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Purpose: The beneficial, neuroprotective effects of curcumin against ischemia-reperfusion 

injury have been demonstrated. In the present study, whether curcumin exerts neuroprotective 

effects associated with the inhibition of autophagy and hypoxia inducible factor-1α (HIF-1α) 

was investigated.

Materials and methods: PC12 cellular model of oxygen glucose deprivation/reperfusion 

(OGD/R) has been developed to mimic cerebral ischemia-reperfusion injury. Cell viability was 

evaluated using the CellTiter 96® AQ
ueous

 One Solution Cell Proliferation Assay. Apoptosis was 

assessed using flow cytometry. The expression levels of HIF-1α and autophagy-associated pro-

teins, LC3 and P62, were examined using Western blot. The autophagy flux was quantitatively 

estimated based on the number of autophagic compartments using fluorescence microscopy. In 

addition, 3-methyladenine (3-MA) was administered to PC12 cells to investigate how autophagy 

affects HIF-1α. Moreover, the inhibitory effects of HIF-1α on autophagy activation level were 

examined.

Results: In this study, curcumin decreased the death and apoptosis of cells, and inhibited 

autophagy and HIF-1α under OGD/R conditions, consistent with 3-MA treatment or HIF-1α 

downregulation. Moreover, inhibition of autophagy caused a decrease in HIF-1α, and the attenu-

ation of HIF-1α induced autophagy suppression under OGD/R conditions.

Conclusion: The results of this study showed that curcumin exerts neuroprotective effects 

against ischemia-reperfusion, which is associated with the regulation of the reciprocal function 

between autophagy and HIF-1α.
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Introduction
Cerebral ischemia-reperfusion injury is one of the most common diseases of the 

central nervous system. Additional serious pathological damage can be caused by 

inappropriate secondary blood flow after ischemic stroke, with high morbidity and 

fatality rates.1 However, effective treatments beyond 6 hours after stroke onset are 

not currently available.2 Therefore, finding effective therapeutic methods to protect 

neurons from ischemia-reperfusion injury is essential. Curcumin is a liposoluble phe-

nolic pigment, isolated from Curcuma longa, with anti-inflammatory and antioxidative 

pharmacological functions.3,4 In several studies, curcumin was shown to alleviate the 

damage caused by oxidative stress on organs.5 In addition, curcumin has been found 

to improve neurological function score, maintain the integrity of the blood–brain 
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barrier, reduce the infarct volume of the cerebral cortex, and 

decrease mortality as well as apoptosis of neurons in animal 

models.6–8 However, the potential neuroprotective mecha-

nisms of curcumin against cerebral ischemia-reperfusion 

remain undefined.

Autophagy is a complex process for degradation of cyto-

plasmic components and is upregulated to counteract nutrient 

deprivation during the starvation period.9 In ischemia-

reperfusion conditions, autophagy involves numerous 

proteins and signaling pathways for sequestration and 

degradation.10 Reportedly, autophagy of neurons can be 

activated by ischemia-reperfusion injury, and high levels 

of autophagy are closely related to ischemic neuronal death 

and apoptosis.11,12 However, the modulation of curcumin on 

autophagy in the pathological injury of cerebral ischemia-

reperfusion remains controversial.

Hypoxia inducible factor-1α (HIF-1α) has been consid-

ered as an important regulator of cerebral ischemia-reperfusion 

and is responsible for controlling many pathological pro-

cesses of neurons, such as apoptosis, energy metabolism, 

and gene transcription during inflammatory reactions.13 

Ischemic stroke results in high HIF-1α expression levels in 

damaged brain tissues.14,15 Increased HIF-1α levels appear 

to induce autophagy activation in certain ischemic organs.16 

The relationship between autophagy and HIF-1α in cerebral 

ischemia-reperfusion under curcumin treatment conditions 

has not been reported.

In our study, the relationship between the neuroprotective 

effects of curcumin by inhibiting autophagy and HIF-1α, and 

the reciprocal mechanism of autophagy in regulating HIF-1α 

was investigated.

