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 Background: HIF-1a plays an important role in hypoxia-ischemia brain damage. Accumulating evidences demonstrates that 
HIF-1a can contribute to cell autophagy. Oxygen-glucose deprivation (OGD) is a commonly used ischemic mod-
el in vitro. Our study was performed to investigate the influences of HIF-1a on autophagy in SH-SY5Y cells un-
der OGD treatment.

 Material/Methods: An OGD model was constructed in SH-SY5Y cells. PI method and MTT assay were used to test cell death and vi-
ability, respectively. Western blot assay was used to estimate the protein levels of HIF-1a and LC3. Quantitative 
GFP-LC3 light microscopy autophagy assay was performed for SH-SY5Y cells. 2ME2 and siRNA-HIF-1a were ap-
plied to investigate the effects of HIF-1a-knockdown on LC3 expression. Additionally, 3-MA (autophagy inhib-
itor) and autophagy inducer rapamycin (Rapa) were used to investigate the effects of autophagy on cell sur-
vival under OGD condition.

 Results: Under OGD, the apoptosis of SH-SY5Ycells was increased while cell viability rate was decreased. The expres-
sion of HIF-1a was increased along with the advancement of OGD treatment and achieved the highest level 
at 24 h. However, inhibiting HIF-1a expression decreased the cell apoptosis and increased cell viability. LC3-II 
expression was gradually increased with the duration of OGD condition and knockdown of HIF-1a resulted in 
decreased expression of LC3. Inhibiting autophagy significantly enhanced the viability and reduced the apop-
tosis of SH-SY5Y cells, while enhancing autophagy showed the opposite effects.

 Conclusions: Enhanced expression of HIF-1a may be related to autophagy activation in SH-SY5Y cells, thus contributing to 
ischemic/hypoxic brain damage.
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Background

Acquired neonatal brain damage is commonly caused by hy-
poxic and ischemic complications during the pre- and perina-
tal periods and is closely related to severe neurodevelopmen-
tal disability. Potential risk factors for such damages include 
hypoxic/ischemic (HI) injury at birth and chronic compromised 
supply of energy and oxygen during the prenatal period [1]. 
The vulnerability of the brain to HI is largely determined by 
the severity of hypoxia and the stage of brain maturation [2]. 
The adaptive mechanisms modifying hypoxia-induced molec-
ular cascade are regarded as crucial factors for the pathophys-
iology of HI damage. The family of hypoxia-inducible factors 
(HIFs), one of the adaptive systems, is attracting increasing re-
search attention because of their roles in cerebral response to 
HI and their abilities to trigger metabolic and vasoactive cy-
toprotective mechanisms in late stages of HI damage in brain 
development.

Hypoxia-inducible factor-1 (HIF-1), a basic helix-loop-helix het-
erodimeric transcription factor, plays an important role in cellu-
lar response to hypoxia [3]. It is composed of a subunit (HIF-1a) 
regulated by O2 concentration and a constitutively expressed 
subunit (HIF-1b) [4]. It has been reported that hypoxia can 
enhance HIF-1 transcriptional activity and HIF-1a levels [5,6].

Autophagy, a catabolic process, is responsible for degrading 
cellular components through lysosomes, which is important 
for cellular homeostasis between catabolism and biosynthe-
sis [7–10]. It has been demonstrated that autophagy is involved 
in multiple physiological processes and in disease pathogene-
sis [11,12]. Autophagy not only takes part in homeostasis and 
adaptation to stress, but also participates in cell differentia-
tion [13–15]. Reportedly, autophagy plays a crucial role in pro-
tecting cells from hypoxia [16,17].

Our present study was performed to investigate the roles of HIF-
1a in cell autophagy in the oxygen-glucose deprivation (OGD) 
condition. Cell autophagy was analyzed via testing LC3 protein 
and GFP-LC3 puncta. The findings could help understand the 
underlying roles of HIF-1a in ischemic/hypoxic brain damages.

