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Abstract 
Background: Activation of autophagy becomes a new therapeutic target for 
the treatment of stroke. The aim of this study was to observe the role of au-
tophagy in the model of glucose-oxygen deprivation reoxygenation (OGD/R) 
in SH-SY5Y cells by interfering with AMPK-mediated autophagy signaling 
pathway. Methods: The effects of autophagy on OGD/R injury in SH-SY5Y 
cells were investigated by evaluating cell viability and morphologic change 
using Cell Counting Kit-8 (CCK-8) and inverted microscop, respectively. To 
investigate whether autophagy played a role via the AMPK-mTOR signaling 
pathway, the levels of phospho-AMPK, phospho-mTOR, ULK1, microtu-
bule-associated protein 1 light chain 3 (LC3) and Beclin 1 were detected using 
Western blot. In order to detect changes in autophagic flow after OGD/R, 
autophagic flux (number of autophagosomes and autophagosomes) was de-
tected by tandem stably expressed a tandem GFP-mRFP-LC3 construct. Re-
sults: Autophagy was low in the control group. After OGD/R, the expression 
of autophagy-related proteins LC3 and Beclin 1 and autophagic flux increased, 
phospho-AMPK and ULK1 expression increased and phospho-mTOR expres-
sion decreased, meanwhile abnormal cell morphological changes increased 
significantly and cell viability decreased. Inhibition of AMPK activity, the le-
vels of phospho-mTOR, ULK1, LC3, Beclin1 and the expression of autophag-
ic flux were opposite to those of the model group; cell abnormal morphology 
and structure improved, and cell viability increased. Conclusion: Inhibition 
of autophagy can attenuate cell damage after OGD/R in SH-SY5Y cells by 
down-regulating AMPK-mediated autophagy signaling pathway. 
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1. Introduction 

Stroke is one of the leading causes of human disability and death [1]. After cere-
bral ischemia, short-term intravenous thrombolysis is the only treatment ap-
proved by the Food and Drug Administration for the treatment of cerebral 
ischemia [2]. However, thrombolysis has a 3-hour time window limit and can 
cause inevitable damage in perfusion [3]. Therefore, finding new therapeutic 
targets to protect brain tissue from reperfusion injury is critical. 

The survival of nerve cells depends on the balance between cellular protein 
metabolism and damaged organelles [4]. This balance is mainly maintained by 
the two mechanisms of ubiquitin protease system and autophagy. The ubiquitin 
protease system mainly degrades short-lived proteins, while autophagy is the 
main pathway for degradation of long-lived proteins and damaged organelles 
[5]. Recently, autophagy can be activated by cerebral ischemia [6]. However, the 
role of autophagy in cerebral ischemia has been controversial. Autophagy helps 
neurons overcome temporary energy crises caused by cerebral infarction [7]. 
3-methyladenine (autophagy inhibitor) obviously inhibited neuronal autophagy 
and reduced the infarct volume in rat middle cerebral artery occlusion (MCAO) 
model. Studies had also shown that inhibition of autophagy could reduce nerve 
damage in ischemic stroke [8]. However, studies had also shown that inhibition 
of autophagy could reduce nerve damage in ischemic stroke [9] [10]. Therefore, 
autophagy may be a new potential therapeutic target for the treatment of ischemic 
stroke. 