Materials and methods
Cell culture
PC12 cell line is derived from a rat adrenal pheochromo-

cytoma and expresses the nerve growth factor receptor.17 

The cells with a passage range of 9–13 maintain invariable 

cell viability and provide sufficient accuracy to determine 

neuroprotective effects of compounds under serum depri-

vation conditions.18 PC12 cells at passage 5 were obtained 

from Type Culture Collection of the Chinese Academy of 

Sciences (Shanghai, China) and were cultured to 9-11 pas-

sage for the following research. We cultured PC12 cells in 

high glucose DMEM medium (Thermo Fisher Scientific, 

Waltham, MA, USA) supplemented with 10% FBS (Thermo 

Fisher Scientific) and 7.5% horse serum (Thermo Fisher 

Scientific). Cells were incubated at 37°C and 5% CO
2
 in 

a humidified incubator. Nerve growth factor (10  nM 7S; 

Sigma-Aldrich Co., St Louis, MO, USA) was added to the 

cell culture medium to induce differentiation of PC12 cells 

into neuronal PC12 cells.

OGD/R and chemicals
In our previous study, the oxygen glucose deprivation/

reperfusion (OGD/R) model of PC12 cells was successfully 

established.19 The original high glucose DMEM medium was 

replaced with glucose-free DMEM medium and the cells 

were exposed to a gas mixture of 95% N
2
 and 5% CO

2
 in a 

hypoxia chamber at 37°C for 8 hours. Following OGD, the 

glucose-free DMEM medium was changed to the original 

high glucose DMEM medium and cells were cultured for 

24 hours for reoxygenation. Curcumin (Sigma-Aldrich Co.) 

was dissolved in dimethyl sulfoxide (Sigma-Aldrich Co.) 

and diluted to 1.25–20 μM with medium before use. The 

curcumin treatment groups were established by treating PC12 

cells with curcumin at various concentrations. The cells in 

the normal control group were cultured in the original high 

glucose DMEM medium under normal conditions, and the 

culture time was the same as in the experimental treatment 

groups. The 3-methyladenine (3-MA; Sigma-Aldrich Co.) 

groups were established by pretreating PC12 cells with 5 mM 

of 3-MA for 1 hour.

Cell viability
PC12 cells (2×104 cells/mL/well) were incubated in 96-well 

plates. Following the different treatments and 24 hours of 

reperfusion, 20 µL of CellTiter 96® AQ
ueous

 One Solution 

Cell Proliferation Assay (MTS; Promega, Madison, WI, 

USA) reagent was added to each well and then incubated for 

2 hours at 37°C. The absorbance at 490 nm was analyzed 

using a microplate reader (Synergy H1; Bio Tek, Winooski, 

VT, USA).

Flow cytometry
PC12 cells (2×105 cells/mL/well) were cultured in six-well 

plates. After the different treatments and reperfusions, cells 

were collected into flow tubes. Apoptosis in each group 

was detected using the FITC Annexin V Apoptosis detec-

tion kit (Becton, Dickinson and Company, Mountain View, 

CA, USA) following manufacturer’s instructions. Cells 

were stained with Annexin V-FITC and propidium iodide 

for 15 minutes in the dark at room temperature. Each flow 

tube was placed on ice to stop cell staining. Apoptosis 

was detected using flow cytometry (FACScalibur; Becton, 

Dickinson and Company).
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RNA interference
PC12 cells were transfected with siRNA against HIF-1α 

(GenePharma, Shanghai, China) or negative control siRNA 

transiently (GenePharma) using Lipofectamine 2000 reagent 

(Thermo Fisher Scientific). Sense sequence of HIF-1α siRNA 

was 5′-CCAUGUGACCAUGAGGAAATT-3′ and antisense 

sequence was 5′-UUUCCUCAUGGUCACAUGGTT-3′. 
Cells (4×105 cells/mL/well) were seeded in six-well plates. 

Following normal culture for 24 hours, the original medium 

was changed to 1.5 mL of high glucose DMEM solution con-

taining siRNA/Lipo 2000 mixture (mixed with 5 µL siRNA, 

5 µL Lipo2000, and 400 µL high glucose DMEM solution), 

and cells were cultured for 24 hours under starvation condi-

tions in a humidified incubator. Transfection efficiency was 

assessed using Western blot analysis.

