig. 4; p < 0.0001).

Fig. 5. Western blotting analysis 
for microglia gp91phox protein. A, 
Representative western blot bands of 
gp91 phox (58 kDa) and GADPH (36 kDa) 
in the microglia 72 h after transfection 
in each group. B, Quantification of 
western blot bands compared with 
GADPH (100%). * p<0.0001 vs. HG 
group or OGD group, # p<0.0001 vs. 
the corresponding siRNA group.

 

5 
 

Fig. 5.

Fig. 4. Detection of neuron apoptosis. The percentages of viable, early and late apoptosis of neurons after 
HG, OGD, and HG combined with OGD treatment. * p<0.0001 vs. HG group or OGD group, # p<0.0001 vs. the 
corresponding siRNA group.

 

4 
 

Fig. 4.
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Transfection of microglia with gp91phoxsiRNA significantly decreases the expression of 
gp91phox

Immunoblotting experiments were used to determine the expression of gp91phox after 
HG and OGD. Protein levels of gp91phox were significantly increased after HG combined 
with OGD treatment compared with either OGD or HG treatment alone (Fig. 5; p < 0.0001). 
Transfection of microglia with gp91phoxsiRNA significantly decreased gp91phox expression 
after either HG treatment alone or OGD treatment alone, and after HG combined with OGD 
treatment (Fig. 5; p < 0.0001).

Fig. 6. The fluorescence images acquired by an inverted fluorescence microscope. The Microglia show green 
fluorescence. The ruler is 50 microns. A, Negative control. B, HG group. C, HG-gp91phoxsiRNA group. D, OGD 
group. E, OGD- gp91phoxsiRNA group. F, HG-OGD group. G, HG-OGD-gp91phoxsiRNA group. Scale bars in G: 50 
μm.
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Fig. 6.
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Inhibition of microglial gp91phox 
expression reduces the production 
of ROS
Fluorescence images acquired by 

an inverted fluorescence microscope 
are shown in Fig. 6. with microglia 
shown in green. Flow cytometry was 
used to detect neuronal apoptosis 
with DCFH-DA staining (Fig. 7A). 
The fluorescence intensity reflected 
the amount of ROS generated after 
treatment is shown in Fig. 7B. 
Specifically, treatment of OGD after HG 
significantly promoted the production 
of ROS compared with OGD or HG alone 
(p < 0.0001). Inhibition of microglial 
gp91phox significantly reduced the 
production of ROS (p < 0.0001).

Inhibition of microglial derived 
gp91phox reduces the secretion of 
cytokines
The concentrations of IL-6 (Fig. 

8A), IL-8 (Fig. 8B), TNF-α (Fig. 8C), and 
8-iso-PGF2α (Fig. 8D) were determined 
using ELISA. In the HG-OGD group, 
the secretion of IL-6 was significantly 
increased compared with the HG and 
OGD treatment groups (p < 0.0001), as 
was secretion of IL-8 (HG treatment; p 
< 0.05 and OGD treatment; p < 0.05); 
however, there were no significant 
differences for either TNF-α or 8-iso-
PGF2α. Inhibition of microglial gp91phox 
expression reduced the secretion 
of all cytokines compared with the 
corresponding scrambled siRNA 
transfection groups (p < 0.001).

Fig. 7. Flow cytometry measurement of intracellular 
ROS accumulation in microglia. A, Comparison of the 
generated ROS between gp91siRNA and scrambled siRNA 
after HG, OGD, and HG combined with OGD treatment. B, 
The fluorescence intensity reflected the amount of ROS 
generated after HG, OGD, and HG combined with OGD 
treatment. * p<0.0001 vs. HG group or OGD group, # 
p<0.0001 vs. the corresponding siRNA group.
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Fig. 7.
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Discussion

In this in vitro study, we showed that both HG and OGD treatment increased neuronal 
apoptosis, and that apoptosis was further increased after treatment with a combination 
of these factors. Moreover, we also found that microglial derived gp91phox was significantly 
upregulated after both HG and OGD treatment and likely participated in neuronal apoptosis; 
furthermore, apoptotic mechanisms resulting from increased gp91phox expression were 
related to excessive inflammation and over-production of ROS. We believe this is the first 
in vitro neuronal-microglial co-culture study to elucidate the mechanism underlying the 
neuronal damage following HG and OGD exposure.