Adenosine monophosphate-activated protein kinase (AMPK) is a cellular 
energy sensor that changes the ratio of intracellular AMP/ATP. AMPK is acti-
vated by phosphorylation after cerebral ischemia in rats [11]. Activated AMPK 
stabilizes intracellular energy balance by regulating breakdown of anabolism and 
autophagy [12]. Mammalian target of rapamycin (mTOR) is an atypical se-
rine/threonine kinase belonging to the phosphoinositide 3-kinase family, a ma-
jor regulator of cellular metabolism and negative feedback regulation of auto-
phagy. Previous studies have demonstrated that AMPK can directly phosphory-
late TSC1/2 complex or directly affect the Raptor subunit of mTORC1, inhibit 
mTORC1 activity, and induce autophagy [13] [14]. Cumulative evidence sug-
gests that in rats with a permanent middle cerebral artery occlusion model, me-
latonin can activate mTOR and reduce cerebral ischemic injury [15], while ra-
pamycin (mTOR inhibitor) aggravates brain damage [11]. The above results in-
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dicate that activation of mTOR will have neuroprotective effects. Therefore, in-
hibiting autophagy by activating mTOR, we have provided new ideas for the 
treatment of cerebral ischemia-reperfusion injury. Thus, we hypothesize that ac-
tivation of mTOR by inhibiting AMPK (upstream target of mTOR) has protec-
tive effects on cerebral ischemia-reperfusion injury. OGD is widely used as an in 
vitro model for cerebral ischemia, showing similarities with the in vivo models of 
brain ischemia [16]. In the present study, we perform serial experiments by es-
tablishing an OGD/R model in SH-SY5 cells to demonstrate that inhibition of 
autophagy protects neurons from damage caused by OGD/R by inhibiting AMPK- 
mediated autophagy signaling pathways. 

2. Materials and Methods 
2.1. Cell Lines 

SH-SY5Y cell lines were purchased from Chinese Academy of Sciences Cell 
Bank. Cells were planted Dulbecco’s modified Eagle’s medium (DMEM) high 
glucose supplemented with 10% fetal bovine serum (FBS), placed in a 37˚C, 5% 
CO2 incubator. 

2.2. Reagents 

Rapamycin (#S1039, Selleck, USA); Compound C (HY-13418, MCE, USA); Cell 
counting kit-8 (HY-K0301, MCE, USA); DMEM/High glucose medium 
(SH30243.01, Hyclone, USA); Phosphate Buffered Saline (PBS) (Hyclone, USA); 
Trypsin (sm-2003-c, Milipore, Germany); DMEM no glucose medium (#11966-025, 
GIBCO, USA); anti-phosph-AMPK Ab (#2535, Cell Signaling Technologys, 
USA); anti-phosph-mTOR Ab (#5536, Cell Signaling Technologys, USA); an-
ti-phospho-ULK1 Ab (#14202, Cell Signaling Technologys, USA); anti-LC3A/B 
Ab (#4108, Cell Signaling Technologys, USA) and anti-Beclin 1 Ab (#3495, Cell 
Signaling Technologys, USA); Enhanced BCA assay kit (No. P0010, Beyotime 
Institute of Biotech, China), 4,6-diamidino-2-phenylindole (DAPI, C1005, Beyo-
time Institute of Biotech, China); mRFP-GFP-LC3 double-labeled adenovirus 
(HH20180323GZH-AP01, Hanbio Biotechnology, China). 

2.3. Cell Model and Treatment 

SH-SY5Y cells were plated in 6 or 96 well for 24 h and established an OGD/R 
model when cells reached 80%. DMEM high glucose medium containing 10% 
FBS was replaced with glucose-free serum-free DMEM medium, placed in a 
constant temperature 37˚C incubator, continuously filled with oxygen-free gas 
(90% N2, 9% CO2 and 1% O2), after 9 h, replaced with DMEM high-sugar me-
dium containing 10% FBS, and placed in an incubator at 37˚C, 5% CO2 for 4 h. 

Cells were divided into four groups after culture 24 h, as follows: control 
group, model group, Compound C group, and rapamycin group. DMEM high 
glucose medium containing 10% FBS was used to establish in contronl group. 
OGD/R model was established in the other three groups. Treatment of inhibitor 
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cells with Compound C 2 hours before model construction. At the beginning of 
reoxygenation, normal medium was added to the model group, and the medium 
containing Compound C (5 μmol/l and rapamycin (10 μmol/l) were added to the 
inhibitor group and rapamycin group respectively. The cells were reoxygenated 
in the incubator for 4 h. 