Western blotting
Cells (2×105 cells/mL/well) were seeded in 60 mm plates. The 

total proteins of various groups were extracted using a lysis 

buffer (Beyotime, Shanghai, China). The concentration of 

protein in each group was quantified and separated using 10% 

SDS-PAGE. Proteins were transferred onto polyvinylidene 

fluoride membranes (Thermo Fisher Scientific) and then incu-

bated at 4°C overnight with the following antibodies: HIF-1α 

(1:1,000; Cell Signaling Technology, Danvers, MA, USA), 

GAPDH (1:2,000; Cell Signaling Technology), P62 (1:1,000; 

Cell Signaling Technology), and LC3A/B (1:1,000; Cell Sig-

naling Technology). The proteins were then incubated with 

anti-rabbit secondary antibodies (1:2,000; Zhongshan Jinqiao 

Biological Technology, Beijing, China) at room temperature 

for 2 hours. A chemiluminescence imaging analysis system 

was used for detecting antibody activity (Amersham Imager 

600; GE, Chicago, IL, USA). The results were analyzed using 

the Gel-Pro ANALYZER (version 4.0; Media Cybernetics, 

Silver Spring, MD, USA).

Fluorescence microscopy
PC12 cells were incubated in 24-well plates with 4×104 cells/

well. The autophagy flux in each group was quantitatively 

estimated based on the number of autophagic compart-

ments (including amphisomes and autolysosomes) using 

CYTO-ID® Autophagy Detection Kits (Enzo Life Sciences, 

Farmingdale, NY, USA). In brief, the cells were washed with 

PBS (containing 5% FBS) and mixed with the reagents Green 

Detection Reagent (diluted to 1:500) and Hoechst 33342 

Nuclear Stain (diluted to 1:1,000), and incubated at 37°C 

for 30 minutes in the dark. After washing the cells twice 

with PBS, quantitative detection of fluorescence intensity 

was performed using a fluorescence microscope (Nikon 

Corporation, Tokyo, Japan).

Statistical analysis
All experiments in our study were performed at least three times. 

The measurement data are presented as mean ± SD and obeyed 

normal distribution. One-way ANOVA followed by least sig-

nificant difference test was utilized for multiple comparisons. A 

P-value ,0.05 was considered statistically significant.

Results
Curcumin protects PC12 cells against 
OGD/R injury
PC12 cells were exposed to OGD for 8 hours and reperfusion 

for 24 hours. The cell viability under OGD/R conditions was 

decreased to ~53% compared with normal cells (P,0.001; 

Figure 1A). Curcumin increased cell viability to protect 

against OGD/R injury: the cell viability in the 1.25  μM 

curcumin treatment group was 73% (P,0.001, Figure 1A), 

the cell viability in the 20 μM curcumin treatment group was 

~66% (P,0.001, Figure 1A), and the maximal cell viability 

in the 5 μM curcumin treatment group was ~83% (P,0.001, 

Figure 1A). The protective effects of curcumin were dose-

dependent (Figure 1A); however, cellular survival and death 

were not affected by curcumin under normal conditions.

We also investigated the effects of curcumin on apoptosis 

in PC12 cell models. Flow cytometry results showed that 

cell apoptosis in the OGD/R control group was significantly 

increased compared with the normal group (P,0.001, 

Figure 1B and C). The high level of apoptosis under OGD/R 

conditions was inhibited by curcumin; 5  μM curcumin 

treatment showed the best effect on apoptosis (P,0.001, 

Figure 1B and C). Therefore, 5 μM curcumin was chosen as 

the optimal therapeutic concentration for subsequent studies.

Curcumin inhibits autophagy and HIF-1α 
in OGD/R model
To examine the autophagy and HIF-1α levels of PC12 cells 

under OGD/R conditions, Western blotting and fluorescence 

microscopy were performed. Significantly increased LC3 II 

(P=0.002, Figure 2A and B) and decreased P62 (P=0.012, Figure 

2A and C) were observed in the OGD/R control group compared 

with the normal group. Curcumin decreased the expression of 

LC3 II (P=0.006, Figure 2A and B) and increased P62 level 

(P=0.005, Figure 2A and C) in the OGD/R group.  Moreover, 

the HIF-1α expression was significantly increased after OGD/R 

injury (P=0.024 vs normal group, Figure 2A and D); however, 

this effect could be reversed by curcumin (P=0.045, Figure 2A 
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and D). This result was also confirmed by the decrease of 

autophagic compartments after curcumin treatment under 

OGD/R conditions (Figure 2E). These results illustrated that 

overexpression of HIF-1α and autophagy-associated proteins 

caused by OGD/R injury could be abolished by curcumin.