Material and Methods

SH-SY5Y cell culture and OGD induction

Human neuroblastoma SH-SY5Y cells were cultured in DMEM 
(Gibco, California, USA) with fetal bovine serum (10%, Gibco, 
USA), sodium bicarbonate (3.7 g/L) and penicillin-streptomy-
cin sulfate (100 units/ml) at 37°C in an incubator filled with 
5% CO2 and 95% filtered air. The cells were collected at loga-
rithmic phase for induction of the OGD model. The collected 

SH-SY5Y cells were incubated with sugar-free DMEM and then 
put in a chamber with mixed gas of 95%N2+5%CO2 for 48 h. 
SH-SY5Y cells were harvested for subsequent analyses.

Cell apoptosis assay

At 0 h, 6 h, 12 h, 24 h, and 48 h after OGD induction, the cell 
apoptosis rates were assessed. The cells were treated with 
0.5 ml trypsin (0.25%) for 30 min, and then re-suspended in 1 ml 
PBS. Next, they were incubated in 0.5 ml PI solution (10 μg/ml) 
at 37°C for 30 min in the dark. Apoptosis was determined us-
ing an FACS420 flow cytometer (Becton Dickinson, USA).

Cell viability assay

Cell viability was tested using MTT assay. The cell viability was 
detected at 0h, 6 h, 12 h, 24 h, and 48 h after exposure to OGD 
condition. SH-SY5Y cells were seeded in 96-well plates, 20 μl 
MTT solution (5 mg/mL) was added into each of the wells, and 
then the cells were incubated at 37°C for 4 h. After the incuba-
tion, the MTT solution was discarded, 150 μl DMSO was add-
ed, and the mixture was vibrated for 10 min. The density was 
then determined at 570 nm with a microplate reader. The rel-
ative cell viability was calculated based on the cell viability 
at 0 h (100%). All experiments were performed in triplicate.

Western blot analysis of HIF-1a and LC3

The levels of HIF-1a and LC3 proteins were determined at 0 h, 
6 h, 12 h, 24 h, and 48 h after exposure to OGD condition. The 
medium was extracted and the cells were washed with ice-cold 
PBS. Then, PBS was extracted completely, and newly added ly-
sis solution (Triton X-100/glycerol buffer) was blended with the 
cells. After centrifugation at 12 000 rpm for 5 min at 4°C, the 
protein concentration was measured by BCA method. Lysates 
were separated with SDS-PAGE and then transferred to poly-
vinylidene difluoride (PVDF) membrane. The membranes were 
blocked with nonfat dry milk (5%) in Tris-buffered saline (pH 
7.4) and then incubated with primary anti-mouse antibody 
and anti-rabbit antibody. The protein expression was visual-
ized with SuperSignal West Dura Extended Duration substrate 
reagent (Thermo, 34075).

Quantitative GFP-LC3 analysis

Quantitative GFP-LC3 light microscopy autophagy assays were 
performed for SH-SY5Y cells. Treated cover glass was put on 
6-well plates and the SH-SY5Y cells were seeded into 6-well 
plates. The SH-SY5Y cells reaching 50% confluence were trans-
fected with GFP-LC3-expressing plasmid with Lipofectamine® 
2000 (Invitrogen Life Technologies). The transfected cells were 
incubated at 37°C for 4 h. Then, the medium was replaced by 
the medium containing 10% fetal bovine serum and incubated 
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at 37°C in 5% CO2 for 24 h. Cell nuclei were dyed with DAPI for 
10 min, and then washed for 20 min by PBS with 2% BSA. The 
remaining water in the cover glass was removed by blotting 
with absorbent paper, then the samples were tested.

Influences of 2ME2 and siRNA-HIF-1a on the LC3 
expression

2ME2 (inhibitor of HIF-1a) and siRNA-HIF-1a (sc-35562) were 
used to investigate the influence of HIF-1a-knockdown on LC3 
expression. The cells were treated with 10 μmol/L 2ME2 for 30 
min during OGD treatment. Control sample was treated with 
same volume of PBS. pSilence U6-1.0 vector and siRNA-HIF-1a 
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Figure 1.  Analyses of cell apoptosis and viability in SH-SY5Y cells after exposure to OGD condition at different time points (0 h, 6 h, 
12 h, 24 h, and 48 h). (A) Percentage of PI-positive cells at different time points in apoptosis assay. With longer duration of 
OGD treatment, the rate of PI-positive cells exhibited an increasing trend (F=65.666, P<0.001). (B) Relative viability of cells 
at different time points in MTT assay. The cell viability exhibited an increasing trend with longer duration of OGD treatment 
(F=69.118, P<0.001). * P<0.05; ** P<0.01; *** P<0.001.