2.4. Cell Morphology 

In order to observe the changes in the growth status, quantity and morphology 
of each group of cells, five non-overlapping views were randomly selected under 
inverted microscope × 100 after OGD/R. 

2.5. Cell Counting Kit-8 

SH-SY5Y cell were plated in 96 wells at 1 × 104 per well for 24 h and established 
a OGD/R model allowed when cells reached 80%. After the modeling, added 90 
μL of normal medium and 10 μL of CCK-8 solution to each well, in 37˚C incu-
bator incubation 2 h, at the same time set a blank well as a control. The 450 nm 
OD value of each well was measured by microplate reader. 

2.6. Western Blot Analysis 

The OGD/R model was established and they were gently rinsed with cold PBS. 
The cells were dissolved in buffer containing radioimmunoprecipitation assay 
buffer (RIPA) with both phosphatase and protease inhibitors. The cell homoge-
nate from was collected and lysed on ice, the cell homogenate was centrifuged 
for 15 min at 4˚C, 12,000 r/min in a refrigerated centrifuge (Eppendorf 5801 
type, Germany) to remove cellular debris. The protein concentration in the su-
pernatant is detected by the BCA quantitation kit. Total protein was speparated 
on SDS-polyacrylamide gel (Bio-Rad), transferred to a polyvinylidene difluoride 
(PVDF) membrane (Millipore, USA). The PVDF membranes were blocked with 
5% BSA in TBST, and incubated with the following antibodies 4˚C overnight: 
rabbit anti-LC3A/B (1:1000); abbit anti-phospho AMPK (1:1000), abbit an-
ti-total AMPK (1:1000); rabbit anti-phospho mTOR (1:1000), rabbit anti-total 
mTOR (1:1000). After washing 3 times with the TBST, and then incubated with 
the HRP-labeled secondary antibodies (1:5000) for 1 h at room temperature. 
Bands were visualized with ECL method, and analyzed using Image J system. The 
density of each band was compared with GAPDH (1:5000) or β-actin (1:5000). 

2.7. Virus Transfection 

SH-SY5Y cells were plated in 24 wells containing coverslips at 1 × 105 per well 
and allowed to reach 50% - 70% confluence at the time of transfection. Cells 
were transfected with mRFP-GFP-LC3 adenoviral vectors containing polybrene 
(8 μg/mL). Eight hours later, cells were switched to 10% serum-containing me-
dium for 48 h, and used for experiments. Images were captured by confocal mi-
croscope. Five non-overlapping fields were randomly selected. 
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2.8. Statistical Analysis 

The SPSS17.0 software was used for statistical analysis. Measurement data is ex-
pressed by mean ± standard deviation (SD). One-way Anova was used to com-
pare multiple groups. One-way ANOVA and Bonferroni post-special tests were 
used to determine statistical differences due to normal distribution and equal 
variance. It is considered that the difference of P < 0.05 is statistically significant. 

3. Results 
3.1. Autophagy Was Activated in SH-SY5Y Cells after OGD/R 

LC3 is an important surface substance for detecting autophagy, whlie Beclin 1 is 
essential for the nucleation stage of autophagy [17]. To examine autophagic ac-
tivity after OGD/R, we analyzed the levels of LC3 and Beclin 1 by Western blot. 
As shown in Figures 1(a)-(d), the expression of LC3 and Beclin 1 were low in 
control group (0.05 ± 0.02), while the protein levels of LC3 and Beclin 1 in-
creased in model group (1.14 ± 0.04, 0.44 ± 0.06) (t = 42.90, t = 8.59, P < 0.01, P 
< 0.05) and rapa group (1.68 ± 0.05, 0.63 ± 0.03) (t = 54.00, t = 14.92, P < 0.01, P 
< 0.01). Pretreatment with Compound C reduced the LC3 (0.79 ± 0.03) and Bec-
lin 1 levels (0.26 ± 0.03) compared with the model group (t = 9.628, P < 0.05), (t 
= 6.61, P < 0.05). 