To explore the role of autophagy and HIF-1α in PC12 

cells following OGD/R injury, PC12 cells were treated with 

3-MA or HIF-1α siRNA. We have successfully transfected 

PC12 cells with HIF-1α siRNA (Figure 2F). The PC12 

cells exposed to 3-MA (P=0.001 vs OGD/R control group, 

Figure 3A) or transfected with HIF-1α siRNA (P,0.001 vs 

OGD/R control group, Figure 3A) exhibited a significant 

increase in cell viability under OGD/R conditions. Moreover, 

the apoptosis induced by OGD/R decreased with 3-MA treat-

ment (P=0.007 vs OGD/R control group, Figure 3B and C) 

or HIF-1α transfection (P=0.003, vs OGD/R control group, 

Figure 3B and C). The above-mentioned results indicated 

that excessive activation of HIF-1α and autophagy could 

aggravate the damaging effects of OGD/R on PC12 cells, 

whereas these effects were alleviated by curcumin.

Autophagy modulates HIF-1α in a 
reciprocal manner
Next, the relationship between autophagy and HIF-1α inter-

action in the OGD/R model was further investigated. 3-MA 

significantly inhibited the activation of autophagy in PC12 cells 

under OGD/R condition (Figure 4B and C). Compared with the 

OGD/R control group, treatment with 3-MA reduced expression 

levels of HIF-1α (P=0.002, Figure 4A and D). The PC12 cells 

transfected with HIF-1α siRNA exhibited a decrease in LC3 II 

(P=0.004 vs OGD/R control group, Figure 4E and F) and an 

increase in P62 expression under OGD/R conditions (P=0.010 

vs OGD/R control group, Figure 4E and G). The PC12 cells 

transfected with HIF-1α siRNA also showed a obvious decrease 

in HIF-1α under OGD/R condition (Figure 4H). These results 

were also confirmed using fluorescence microscopy. The 

number of autophagic compartments was significantly reduced 

after transfecting cells under OGD/R conditions with HIF-1α 

siRNA compared with the OGD/R control group (Figure 5). 

Interestingly, curcumin treatment exerted a similar effect as 

Figure 1 Curcumin protects PC12 cells against OGD/R injury.
Notes: (A) PC12 cells were treated with different concentrations of curcumin under either normal or OGD/R conditions, and cell viability was analyzed using MTS. Data 
were represented as the mean ± SD, n=3; ***P,0.001 vs normal control group, ###P,0.001 vs OGD/R control group, &P,0.05 and &&&P,0.001 vs OGD/R 5 μM Cur group. 
(B, C) PC12 cells were treated with different concentrations of curcumin under OGD/R conditions, and cell apoptotic rate was analyzed using flow cytometry. Data were 
represented as the mean ± SD, n=3; ***P,0.001 vs normal group; ##P,0.01 and ###P,0.001 vs OGD/R control group; &&P,0.01 vs OGD/R 5 μM Cur group.
Abbreviations: Con, control; OGD/R, oxygen glucose deprivation/reperfusion; MTS, CellTiter 96® AQueous One Solution Cell Proliferation Assay; Cur, curcumin; ns, not 
significant; Con, control; PI, propidium iodide.
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3-MA administration or HIF-1α siRNA transfection (Figure 4). 

In conclusion, these observations indicate that autophagy func-

tions in a reciprocal manner to modulate HIF-1α, and the effect 

of this reciprocal action may be regulated by curcumin under 

OGD/R conditions.