OGD time (h) 0 6 12 24 48

Cell apoptosis rate (%) 0 22.33±2.52 35.33±2.52 46.33±1.53 62.67±2.52

 t values – –15.371 –6.327 –6.472 –9.610

 P values – <0.001 0.003 0.003 0.001

 df – 4 4 4 4

 F value 65.666

 P value* <0.001

 df 4

Cell viability rate (%) 100 87.33±5.03 73.00±4.58 60.00±2.00 43.67±5.13

 t values – 3.555 3.647 4.503 5.137

 P values – 0.024 0.022 0.011 0.007

 df – 4 4 4 4

 F value 69.118

 P value* <0.001

 df 4

Table 1. Survival rate of SH-SY5Y cells during OGD treatment.

P and t values represent the statistical significance of the comparison of the current checkpoint and the previous checkpoint; F value 
and P value* – calculated by ANOVA test; df – degrees of freedom.
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(1: 2) were connected by T4 ligase and then transformed into 
competent SH-SY5Y cells. SH-SY5Y cells were transfected with 
siRNA for 24 h after 12 h of OGD treatment. After knocking 
down HIF-1a, the expression of LC3 was evaluated.

Statistics analysis

The data are expressed as mean ±SD. Statistical analyses were 
performed using SPSS version 18.0 software. If data distribu-
tions were in accord with normality, the t test was used to 
compare the differences between 2 groups; otherwise, the 
non-parametric Wilcoxon rank sum test was used. The differ-
ences between multiple groups were estimated using ANOVA, 
and the results were adjusted through Bonferroni method. 
GraphPad Prism 5.0 software was used to plot graphs. P less 
than 0.05 indicated a significant difference.

Results

Survival rate of SH-SY5Y cells during OGD treatment

PI and MTT methods were used to investigate cell death and 
viability, respectively. As OGD progressed, the cell death rate 
gradually increased (F=65.666, P<0.001) and the cell viability 
rate decreased (F=69.118, P<0.001) (Figure 1, Table 1).

HIF-1a expression in SH-SY5Y cells during OGD treatment

Western blot assay was used to investigate the expression lev-
el of HIF-1a protein under OGD condition. The expression lev-
el of HIF-1a was obviously increased with the progression of 
OGD treatment (F=99.205, P<0.001). Compared with the lev-
el at 0 h, the expression of HIF-1a was enhanced gradually in 
the first 24 h, and reached the peak at 24 h; then, the HIF-1a 
expression was decreased at 48 h when compared to that at 
24 h (P<0.01, Figure 2, Table 2).
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Figure 2.  The expression pattern of HIF-1a after exposing to OGD condition at different time points (0 h, 6 h, 12 h, 24 h, and 
48h). (A) Protein level of HIF-1a was detected by Western blot. (B) The grayscale analysis for HIF-1a. Actin served as 
internal control. With longer duration of OGD treatment, the level of HIF-1a was significantly down-regulated (F=99.205, 
P<0.001).* P<0.05; ** P<0.01; *** P<0.001.

OGD time (h) 0 6 12 24 48

HIF-1a/actin 8.40±2.88 16.80±3.70 56.40±3.91 95.40±9.86 73.4±14.52

 t values – –4.005 –16.443 –8.218 –2.823

 P values – 0.004 <0.001 <0.001 0.023

 df – 8 8 8 8

 F value 99.205

 P value* <0.001

 df 4

Table 2. The expression profile of HIF-1a in SH-SY5Y cells during OGD treatment.

