
Received:  2019.01.12
Accepted:  2019.02.01

Published:  2019.02.21

  3270      —      4      35

Autophagy Induced by Oxygen-Glucose 
Deprivation Mediates the Injury to the 
Neurovascular Unit

	 BEF  1	 Xinyang Zhang
	 CD  2	 Chen Fu
	 CF  3	 Baoxin Chen
	 BC  1	 Zhenmin Xu
	 BD  1	 Zixiu Zeng
	 DF  3	 Lijuan He
	 CD  4	 Yan Lu
	 A  3	 Zhigang Chen
	 ACDEFG  2	 Xuemei Liu

	 Corresponding Author:	 Xuemei Liu, e-mail: liuxuemeitcm@163.com
	 Source of support:	 This work was supported by the Beijing National Science Foundation (No. 7182099), Natural Science Foundation of China 

(No. 81774250), the International Science and Technology Cooperation Program of China (No. 2015DFA31130), 2018 Construction 
Project of Beijing-Tianjin-Hebei Integration in Traditional Chinese Medicine Treatment and Service of State Administration of 
Traditional Chinese Medicine of the People’s Republic of China, and “Baiqianwan” Talents Project for the Inheritance and Innovation 
of Traditional Chinese Medicine (No. 12, 2018) of State Administration of Traditional Chinese Medicine of the People’s Republic 
of China

	 Background:	 Autophagy is characterized by the degradation of cellular components in autophagosomes. It plays a signifi-
cant role in cerebral ischemic injury and has a complex functional connection with apoptosis. The neurovas-
cular unit (NVU) is a structural and functional unit of the nervous system presented as a therapeutic target of 
stroke. This study aimed to investigate the effect of autophagy induced by ischemic damage on NVUs.

	 Material/Methods:	 SH-SY5Y cells, C6 cells, and rat brain microvascular endothelial cells were cultured with oxygen-glucose depri-
vation (OGD) exposure for different time durations, and 3-methyladenine (3-MA) was added as an autophagy 
inhibitor. In all 3 cell lines, lactate dehydrogenase (LDH) release was measured. Furthermore, apoptosis was de-
tected using Annexin V-fluorescein isothiocyanate/propidium iodide labeling and immunofluorescence staining. 
Autophagosomes were observed through AO/MDC (acridine orange/monodansycadaverine) double staining. 
LC3-II expression levels were evaluated by western blot analysis.

	 Results:	 In the OGD groups of 3 cell lines, LDH leakage, and apoptotic rates were obviously increased. Remarkable in-
crease in LC3-II expression was found in the OGD groups of SH-SY5Y cells and C6 cells. However, 3-MA de-
creased the LC3-II expression to varying degrees.

	 Conclusions:	 OGD could induce the over-activation of autophagy and augment the apoptotic activity in neurons and glial 
cells of NVUs.
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Background

Ischemic stroke results from a sudden disruption of blood flow 
to the brain, leading to brain cell death and neurologic impair-
ment. Early investigations aimed at the pathological mecha-
nism of acute cerebral infarction merely concluded that the ob-
stacle between the matrix and the neuron and the reduction 
of ATP led to the depolarization and necrosis of hypoxic neu-
rons. With the development of advanced investigative methods, 
recent studies have emphasized the importance of changes in 
programmed cell death [1]. Although all the aforementioned 
aspects have focused on neurons, explicit connections have 
also been found between astrocytes, microglia, and vascular 
endothelial cells as they sustain neurons, conduct complex and 
specific signals, and execute ischemic cascade reaction collec-
tively after focal cerebral ischemia. Considering the complex 
mechanism involved in the pathological process of ischemic 
stroke, drugs only acting on a single target might not be suf-
ficient to treat ischemic stroke [2].

Since 2002, the neurovascular unit (NVU) consisting of neu-
rons, astrocytes, smooth muscle cells, endothelial cells, peri-
cytes, basement membrane, and extracellular matrix has been 
proposed as a structural and functional unit of the nervous sys-
tem, which serves as part of an integrated model for treating 
stroke. All these components of the NVU play a dynamic role 
in pathological processes of acute cerebral infarction [3]. 
Currently, however, it is thought that it is not only neurons 
damaged from a stroke, but gliocytes and microvasculature 
that are involved, hence, protection for the NVU becomes the 
most important, potential strategy to address brain stroke. As 
it is well known, neurons, astrocytes, and brain microvascular 
endothelial cells (BMECs) are the key components of NVUs. 
A few studies have established a triple primary cell co-culture 
model with neurons, astrocytes, and rat BMECs (RBMECs) as 
a model for NVUs in vitro [4,5], but the aforementioned stud-
ies had complex operational aspects that were difficult to cul-
ture. Every kind of cell in the NVU has its specific and essen-
tial role in physiology, pathology, and even response to drugs. 
Thus, we had to separately cultured 3 types of cells followed by 
oxygen-glucose deprivation (OGD), and examine the common 
injury mechanism of these 3 major cell types related to NVUs.