In a previous study, we investigated the protective effect of dexmedetomidine on transient 
global CIRI in diabetic rats [13]. The results showed that NOX2 levels were significantly 
increased in diabetic rats compared with normal rats and were further increased when 
the diabetic rats were treated with transient global CIRI. Inhibition of NOX2 in normal and 
diabetic rats subjected to CIRI was accompanied by decreased inflammation and oxidative 

Fig. 8. IL-6, IL-8, TNF-α, 8-iso-PGF2α culture medium concentrations in each group. A, The concentration 
of IL-6. B, The concentration of IL-8. B, The concentration of TNF-α. D, The concentration of 8-iso-PGF2α. * 
p<0.0001 vs HG group or OGD group, # p<0.001 vs. the corresponding siRNA group, $ p<0.05 vs. HG-OGD 
group, & p<0.01 vs. HG-OGD group.
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Fig. 8.
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stress. Western blot analysis of Iba1 (Cyto) expression indicated that activated microglia 
were likely the main source of increased NOX2. Therefore, we speculated that increased 
expression of NOX2 derived from activated microglia may be a key therapeutic target for CIRI 
in patients with diabetes.

A previous study demonstrated that gp91phox immunoreactivity was dramatically 
increased in the peri-contusion region 2 days after traumatic brain injury. Although gp91phox 

is mainly expressed in activated microglia in the peri-contusion regions after traumatic 
brain injury, immunoreactive staining for gp91phox was also localized in astrocytes [14]. 
Another study indicated that stroke can result in an increase in T lymphocyte-derived NOX2 
dependent superoxide production in male mice, which and thus represents a major source 
of superoxide in the acute ischemia and reperfusion [18]. Thus, astrocytes and circulating 
T lymphocytes may influence the effects of microglia on neurons. The in vitro neuronal-
microglial co-culture model in the current study excluded the influence of other cells, such 
as astrocytes and of hormones and immune cells of the circulatory system. We therefore 
conclude that HG and OGD treatment directly affected the expression of gp91phox by microglia, 
which in turn increased neuronal apoptosis through increased ROS and inflammation.

Microglia, which are the resident innate immune cells of the brain, are a chronic source 
of inflammation and ROS during progressive neuronal damage. Normally, microglia perform 
important functions, including the cleaning of cellular debris [19], neuronal support [20], 
and are also involved in innate immune defense [21]. Loss of normal microglial function 
is therefore deleterious [22]. Microglial derived NOX2, which has been implicated as a 
prominent source of microglial ROS in pathology, is a key factor regulating microglial-
mediated neurotoxicity, with many factors, such as cytokines, reported to initiate microglia 
NOX2 expression [23]. Activated microglia produce extracellular ROS, which directly damages 
neurons [24-26], initiates intracellular signaling, enhances the pro-inflammatory response, 
and propagates neurotoxicity [27, 28]. In the present study, we showed that gp91phox was 
increased by both HG and OGD treatment and which was further increased following 
treatment with a combination of both. The results of our study indicated that microglia 
derived gp91phox is likely to be a key therapeutic target of OGD with HG. Transfection of 
microglia with gp91phox siRNA resulted in significantly decreased ROS production and 
secretion of cytokines significantly, which in turn led to decreased neuronal apoptosis.

In addition to the neuroprotective effects of genetic deletion of NOX2 following CIRI, 
which have been confirmed by several studies [29, 30], oxidative stress is also involved in 
the etiology of diabetes [5]. There are three distinct mechanisms that have been established 
to generate ROS in neurons and to contribute to cell death during anoxia and re-oxygenation. 
Among these mechanisms, the NADPH oxidases, including NOX2, predominantly cause 
ROS generation [31]. In addition to NOX2, mitochondria also produce ROS. A previous 
study showed that type I diabetes induced by streptozotocin (STZ) does not lead to brain 
mitochondrial dysfunction, indicating that oxidative stress in type I diabetes is not directly 
related to mitochondrial dysfunction, but more likely to extra-mitochondrial factors [32]. 
Evidence suggests that NOX2 may be a potential therapeutic target for the treatment of 
diabetes because of the production of excessive cellular ROS in diabetes [33]. NOX2 deficiency 
can reduce ROS production, which decreases β-cell destruction and preserves islet function 
in STZ-induced diabetes [34]. Therefore, we speculate that in addition to the effects of OGD, 
NOX2 also plays an important role in HG-induced neuronal damage. To exclude the potential 
influence of hypertonic osmotic pressure on neuronal damage, we used mannitol with an 
equal osmotic pressure to high glucose, which was used in our study to induce HG. The 
results showed that only HG, but not the equal osmotic pressure of mannitol, resulted in 
neuronal damage, indicating that HG is the dominant factor involved in neuronal damage.