3.2. Autophagy Flux Was Up-Regulated in SH-SY5Y Cell in SH-SY5Y 
Cells after OGD/R 

To monitor autophagic flux, we established SH-SY5Y cells that stably expressed 
a tandem mRFP-GFP-LC3 construct. mRFP-GFP-LC3 adenovirus monitors the 
dynamic process of autophagosome (Yellow fluorescence) to autolysosome (red 
fluorescence) formation. As shown in Figure 2, we could barely see fluorescent  

 

 
Figure 1. Autophagy is activated in SH-SY5Y cells after OGD/R. (a), (b): Representative immunoblots and quan-
tification for analysis Beclin 1 in SH-SY5Y cells after OGD/R. (c), (d): Representative immunoblots and quantifi-
cation for analysis of LC3 in SH-SY5Y cells after OGD/R. Data are represented as mean ± SEM from two inde-
pendent experiments, *P < 0.05, **P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. model group. Comp C: 
Compound C; rapa: rapamycin. 
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Yellow dots represent autophagosomes and red dots represent autophagic lysosomes. Scale bars: 50 
μm. 

Figure 2. Autophagy flux was up-regulated in SH-SY5Y cell in SH-SY5Y cells after 
OGD/R. 

 
dots in control group, while there were a relatively large number of fluorescent 
dots in model group and rapa group, compare with model group, suggesting that 
OGD/R and rapamycin introduced autophagy in SH-SY5Y cells. However, the 
inhibition of AMPK activity by Compound C reduces the number of fluorescent 
dots, intimating that autophagic flux was blocked. The above results indicated 
that autophagy was activated after OGD/R. 

3.3. The AMPK-mTOR Signaling Pathway Was Involved in the 
Process of OGD/R-Induced Autophagy 

To further obseverd the AMPK-mTOR signaling pathway after OGD/R, we first 
examined the expression of total-mTOR and phospho-mTOR levels by Western 
Blot. As shown in Figure 3(c) and Figure 3(d), there was no significant differ-
ence in the expression of total-mTOR levels among the groups (F = 3.19, P > 
0.05); the phospho-mTOR level was higher in the control group (0.68 ± 0.05), 
while the OGD/R (0.24 ± 0.05) and rapamycin (0.17 ± 0.03) were decrease (t = 
24.87, P < 0.01), (t = 20.24, P < 0.01). The effect of OGD/R and rapamycin was 
blocked by pretreatment with Compound C (0.37 ± 0.04), (t = 14.82, P < 0.01). 
As shown in Figure 3(a) and Figure 3(b), total-AMPK and phospho-AMPK 
(Thr172) were detected by Western Blot. No change in total-AMPK protein ex-
pression as observed in each group (F = 1.01, P > 0.05). AMPK was phosphory-
lated and activated at the Thr172 site by OGD/R and rapamycin. However, 
treatment with Compound C will prevent the expression of AMPK. Compare 
with the control group, the ratio of phospho-AMPK/total-AMPK increased in 
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model group (0.4 ± 0.07), (t = 9.29, P < 0.05). Pretreatment with Compound C 
(0.24 ± 0.04) reduced the ratio, compare to the model group (t = 15.40, P < 0.01). 
However, treatment with rapamycin (AMPK inhibitor) increased the ratio of 
phospho-AMPK/total-AMPK. This result indicates that OGD/R activated phos-
pho-AMPK and inhibits phospho-mTOR levels; inhibition of AMPK activated 
phospho-mTOR activity. 

As shown in Figure 3(e) and Figure 3(f), the ULK1 was phosphorylated and 
inhibited at the Ser757 site by OGD/R and rapamycin. The expression of phos-
pho-ULK1 were high in control group (0.66 ± 0.04), while the expression of 
phospho-ULK1 increased in model group (0.11 ± 0.02), (t = 45.06, P < 0.01) and 
rapa group (0.20 ± 0.01), (t = 18.70, P < 0.01); while inhibited AMPK (0.30 ± 
0.04), (t = 7.52, P < 0.05) increased its levels. The results suggest that ULK1 were 
inhibited via interfering with the expression of AMPK and mTOR after OGD/R. 