Looking at the neural damage after stroke, injured neurons, glio-
cytes, and microvessels can spread harmful effects to nearby 
cells via cellular interactions [6,7]. Induced by stroke, a series 
of pathologies may occur as dysfunctional energy metabo-
lism, excitatory amino acids, inflammation, oxidative stress, 
autophagy, and apoptosis hit the neural cells [2,6]. Autophagy is 
considered a double-edged sword. Autophagy, triggered by mild 
physiological and pathological stimulation, is neuroprotective, 
whereas over-activation of autophagy leads to a series of det-
rimental consequences to neuronal survival [8]. Autophagy has 

been considered a significant process that may be a key regu-
lator of ischemic injury. It has also been distinguished as the 
third mechanism of cell death after apoptosis and necrosis [9]. 
When mild ischemia occurs, moderate activation of autophagy, 
as an important approach of autologous repair, may remove 
damaged organelles, clean abnormal proteins, prevent aggre-
gation of protein, and inhibit apoptotic cell death. After se-
vere ischemia, continued and excessive autophagy leads to 
cell death directly and also interacts with the apoptosis sig-
nal [10,11]. However, the impact of autophagy induced by ce-
rebral ischemia on NVUs is unknown. Microtubule-associated 
protein (LC3) is widely used to illustrate the formation and 
number of autophagosomes. Cysteinyl aspartate–specific pro-
tease-3 (caspase-3) is the approved biomarker of apoptosis.

Using SH-SY5Y cells, C6 cells, and RBMECs, this study investi-
gated autophagy mediated by OGD in the NVU.

Material and Methods

Three kinds of cerebral cells

The human neuroblastoma cell line SH-SY5Y was purchased 
from the American Type Culture Collection (VA, USA) and was 
grown in RPMI 1640 Medium (Hyclone, Thermo Fisher Scientific, 
MA, USA) with 10% fetal bovine serum (FBS; Hyclone). The 
cells were incubated in a 5%/95% mixture of CO2 and atmo-
spheric air with humidity at 37°C. One day after plating, cells 
were incubated in neurobasal medium, supplemented with 
2% B27 (Gibco) and 0.5 mM L-glutamine (Gibco, 35050-061, 
USA). The cells were induced to differentiate into a homoge-
neous population of cells with neuronal morphological struc-
ture by adding 10 M retinoic acid (Sigma, USA) to the medium 
for 3 days [12,13]. The cells were then used in our experiments.

Rat C6 glioma cell line was purchased from Cell Resource Center, 
IBMS, CAMS/PUMC (Beijing, China, No. 3111C0001CCC000131). 
C6 cells were grown in Dulbecco’s modified Eagle’s medium 
(DMEM; Sigma, St. Louis, MO, USA) with 5% FBS (Thermo, 
Waltham, MA, USA) at 37°C. When cell growth approached 
90%, cells were digested with 0.25% trypsin followed by cell 
passage. Cells within 6 passages were used in this experiment.

RBMECs were purchased from American ScienCell Research 
Laboratories (Carlsbad, CA, USA). Cells from passage 6 to 
passage 8 were cultured in DMEM medium with 10% FBS, 
20  μg/mL bFGF, and 100 μL/mL heparin under standard con-
ditions [14,15].

The NVU model was established consisting of SH-SY5Y cells, 
C6 cells, and RBMECs.
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OGD induction and treatment

In the OGD groups, the original culture medium was removed, 
and then the cells were washed with Krebs medium. Then the 
cells, with medium, were placed in a humidified incubator with 
95% N2 and 5% CO2 at 37°C for 5 minutes. The incubator was 
then sealed, and the cells incubated at 37°C for 10 minutes. 
During the experimental process aforementioned, O2 concen-
tration was kept at 0.3–1.0%, monitored by an O2 analyzer. At 
the end of the OGD period, instead of OGD medium, basal me-
dium with glucose was used to wash the cells and then added 
again. The cells were then placed in an incubator with normal 
oxygen content for reoxygenation.

In the control groups, all treatments were the same as those in 
the OGD groups except the cells were not treated with OGD or 
the reoxygenation process. For the 3-MA groups, one additional 
treatment was given: the cells were treated with a solution 
of 30 mmol/L 3-MA that had been prepared in normal basal 
medium. The final concentration of the 3-MA was 1 mmol/L.