In addition to CIRI, diabetes and impairments in glucose metabolism and insulin 
resistance in the brain have been suggested as a likely etiology of Alzheimer’s disease (AD) 
[35, 36]. In recent years, the relationship between insulin signaling and neurocognitive 
function has been investigated. Under normal conditions, neurons in the cortex and 
hippocampus produce insulin, which modulates glucose metabolism and cognitive function; 
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however, abnormal insulin resistance may lead to the increased production of ROS, which 
then impairs mitochondrial function, further inducing cognitive dysfunction in Alzheimer’s 
disease [37]. It has been documented that impaired glucose metabolism or mitochondrial 
dysfunction is one of the major pathologic changes observed in various neurodegenerative 
diseases [38]. In addition, a recent study demonstrated that hippocampal insulin resistance, 
without a change in blood glucose, can result in reduced hippocampal mTOR signalling and 
altered expression of markers of neurogenesis and synaptic function. Induction of insulin 
resistance in cultured hippocampal neurons showed similar results [39]. After regulating 
insulin signaling in the hippocampus, the learning ability and memory of AD mice improved 
[40]. These studies indicated that both abnormal glucose metabolism and insulin resistance 
can influence neurofunction, even without high glucose. According to the results of our 
study and the above-mentioned previous studies, we speculate that the beneficial effects of 
transfection of gp91phox siRNA to microglia on HG and OGD may also be applied to chronic 
degenerative diseases, such as Alzheimer’s disease. Only high glucose without insulin was 
exposed to neurons for 48 h in our study. Therefore, according to a previous study in which 
an in vitro insulin resistance model was established [38], it appears that there should not be 
insulin resistance and the impact of insulin resistance on neuron survival may be minimal. 
We believe, however, that further investigation should be considered with respect to insulin 
resistance, and the effect of the transfection of gp91phox siRNA to microglia should also 
be applied to in vivo animal models, such as stroke in diabetes, because of the difference 
between in vitro and in vivo models.

Here, the highest rates of neuronal apoptosis were found in the HG-OGD group and 
likely occurred for two reasons: 1) HG produced a significant amount of ROS and secretion 
of cytokines; and 2) OGD further induced ROS production and cytokine secretion. As 
mentioned in previous studies, both HG and OGD were shown to induce oxidative damage, 
inflammation, and altered expression of matrix metalloproteinases (MMPs). OGD can induce 
oxidative stress, inflammatory cytokine accumulation, and MMP dissipation via NF-κB and 
ERK1/2 pathways in primary rat astrocytes. HG can result in the over-production of ROS and 
a loss of MMP [41-43]. Indeed, the results of this study showed that gp91phox is the common 
denominator in both processes. Therefore, although we did not test the expression of MMPs, 
inhibition of microglial gp91phox significantly decreased ROS production and cytokine, 
which in turn decreased neuronal apoptosis in the HG-OGD group.

  There are several limitations to the current study. We did not test for apoptotic-related 
proteins. However, previous studies confirmed that ROS can cause cytotoxicity through 
lipid peroxidation, oxidation of proteins, and DNA fragmentation [44, 45]. Other studies 
demonstrated that increased levels of pro-inflammatory cytokines, including TNF-α and IL-
6, can be observed at early stages in transient global ischemia [46]. As TNF-α predominately 
mediates immune and inflammatory responses that lead to apoptosis [47], we speculate that 
the protection endowed by knockdown of gp91phox after HG and OGD treatment may have 
resulted in the decreased ROS production and cytokine secretion observed in the current 
study. Thus, further investigation regarding the underlying apoptotic mechanisms related 
to the knockdown of gp91phox is needed. Another limitation in this study was that we did not 
have access to gp91phox knockout mice and therefore utilized siRNA technology, which only 
partially inhibited gp91phox expression and thus may mask the dominant role of gp91phox.

Conclusion

Here we show that ROS production and cytokine secretion from activated microglia, 
which express gp91phox, play an important role in neuronal damage after HG and OGD 
treatment and that gp91phox may be a key therapeutic target in alleviating this damage. 
Transfection of microglia with gp91phoxsiRNA significantly reduced oxidative stress and the 
inflammatory response in neurons, which subsequently alleviated neuronal apoptosis; this 
may provide a new therapeutic strategy for patients with diabetes undergoing surgery.
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