P and t values represent the statistical significance of the comparison of the current checkpoint and the previous checkpoint; F value 
and P value* – calculated by ANOVA test; df – degrees of freedom.
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The viability of SH-SY5Y cells after 2ME2 and siRNA-HIF-
1a treatments

2ME2 and siRNA-HIF-1a were used to investigate the effects 
of HIF-1a knockdown on the viability of SH-SY5Y cells in the 
OGD model (Figure 3). At 0 h, the cell apoptosis and viability 
rates were similar in the control and 2ME2 groups (apoptosis: 
t=-0.365, P=0.724; viability: the cell viability at 0 h was defined 
as 100% in both control and 2ME2 groups). However, at 12 h, 
both 2ME2 and siRNA-HIF-1a treatments obviously decreased 
the apoptosis rate of SH-SY5Y cells (2ME2: t=3.812, P=0.005; 
siRNA-HIF-1a: t=4.696, P=0.002) and enhanced the cell viability 
(2ME2: t=–2.823, P=0.022; siRNA-HIF-1a: t=–3.151, P=0.014). 
The outcome indicated that the down-regulation of HIF-1a was 
related to decreased cell apoptosis and increased cell viability.

LC3 expression levels in SH-SY5Y cells in OGD condition

Western blot assay was performed to determine the expres-
sion of LC3. As shown in Figure 4, LC3-I expression level was 

stable (F=1.237, P=0.327), but LC3-II level was increased in a 
dose-dependent way (F=96.308, P<0.001).

Autophagy analysis in OGD model

GFP-LC3 puncta were tested. At 0 h in OGD condition, no ob-
vious green puncta were observed in SH-SY5Y cells, which in-
dicated low-degree autophagy. At 12 h, a number of GFP-LC3 
puncta were observed, indicating the formation of autophagy 
(t=–5.600, P=0.01, Figure 5).

HIF-1a knockdown affected the expression of LC3

The influence of HIF-1a down-regulation on LC3 expression 
was investigated (Figure 6). The results suggested that the 
knockdown of HIF-1a, through 2ME2 and siRNA, decreased 
the expression of LC3 in the OGD model.
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Figure 3.  Influences of 2ME2 and HIF-1a siRNA on cell apoptosis and viability in SH-SY5Y cells. (A, C) represent the percentage of 
PI-positive cells with 2ME2 or HIF-1a siRNA treatment. (B, D) represent the viability of cells with 2ME2 or HIF-1a siRNA 
treatment. (* P<0.05; ** P<0.01, Default: represents P>0.05).
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The viability and apoptosis rate of SH-SY5Y cells after 
3-MA and Rapa treatment

For autophagy, 3-MA functioned as an inhibitor while Rapa 
acted as a promoter. The influences of 3-MA and Rapa on 
the viability and apoptosis of SH-SY5Y cells were investigat-
ed (Figure 7). The results suggested that 3-MA significantly 
enhanced the viability (t=-2.367, P=0.045) and reduced the 
apoptosis rate (t=3.679, P=0.006) of SH-SY5Y cells, while Rapa 
showed the opposite effects (viability: t=3.569, P=0.007; apop-
tosis: t=–2.461, P=0.039).

Discussion

Accumulating evidence demonstrates that multiple stressful 
conditions can induce autophagy, such as nutrition deprivation, 
hypoxia, and toxins [18–21]. It is well known that autophagy 
is correlated with cell survival and death, but the exact role of 
autophagy in cell death has not been totally defined [22]. HIF-1 

can regulate autophagy in hypoxic condition through mediating 
the expression of BNIP3 and BNIP3L, which are downstream 
genes of HIF-1 [23–25]. However, few studies have reported 
the function of HIF-1a in OGD-induced autophagy.

OGD is a frequently used in vitro model for ischemic/hypox-
ic brain damage [26]. In the present study, we constructed an 
OGD model to preliminarily investigate the potential role of 
HIF-1a in the autophagy of neuronal cells. The formation of 
GFP-LC3 puncta and increased expression of LC3 demonstrat-
ed that OGD can induce cell autophagy. Autophagy might take 
part in neuronal cell death caused by hypoxia and ischemia. A 
study focusing on microglia reported that hypoxia contributed 
to autophagic cell death of microglia [27]. 3-MA, an autoph-
agy inhibitor, was found to be able to enhance the survival 
rate of SH-SY5Y cells in our research, while Rapa, an autoph-
agy promoter, decreased the survival rate. These results indi-
cated the involvement of cell autophagy in ischemic/hypoxic-
induced brain damages.