MTT [3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium 
bromide] assay

For the detection of cell viability, MTT [3-(4,5-dimethylthia-
zol-2-yl)- 2,5-diphenyltetrazolium bromide, v13154, Gibco] 
assay was performed using a final concentration of MTT of 
2.5 mg/mL, and incubation for 4 hours. Additionally, 150 μL 
of dimethyl sulfoxide (DMSO; Sigma, MO, USA) was added to 
each well. A microplate reader at 570 nm was used to read 
the optical density (OD).

Lactate dehydrogenase (LDH) release assay

Lactate dehydrogenase (LDH) activity was measured using the 
LDH cytotoxicity detection kit (3004732122, Roche). The su-
pernatant (100 µL) and reaction mix (100 µL) were mixed in 
96-well plates and incubated for 0.5 hours at room tempera-
ture. The absorbance of all samples was measured applying a 
microplate reader at 490 nm.

Annexin V-fluorescein isothiocyanate/propidium iodide 
staining

Applying the detection kit (APOAF, Sigma), Annexin V-fluorescein 
isothiocyanate (FITC) and propidium iodide (PI) staining were 
used to observe apoptotic cells. After washing with phosphate-
buffered saline (PBS), experimental cells were resuspended 
in binding buffer. Then, 5 μL of Annexin V-FITC and 5 μL of PI 
(50 μg/mL) were added to the binding buffer for 5 minutes 
in the dark. The samples were immediately measured using a 
flow cytometer. Apoptotic cells were expressed as a percent-
age of the total number of cells stained. All experiments were 

performed in triplicate and repeated twice to assess the con-
sistency of response.

AO/MDC double staining

The cells were washed with 1x PBS, twice, then incubated 
for 15 minutes at room temperature for AO (A9231, Sigma, 
1 µg/mL) staining. Then the cells were washed with 1x PBS 
twice, observed, and photographed under a fluorescence mi-
croscope. For MDC staining, MDC (D4008, Sigma, 50 µM) was 
incubated for 1 hour at 37°C. The cells were then washed with 
1×PBS, twice. A fluorescence microscope (Olympus/BX51) was 
used to photograph the cells.

Immunofluorescence staining

The cells were fixed in 4% polyformaldehyde for 5 minutes, then 
washed with 1×PBS and 0.25% Tween 20 (PBST), 3 times. After 
that, the cells were blocked with 5% goat serum at room tem-
perature for 30 minutes. The following primary antibody was 
incubated at 4°C overnight: cleaved caspase-3 rabbit mono-
clonal antibody (9664, Cell Signaling). After washing again, 
the cells were transferred to incubate with the fluorescent 
secondary antibody immunoglobulin (F0382, anti-rabbit Alexa 
Fluor 594-conjugated, 1: 100, Sigma) at 37°C for 1 hour [16]. 
Subsequently, the cells were rinsed with PBS and incubated 
with DAPI (4’,6-diamidino-2-phenylindole) solution (1: 200) at 
room temperature for 15 minutes, then the sections were pho-
tographed by a fluorescence microscope.

Western blot analysis

Protein extracts were isolated from each group of cells using 
RIPA protein lysis buffer containing 1 mM PMSF (phenylmeth-
ylsulfonyl fluoride). As the standard, protein concentration was 
determined using bicinchoninic acid (BCA, 23225, Thermo). 
Equal amounts of protein were loaded on 10% polyacrylamide 
gels (14100312, Novex) and transferred onto the polyvinyli-
dene difluoride membrane. Blots were blocked with 5% nonfat 
dry milk in Tris-buffered saline (TBS). Then membranes were 
incubated in 1: 1000 dilution of rabbit LC3-II polyclonal anti-
body (3868, CST) and 1: 2000 dilution of mouse anti b-actin 
monoclonal antibody overnight at 4°C. The blots were then in-
cubated with secondary antibodies (1: 2000, Jackson Immuno 
Research). Finally, the ECL (electrochemiluminescence) devel-
oper was added, and the protein electrophoresis bands were 
photographed. Using the ImageJ software, the OD of objective 
protein electrophoresis bands was analyzed.

Statistical analysis

All quantitative data were presented as mean ±SEM (standard 
error of the mean). One-way analysis of variance (ANOVA) with 
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Bonferroni/Dunnett post-hoc tests were performed for multi-
ple comparisons. A P value less than 0.05 was considered sta-
tistically significant.