3.4. Inhibition of AMPK Activity Reduced Cell Morphology 
Changes and Increases Cell Viability after OGD/R 

As shown in Figure 4(a), the cells grew very well, most of them were long fusiform, 
triangular or polygonal, with prominent cell protrusions and good adherence in 
 

 
Figure 3. The AMPK-mTOR signaling pathway was involved in the process of OGD/R-induced autophagy. (a), (b): Representa-
tive immunoblots and quantification for analysis of phospho-AMPK, phospho-mTOR and phospho-ULK1 in SH-SY5Y cells after 
OGD/R. (c), (d): Representative immunoblots and quantification for analysis of phospho-mTOR in SH-SY5Y cells after OGD/R. 
(e), (f): Representative immunoblots and quantification for analysis of phospho-ULK1 in SH-SY5Y cells after OGD/R. Data are 
represented as mean ± SEM from two independent experiments, *P < 0.05, **P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. 
model group. Comp C: Compound C; rapa: rapamycin. 
 

 
Figure 4. The effect of inhibition of AMPK activity on cells. (a): Morphological changes of cells after OGD/R. Scale bars: 200 μm; 
(b): Viability was determined by CCK-8 assay after OGD/R. Representative pictures and quantification for analysis are presented. 
Data are represented as mean ± SEM from two independent experiments, *P < 0.05, **P < 0.01 vs. control group; #P < 0.05, ##P < 
0.01 vs. model group. Comp C: Compound C; rapa: rapamycin. 
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control group. In the model group, most of the cell gaps were enlarged, some 
cells were irregular in shape, wrinkled in volume, their protuberances were not 
obvious or even disappeared, and some cells were suspended from the wall in 
culture medium. Compared with the model group, after the Compound C pre-
treatment, the cell damage was significantly improved, only the cell gap became 
larger, the synaptic retraction and a small part of the cell deformation. Com-
pared with the control group, the cell damage was significant, mainly as follows: 
most of the cell synapses disappeared, even atrophy to a round shape, and the 
number of exfoliated cells increased significantly. 

It was shown in Figure 4(b) that the cell viability of the model group (0.54 ± 
0.02) and rapa group (0.44 ± 0.03) were reduced, compared with the control 
group (1.01 ± 0.01) (t = 36.11, P < 0.01), (t = 46.10, P < 0.01). Pretreatment with 
Compound C (0.72 ± 0.02) can increase cell viability, compared with the control 
group (t = 18.82, P < 0.01). 

4. Discussion 

Autophagy is a way to obtain energy to maintain intracellular energy balance 
by degrading long-lived proteins and damaged organelles under stress condi-
tions [18]. The occurrence of autophagy is related to autophagy-related gene 
(Atg). Autophagy flux, the dynamic process of autophagy, includes the forma-
tion of autophagosomes, the transport of autophagosomes to lysosomes, and 
the degradation of autophagic substrates in lysosomes. LC3, Beclin 1 are 
mainly autophagy markers. LC3, LC3, a homologue in Atg8 mammals, in-
cluding both LC3I and LC3II. LC3 II binds to the autophagosome membrane 
intact and remains on the autophagosome until it is fused to lysosome. Beclin 
1 is essential for the formation of autophagosomes [17]. Therefore, we detected 
autophagy by observing the expression of these autophagy-related proteins 
and the fluorescent dots of GFP-mRFP-LC3 adenovirus. Studies have shown 
that with the increase of autophagy-related proteins such as LC3 and Beclin 1, 
neuronal damage is aggravated in cerebral ischemia-reperfusion injury. Auto-
phagy could enhance neuronal ischemic injuries, inhibiting autophagy flux al-
leviated neuronal injuries in Primary Cortical Neurons after OGD/R. These li-
teratures suggest that up-regulated autophagy could aggravate cerebral 
ischemic injury. In our data, the Beclin 1, LC3 levels and GFP-mRFP fluores-
cent dots were increased, while abnormal cell morphology increased and cell 
viability decreased. The above results indicated that enhanced autophagy 
causes aggravation of nerve damage after OGD/R. 