LC3-I

LC3-II

Actin

*

***

*

**

80

60

40

20

0

LC
3-

II/
ac

tin

Time (h)

1260 4824

50

40

30

20

10

0

LC
3-

I/a
cti

n

Time (h)

P=0.327

1260 4824

A

B C

Figure 4.  LC3 protein expression after exposing to OGD condition at different time point (0 h, 6 h, 12 h, 24 h and 48 h). (A) Protein 
level of LC3-I and LC3-II was detected by Western blot. (B) The grayscale analysis for LC3-I compared to actin. With OGD 
treatment time extension, the level of LC3-I was stable (F=1.237, P=0.327). (C) The grayscale value of LC3-II, compared to 
actin. The value of LC3-II was increased in a dose-dependent way (F=96.308, P<0.001). *** P<0.001; Default: represents 
P>0.05.
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We found that HIF-1a expression was elevated with the pro-
gression of OGD, which achieved the highest level at 24 h. In 
addition, knockdown HIF-1a with 2ME2 and siRNA was related 
to enhanced viability and reduced apoptosis of SH-SY5Y cells, 
as well as to decreased expression of LC3. These outcomes sug-
gest that HIF-1a is involved in ischemia/hypoxia-induced au-
tophagy. Zhao et al. reported that HIF-1a-knockdown abrogated 
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Figure 5.  GFP-LC3 puncta observation at 0 h and 12 h after exposing to OGD condition. (A) the observation of GFP-LC3 puncta with 
fluorescence microscope at 0 h and 12 h. (B) The number of LC3 puncta was obviously increased at 12 h. (** P<0.01)
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Figure 6.  LC3 protein expression with HIF-1a inhibition treatment using western blot. (A) LC3-I and LC3-II protein expression with 
HIF-1a siRNA treatment. (B) LC3-I and LC3-II protein expression with 2ME2 treatment.

autophagy induced by hypoxia in osteoclast cells [28]. In addi-
tion, reduced invasion and vascular remodeling were observed 
in autophagy-deficient cells under hypoxia [29]. Therefore, 
HIF-1a might enhance autophagy under ischemic/hypoxic con-
dition, thus aggravating brain damage.
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HIF-1a is crucial in ischemic preconditioning due to its regu-
latory effects on multiple genes that promote growth factor 
stimulation, angiogenesis, and glycolytic metabolism. It pro-
motes the survival rates of cells exposed to hypoxic treat-
ment [30–33]. Some researchers also reported that the func-
tion of promoting neuronal cell death might be attributed to 
the interactions between HIF-1a and p53 [34,35]. In addition, 
genes involved in apoptotic pathways, such as Tial1, Tia1, and 
Sfrs7, are all down-regulated in HIF-1a-deletion mice [36]. 
Tial1, a motif-type RNA-binding protein, is regarded as a me-
diator for apoptosis, and its expression is increased in the 
brain during ischemia and in astrocytes and neurons during 
hypoxia [37,38]. It was speculated that these proapoptotic 
genes contribute to enhanced apoptotic responses to hypox-
ia through p53/HIF-1a interactions [35,39]. HIF-1 was report-
ed to promote the production of glycogen from glucose [40], 
and blocking OGT through inhibiting Sp1 O-GlcNAcylation and 
Sp1 siRNA remarkably reduced the expression of GlcN-induced 
HIF-1a under hypoxia [41].

The present study investigated the potential roles of HIF-1a in 
ischemic/hypoxic brain injury. However, the mechanism under-
lying the function of HIF-1a in autophagy was not explored. 
Hypoxia, autophagy, and glycosylation are all involved in the 
cell cycle. To obtain more accurate outcomes, glycosylation 
should be considered in future research. The results obtained 
in our study should be verified in animal models.

Conclusions

In conclusion, HIF-1a is involved in SH-SY5Y cell autophagy in-
duced by OGD. HIF-1a may contribute to brain damage caused 
by hypoxia and ischemia through promoting autophagy acti-
vation in neuronal cells. These findings may provide a valu-
able therapeutic approach for the treatment of ischemic/hy-
poxic brain injury.

Figure 7.  Influences of 3-MA and Rapa on cell apoptosis and viability. (A) Percentage of PI-positive cells with 3-MA and Rapa treatment 
in apoptosis assay. (B) Relative viability of cells with 3-MA and Rapa treatment in MTT assay. (* P<0.05; ** P<0.01).0
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