Results

Impact of different OGD times on SH-SY5Y cells, C6 cells, 
and RBMECs

Compared with the control group at each time point, the OD 
value of the 3 cell types (SH-SY5Y cells, C6 cells, and RBMECs) 
in OGD groups (0-, 3-, 6-, 12, and 24-hours of OGD) decreased 
at 6–24 hours after OGD administration. As shown in Figure 1, 
the appropriate OGD time for SH-SY5Y cells, C6 cells, and 

RBMECs was 12 hours (Figure 1A), 24 hours (Figure 1B), and 
12 hours (Figure 1C), respectively.

Compared with the control group at each time point, the OD 
of SH-SY5Y cells in the OGD 12 hours/reoxygenation 6 hours 
group (OGD12h/R6h group) and the OGD12h/R12h group, and 
the C6 cells in the OGD24h/R2–24h group, and the RBMECs 
in the OGD12h/R6–24h group had significantly reduced OD 
values (P<0.01).

These results showed that the appropriate time of cellular dam-
age in SH-SY5Y cells, C6 cells, and RBMECs were OGD12h/R12h, 
OGD24h/R6h, and OGD12h/R6h (Figure 1D), respectively. Hence, 
these groups were chosen as our experimental OGD groups.
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Figure 1. �Cellular viability of SH-SY5Y cells, C6 cells, and RBMECs exposed to OGD stress. The OGD condition was achieved in a 
chamber with 95% N2, 5% CO2, and <0.2% O2, while the cells were incubated with glucose-free Krebs balanced salt solution. 
(A) SH-SY5Y cells were subjected to OGD for 0, 3, 6, 12, and 24 hours. The MTT assay showed that OGD12h decreased about 
30% viability of SH-SY5Y cells. (B) C6 cells were subjected to OGD for 0, 3, 6, 12, and 24 hours. The MTT assay showed 
that OGD24h decreased about 30% viability of C6 cells. (C) RBMECs were subjected to OGD for 0, 3, 6, 12, and 24 hours. 
The MTT assay showed that OGD12h decreased about 40% viability of RBMECs. (D) Effect of the reoxygenation time on 
SH-SY5Y cells, C6 cells, and RBMECs with OGD. The MTT assay showed that OGD12h/R12h reduced 50% viability of SH-
SY5Y cells, OGD24h/R6h reduced 50% viability of C6 cells, and OGD12h/R6h reduced 50% viability of RBMECs. All data in 
this figure were shown as mean ± standard error of mean (n=6 per group). * P<0.05, ** P<0.01 versus our control group. 
RBMECs – brain microvascular endothelial cells; OGD – oxygen-glucose deprivation; MTT – 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide.
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OGD-induced damage regulated LDH release from SH-SY5Y 
cells, C6 cells, and RBMECs

Compared with the control groups, LDH release in the OGD 
groups and 3-MA groups were upregulated with significant 
differences (P<0.01). In contrast to the OGD groups, LDH re-
lease in the 3-MA groups decreased significantly (P<0.01), and 
was higher than those of the control groups. This phenome-
non appeared in all 3 types of cells (Figure 2).

OGD-induced damage affected apoptosis of SH-SY5Y cells, 
C6 cells, and RBMECs

For SH-SY5Y cells, compared with the control group, the OGD 
group revealed activated caspase-puncta by being stained 
with enhanced green fluorescence (Figure 3A) and showed an 
obviously increased apoptotic rate with a statistically signif-
icant difference (P<0.01) (Figure 3B, 3C). Compared with the 
OGD group, the 3-MA group was stained with weakened green 
fluorescence (Figure 3A). The 3-MA group showed a remark-
able reduced apoptotic rate with a statistically significant dif-
ference than that in the OGD group (P<0.01), which was still 
higher than the control group (Figure 3B, 3C).

For C6 cells, in contrast to the control group, the OGD group 
was stained with enhanced green fluorescence (Figure 3D) and 
showed an obviously higher apoptotic rate with a statistically 
significant difference (P<0.01) (Figure 3E, 3F). Meanwhile, the 
nucleus in the OGD group stained with blue fluorescence pre-
sented a state of contraction and dispersion, which was differ-
ent from that found in the control group (Figure 3D). Compared 

with the OGD group, the 3-MA group was stained with weak-
ened green fluorescence (Figure 3D) and showed an obvious 
lower apoptotic rate with a statistically significant difference 
(P<0.01), which was still obviously higher than the control 
group (P<0.01) (Figure 3E, 3F).