Accumulating evidence demonstrates that the AMPK-mTOR signaling path-
way can regulate autophagy activation following cerebral ischemia-reperfusion 
injury [19] [20]. AMP can prevent the dephosphorylation of Thr172 in the 
AMPKα subunit and activate AMPK under stress such as ischemia and hypoxia 
[21]. Activated AMPK abolishes mTOR inhibition of autophagy [22]. Studies 
have shown that in rat cerebral ischemia-reperfusion injury, phospho-ULK1 was 
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involved in the induction of autophagy, and its activity was regulated by mTOR 
[23]. The ULK1 complex includes ULK1, Atg13 and FIP200. When mTOR was 
inhibited, phosphorylation of ULK1 (Ser757) and Atg13 was blocked, ULK1 
complex is activated, and autophagy is induced [24]. In our data, we found that 
phospho-AMPK was significantly activated after OGD/R, whereas the expres-
sion of phospho-mTOR was inhibited and the expression of phospho-ULK1 
(Ser757) was significantly reduced. At the same time, the expression of auto-
phagy-related proteins LC3 and Beclin 1 and the autophagic flux increased. In-
hibition of AMPK activity activated mTOR, increased expression of phospho- 
ULK1, decreased levels of autophagy related proteins and decreased autophagy 
flux. This indicates that the activation of autophagy by SH-SY5Y cell OGD/R via 
AMPK-mTOR signaling pathway may be related to the above mechanism. 

Insufficient energy caused by ischemia and hypoxia is one of the important 
causes of nerve cell damage [25]. AMPK is a cellular energy sensor that changes 
the ratio of intracellular AMP/ATP. AMPK is activated by phosphorylation after 
cerebral ischemia in rats [11]. Activation of AMPK can acutely regulate cellular 
metabolism and long-term regulation of gene expression to restore ATP levels. 
AMPK enhances catabolism, inhibit anabolism, and maintain cell homeostasis 
[12]. In addition, it can induce autophagy, degrade autophagosomes to produce 
energy, and reduce dependence on external nutrition [12]. The energy crisis 
during cerebral ischemia induces autophagy, but ATP levels can be widely res-
tored during reperfusion [26]. The recovery of ATP level can alleviate the energy 
crisis and reduce the brain damage caused by ischemia and hypoxia. However, 
recent studies have shown that excessive activation of AMPK causes autophagic 
apoptosis of neurons after cerebral ischemia [27]. Enhanced autophagy leads to 
neuronal apoptosis and exacerbates cerebral ischemic injury. Therefore, inhibi-
tion of AMPK down-regulation of autophagy may reduce cerebral ischemia-re- 
perfusion injury. 

In this data, we further observed the effect of inhibition of AMPK activity on 
cell status and autophagy after OGD/R. Treatment with Compound C down- 
regulated the autophagy-related proteins LC3, Beclin 1 and autophagy flux, 
while down-regulating the expression levels of phospho-mTOR and ULK 1. In 
addition, abnormal cell morphology changes were reduced and cell viability was 
increased. mTOR promotes differentiation of neural stem cells and neuronal re-
pair through epidermal growth factor(EGF) and fibroblast growth factor 2 (FGF2) 
[28]. The above results indicate that inhibition of autophagy can reduce nerve 
damage by down-regulating AMPK and up-regulating mTOR in SH-SY5Y cells 
after OGD/R. 

5. Conclusion 

In conclusion, inhibition of autophagy protects nerve cells from OGD/R damage 
in SH-SY5Y cells. This protection may be related to inhibition of AMPK activity 
by activation of mTOR and inhibition of autophagy. 
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