For RBMECs, no fluorescence staining of activated caspase-3 
was observed, while the apoptotic rate increased significantly 
in the OGD group (P<0.01) (Figure 3G, 3H). In contrast to the 
OGD group, the 3-MA group showed a decreased apoptotic rate, 
which was still higher the control group (P<0.05) (Figure 3G, 3H).

OGD-induced damage affected autophagy of SH-SY5Y cells, 
C6 cells, and RBMECs

For SH-SY5Y cells, almost no autophagosomes appeared and 
the expression level of LC3-II was low in the control group 
and 3-MA group, with no statistically significant difference 
between these 2 groups (Figure 4A). Compared with the con-
trol group, a large number of autophagosomes (shown as red 
signals in AO staining and enhanced green signals in MDC 
staining) were observed, and the expression level of LC3-II in-
creased with a statistically significant difference (P<0.01) in 
the OGD group (Figure 4B, 4C).

For C6 cells, almost no autophagosomes appeared in the control 
group or the 3-MA group (Figure 4D). The expression level of 
LC3-II was slightly higher in the 3-MA group than in the control 
group (P<0.05) (Figure 4E, 4F), but both were low. Compared 
with the control group, autophagosomes were observed, and 
the expression level of LC3-II augmented with a statistically 
significant difference in the OGD group (P<0.01) (Figure 4E, 4F).

For RBMECs, the expression of LC3-II was not detected. 
Compared with the control group, autophagosomes were found 
in the OGD group. The number of autophagosomes decreased 
in the 3-MA group in contrast to the OGD group (Figure 4G).

Discussion

Intercellular interaction is of great significance in the physio-
logical and pathological processes of NVUs. The cells and tis-
sues of NVUs are structurally inseparable and interconnected, 
resulting in immediate interaction between neuronal cells [7,17]. 
However, after acute cerebral infarction, the intercellular inter-
action between cells of the NVU may not only transmit harmful 
cytokines but also serve as a protective factor [9]. Therefore, 
each member of NVU has a specific and different role in the 
physiology, pathological processes, and even drug reactions. 
Previous studies showed a key role of endothelial cells and as-
trocytes in the physiopathology of neurons [18,19].
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Figure 2. �LDH of SH-SY5Y cells, C6 cells, and RBMECs suffered 
OGD stress. The LDH assay showed that OGD enhanced 
the cytotoxicity of SH-SY5Y cells, C6 cells, and RBMECs, 
whereas 3-MA decreased it (n=8 per group). * P<0.01 
versus our control group, ** P<0.01 versus our OGD 
group. LDH – lactate dehydrogenase; RBMECs – brain 
microvascular endothelial cells; OGD – oxygen-glucose 
deprivation; 3-MA – 3-methyladenine.
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Figure 3. �3-MA influenced apoptosis of SH-SY5Y cells, C6 cells, and RBMECs suffered OGD stress. (A) The immunochemistry analysis 
showed that 3-MA decline the number of activated caspase-puncta (shown as green signals) in SH-SY5Y cells. (B, C) The work 
of flow cytometry showed that 3-MA weakened the apoptosis of SH-SY5Y cells. (D) The immunochemistry analysis showed 
that 3-MA decreased the number of activated caspase-puncta in C6 cells. (E, F) Flow cytometry showed that 3-MA decreased 
the apoptosis of C6 cells. (G, H) Flow cytometry showed that 3-MA decreased the apoptosis of RBMECs. Scale bar: 50 μm 
(n=3 per group). * P<0.05, ** P<0.01 versus our control group; ## P<0.01 versus our OGD group. 3-MA – 3-methyladenine; 
RBMECs – brain microvascular endothelial cells; OGD – oxygen-glucose deprivation.
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Autophagy, also known as type II cell death, is defined as pro-
grammed cell death along with apoptosis. The functional con-
nection between autophagy and apoptosis is complex, which 
means that both may be triggered by common upstream sig-
nals (Ca2+, peroxide, etc.) and activated at the same time or 
individually under stress conditions [20]. An autophagic pro-
cess is characterized by the packaging of aging cells, dam-
aged organelles, and intracellular foreign matters in autopha-
gosomes, followed by their transportation to lysosomes for 
degradation [21,22]. It is still equivocal whether autophagy is 
protective or fatal in ischemic NVUs. An increase in the num-
ber of autophagosomes may be a result of a more inefficient 
elimination of autophagosomes caused by a decrease in lyso-
somal activity or a blockage in autophagosome-lysosome fu-
sion; therefore, it may not be enough to report enhanced ac-
tivation of autophagy [23].

LC3 is distributed diffusely in the cytoplasm under physiolog-
ical conditions (LC3-I) [24] and modified post-translationally 
to become LC3-II when autophagy is activated [25,26]. LC3-II 

constitutes the autophagosome membrane as an acknowledged 
biomarker of autophagy. In a study by Wang et al. [9], 3-MA 
reduced the OGD-induced expression level of LC3-II, intensi-
fying LDH release and OGD-induced injury 2 hours after OGD. 
Furthermore, an autophagy activator (rapamycin) was used to 
interfere with neurons exposed to OGD after 0.5 hours. The 
results showed increased autophagy and enhanced neuronal 
activity, suggesting that the activation of autophagy was ben-
eficial to neuronal viability in the early stage of ischemia. The 
present study found that in the 3 types of cells, a series of 
opposite consequences might be associated with OGD (6–12 
hours), indicating that the cells suffered a more serious at-
tack. The results demonstrated that OGD-induced autophagy 
was injurious to the NVU, whereas autophagy inhibitor 3-MA 
partially attenuated this damage.

LDH leakage occurs during the process of apoptosis [27,28]. 
With the use of autophagic inhibitor 3-MA with MTT as-
say, LDH leakage has been considered an indication of OGD-
induced neuronal death [29,30]. As a core effective enzyme in 
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Figure 4. �Autophagy of SH-SY5Y cells, C6 cells, and RBMECs suffered OGD stress. (A, D, G) AO and MDC immunofluorescence staining 
showed that 3-MA decreased the number of autophagy-puncta in SH-SY5Y cells, C6 cells, and RBMECs (shown as red 
signals in AO staining and enhanced green signals in MDC staining). (B, C, E, F) The Western blot analysis showed that 3-MA 
decreased the expression level of LC3-II in SH-SY5Y cells and C6 cells. As shown in (F), the expression level of LC3-II increased 
significantly in OGD group than in our control group, while 3-MA obviously decreased the expression, which was still higher 
than that in our control group. Scale bar: 100 μm. * P<0.05, ** P<0.01 versus our control group; ## P<0.01 versus our OGD 
group (n=3 per group). RBMECs ,– brain microvascular endothelial cells; OGD – oxygen-glucose deprivation; AO – acridine 
orange; MDC – monodansycadaverine, 3-MA – 3-MA, 3-methyladenine.
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the cellular apoptotic process, cysteinyl aspartate-specific pro-
tease-3 (caspase-3) is the main executor of apoptosis, and its 
expression was bound to be a representation of apoptosis [31]. 
Carloni et al. found that rapamycin motivated autophagy and 
decreased the expression level of activated caspase-3 [32], 
the number of apoptotic cells, and cerebral injured volume in 
rats with cerebral hypoxic–ischemic injury. Interestingly, the 
data for SH-SY5Y and C6 cells has indicated that OGD-induced 
injury augmented the activation of autophagy by increasing 
the expression level of LC3-II and also enhanced green fluo-
rescence of activated caspase-3 and apoptotic rate. The dif-
ferences between the study by Carloni et al. and our present 
study might be due to the pharmacological effects of rapamy-
cin used to modulate autophagy-induced changes in the com-
plex cross-talk between autophagy and apoptosis. Moreover, 
the models investigated in our present study and the study 
by Carloni et al. were not the same. Conversely, Puyal et al. 
reported that autophagy was detrimental to ischemic neu-
rons [23]. They discovered that LC3 II and caspase-3 levels in-
creased evidently after cerebral ischemia in rats with middle 
cerebral artery occlusion (MCAO). The expression of caspase-3 
and caspase-9 and the appearance of autolysosomes were 
also detected. Furthermore, an intracerebroventricular injec-
tion of 3-MA reduced the lesion volume prominently. Obvious 
decreases in LC3-II and caspase-3 levels and increased num-
ber of caspase-9 positive cells were also found. Moreover, the 
translocation of apoptosis-inducing factor to the nucleus was 
prevented by 3-MA, indicating its neuroprotective effect against 
apoptosis caused by 3-MA. Qin et al. found that astrocyte vi-
ability decreased notably and LDH leakage significantly in-
creased 6 hours after OGD [33]. Meanwhile, the fusion of au-
tophagic vacuoles from autophagosomes and lysosomes was 
observed. In addition, after OGD, the protein expression level 
of LC3-II was markedly elevated. In contrast, 3-MA restrained 
the expression of LC3-II and attenuated the leakage of LDH. 
Furthermore, 6 hours after OGD, the expression level of Bcl-2 
(an important anti-apoptotic protein) in astrocytes was evi-
dently reduced. In addition, 3-MA significantly recovered the 

expression level of Bcl-2, which partly represented that 3-MA 
resisted OGD-induced apoptotic injury and strongly supported 
the findings of our present study.

In our study, conspicuously augmented leakage of LDH, labeling 
of caspase-3, and a higher apoptotic rate were observed in SH-
SY5Y and C6 cells exposed to OGD. Meanwhile, a large num-
ber of autophagosomes were detected, and the protein ex-
pression level of LC3-II increased markedly in these cells. All 
these OGD-induced changes were attenuated significantly in 
the 3-MA group. These phenomena suggest that the expres-
sion level of LC3-II protein and the apoptotic rate were upreg-
ulated in neurons and glial cells that suffered an OGD-induced 
injury, which is consistent with other previous empirical con-
clusions: the activation of autophagy acted as the promoter of 
apoptotic cell death and thus escalated cell death, while 3-MA 
inhibited autophagy and apoptosis [34,35]. In RBMECs, no ex-
pression of LC3-II protein was observed. OGD merely increased 
the number of autophagosomes and also the apoptotic rate. 
Based on these findings, we speculate that the increase in the 
apoptotic rate was related to the molecular mechanism of ac-
tion of autophagosomes, rather than to autophagic pattern.

Conclusions

In conclusion, this present study indicated that OGD remark-
ably damaged SH-SY5Y cells, C6 cells, and RBMECs; increased 
the autophagic and apoptotic rates of SH-SY5Y cells and C6 
cells; and increased the apoptotic rate of RBMECs. Underlying 
mechanisms were possibly associated with OGD-induced over-
activation of autophagy and augmented apoptotic activity in 
neurons and glial cells.

Conflicts of interest

None.

References:

	 1.	Dirnagl U, Iadecola C, Moskowitz MA: Pathobiology of ischaemic stroke: An 
integrated view. Trends Neurosci, 1999; 22(9): 391–97

	 2.	Moskowitz MA, Lo EH, Iadecola C: The science of stroke: Mechanisms in 
search of treatments. Neuron, 2010; 67(2): 181–98

	 3.	 del Zoppo GJ: Inflammation and the neurovascular unit in the setting of 
focal cerebral ischemia. Neuroscience, 2009; 158(3): 972–82

	 4.	Qiang X, Yang L, Hongyi Q et al: A novel brain neurovascular unit model 
with neurons, astrocytes and microvascular endothelial cells of rat. Int J 
Biol Sci, 2013; 9(2): 174–89

	 5.	Brown JA, Codreanu SG, Shi M et al: Metabolic consequences of inflamma-
tory disruption of the blood-brain barrier in an organ-on-chip model of the 
human neurovascular unit. J Neuroinflammation, 2016; 13(1): 306

	 6.	 del Zoppo GJ: The neurovascular unit in the setting of stroke. J Intern Med, 
2010; 267(2): 156–71

	 7.	Abbott NJ, Rönnbäck L, Hansson E: Astrocyte-endothelial interactions at 
the blood-brain barrier. Nat Rev Neurosci, 2006; 7(1): 41–53

	 8.	 Rami A, Kogel D: Apoptosis meets autophagy-like cell death in the ischemic 
penumbra: Two sides of the same coin? Autophagy, 2008; 4(4): 422–26

	 9.	Wang P, Guan YF, Du H et al: Induction of autophagy contributes to the 
neuroprotection of nicotinamide phosphoribosyltransferase in cerebral 
ischemia. Autophagy, 2012; 8(1): 77–87

	10.	 Kost A, Kasprowska D, Labuzek K et al: Autophagy in brain ischemia. Postepy 
Hig Med Dosw (Online), 2011; 65: 524–3

	11.	Gabryel B, Kost A, Kasprowska D: Neuronal autophagy in cerebral ischemia 
– a potential target for neuroprotective strategies? Pharmacol Rep, 2012; 
64(1): 1–15

	12.	Kume T, Kawato Y, Osakada F et al: Dibutyryl cyclic AMP induces differen-
tiation of human neuroblastoma SH-SY5Y cells into a noradrenergic phe-
notype. Neurosci Lett, 2008; 443: 199–203

1381
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Zhang X. et al.: 
Autophagy induced by OGD mediates the injury of NVU
© Med Sci Monit, 2019; 25: 1373-1382

LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



	 13.	 Lin D, Li G, Zuo Z: Volatile anesthetic post-treatment induces protection 
via inhibition of glycogen synthase kinase 3b in human neuron-like cells. 
Neuroscience, 2011; 179: 73–79

	14.	Ruck T, Bittner S, Epping L et al: Isolation of primary murine brain micro-
vascular endothelial cells. J Vis Exp, 2014; 2014(93): e52204

	15.	 Juan L, Xiang Z, Qing L et al: Role of phosphorylated HDAC4 in stroke-in-
duced angiogenesis. Biomed Res Int, 2017; 2017: 2957538

	16.	 Liu X, Zhang X, Wang F et al: Improvement in cerebral ischemia-reperfu-
sion injury through the TLR4/NF-kB pathway after Kudiezi injection in rats. 
Life Sci, 2017; 191: 132–40

	17.	Muoio V, Persson PB, Sendeski MM: The neurovascular unit – concept re-
view. Acta Physiol (Oxf), 2014; 210(4): 790–98

	18.	Ouyang YB, Xu L, Liu S, Giffard RG: Role of astrocytes in delayed neuronal 
death: GLT-1 and its novel regulation by microRNAs. Adv Neurobiol, 2014; 
11: 171–88

	19.	 Takano T, Oberheim N, Cotrina ML, Nedergaard M: Astrocytes and ischemic 
injury. Stroke, 2009; 40(3 Suppl.): S8–12

	20.	Maiuri MC, Zalckvar E, Kimchi A, Kroemer G: Self-eating and self-killing: 
Crosstalk between autophagy and apoptosis. Nat Rev Mol Cell Biol, 2007; 
8(9): 741–52

	21.	Gozuacik D, Kimchi A: Autophagy as a cell death and tumor suppressor 
mechanism. Oncogene, 2004; 23(16): 2891–906

	22.	 Tukaj C: The significance of macroautophagy in health and disease. Folia 
Morphol (Wars), 2013; 72(2): 87–93

	23.	 Puyal J, Vaslin A, Mottier V, Clarke PG: Postischemic treatment of neonatal 
cerebral ischemia should target autophagy. Ann Neurol, 2009; 66: 378–89

	24.	Mann SS, Hammarback JA: Molecular characterization of light chain 3. A mi-
crotubule binding subunit of MAP1A and MAP1B. J Biol Chem, 1994; 269: 
11492–97

	25.	Kabeya Y, Mizushima N, Ueno T et al: LC3, a mammalian homologue of 
yeast Apg8p, is localized in autophagosome membranes after processing. 
EMBO J, 2000; 19(21): 5720–28

	26.	Mizushima N: Methods for monitoring autophagy. Int J Biochem Cell Biol, 
2004; 36: 2491–502

	27.	Gottron FJ, Ying HS, Choi DW: Caspase inhibition selectively reduces the 
apoptotic component of oxygen-glucose deprivation-induced cortical neu-
ronal cell death. Mol Cell Neurosci, 1997; 9: 159–69

	28.	 Thomas CE, Mayle DA: NMDA-sensitive neurons profoundly influence de-
layed staurosporine-induced apoptosis in rat mixed cortical neuronal cul-
tures. Brain Res, 2000; 884: 163–73

	29.	 Zheng Z, Kim JY, Ma H et al: Anti-inflammatory effects of the 70 kDa heat 
shock protein in experimental stroke. J Cereb Blood Flow Metab, 2008; 28: 
53–63

	30.	 Yan CH, Liang ZZ, Gu ZL et al: Contributions of autophagic and apoptotic 
mechanisms to crotoxin-induced death of K562 cells. Toxicon, 2006; 47: 
521–30

	31.	Haase G, Pettmann B, Raoul C, Henderson CE: Signaling by death receptors 
in the nervous system. Curr Opin Neurobiol, 2008; 18(3): 284–91

	32.	Carloni S, Buonocore G, Balduini W: Protective role of autophagy in neona-
tal hypoxia-ischemia induced brain injury. Neurobiol Dis, 2008; 32: 329–39

	33.	Qin AP, Liu CF, Qin YY et al: Autophagy was activated in injured astrocytes 
and mildly decreased cell survival following glucose and oxygen depriva-
tion and focal cerebral ischemia. Autophagy, 2010; 6(6): 738–53

	34.	 Shen X, Ma L, Dong W et al: Autophagy regulates intracerebral hemorrhage 
induced neural damage via apoptosis and NF-kappaB pathway. Neurochem 
Int, 2016; 96: 100–12

	35.	 Eisenberglerner A, Bialik S, Simon HU, Kimchi A: Life and death partners: 
Apoptosis, autophagy and the cross-talk between them. Cell Death Differ, 
2009; 16(7): 966–75

1382
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Zhang X. et al.: 
Autophagy induced by OGD mediates the injury of NVU

© Med Sci Monit, 2019; 25: 1373-1382
LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)