Discussion
In the present study, curcumin protected PC12 cells against 

death and apoptosis induced by OGD/R injury. Furthermore, 

the neuroprotective effects of curcumin were associated with 

the inhibition of HIF-1α and autophagy. In addition, this is the 

first report of the reciprocal regulation of function between 

autophagy and HIF-1α after OGD/R injury in PC12 cells.

The OGD/R is a classic model for ischemic-reperfusion 

injury. In the present study, the OGD/R model was applied 

to PC12 cells to investigate the effects of curcumin on cere-

bral ischemic-reperfusion. The results showed that curcumin 

inhibited cell death and apoptosis during OGD/R. Moreover, 

the protective function of curcumin was dose-dependent 

under OGD/R conditions, while normal cells were not 

affected. However, the protective mechanism of curcumin 

remains unclear.

Autophagy is a critical intracellular homeostatic path-

way for the degradation of harmful materials through the 

lysosomal system.20 Upon induction of autophagy, LC3 I 

undergoes ubiquitination and conjugation through different 

autophagy-related genes to generate LC3 II.21 The P62 protein 

binds to polyubiquitinated proteins through a ubiquitin-

associated domain and combines with LC3 II through its 

LC3-interaction region domain for attachment to the autopha-

gosomes, which is finally degraded in lysosomes.22,23 In the 

process of autophagy, P62 is continuously degraded, whereas 

LC3 II is ultimately delipidated and recycled. Therefore, 

LC3 and P62 can be used to monitor autophagic activity. 

Figure 2 Curcumin inhibits autophagy and HIF-1α in the OGD/R model.
Notes: (A) PC12 cells were treated with curcumin under OGD/R conditions. LC3 II, LC3 I, P62, and HIF-1α expressions were detected using Western blot. (B–D) Figures 
showing LC3 II/LC3 I (B), P62/GAPDH (C), HIF-1α/GAPDH (D) in each group. Data were represented as the mean ± SD, n=3; *P,0.05 and **P,0.01 vs normal group; 
#P,0.05 and ##P,0.01 vs OGD/R control group. (E) Autophagic compartments of PC12 cells under OGD/R and curcumin treatment conditions detected using fluorescence 
microscopy. Scale bar =50 µm, magnification 400×. The above-mentioned column shows Hoechst 33342 Nuclear Stain (blue), the middle shows autophagic compartment 
stain (green), and the bottom shows merged images. (F) PC12 cells were transfected with HIF-1α siRNA under either normal or OGD/R conditions. HIF-1α expression level 
was detected using Western blot. Data were represented as the mean ± SD, n=3; *P,0.05 and **P,0.01 vs normal control group; ###P,0.001 vs OGD/R control group.
Abbreviations: Con, control; Cur, curcumin; OGD/R, oxygen glucose deprivation/reperfusion; ncRNA, negative control siRNA; HIF-1α siRNA, hypoxia inducible factor-1α 
siRNA; ns, not significant; LC3 II, light chain 3-II; LC3 I, light chain 3-I.

A B C D
LC3 I 16 kDa

14 kDa

62 kDa

120 kDa

37 kDa

LC3 II

P62

HIF-1α

GAPDH

Normal Con Cur

OGD/R

0.4

##

0.3

0.2

0.1

0.0
Normal

LC
3I

I/I
 le

ve
l

Con Cur

OGD/R

**
1.5

##

1.0

0.5

0.0
Normal

P6
2/

G
A

PD
H

 le
ve

l

Con Cur

OGD/R

*

2.5

#

2.0

1.5

0.5

1.0

0.0
Normal

H
IF

-1
α/

G
A

PD
H

 le
ve

l

Con Cur

OGD/R

*

E

OGD/R
Normal Con Cur

H
oe

ch
st

C
YT

O
-ID

M
er

ge

50 µm 50 µm 50 µm

50 µm 50 µm 50 µm

50 µm 50 µm 50 µm

F
GAPDH

120 kDa

37 kDa

Con ConncRNA ncRNA

OGD/R

HIF-1α
siRNA

HIF-1α
siRNA

HIF-1α

2.0 ns ns

1.5

1.0

0.5

0.0
H

IF
-1

α/
G

A
PD

H
 le

ve
l

###

*

*

**

Con ConncRNA

Normal OGD/R

ncRNAHIF-1α
siRNA

HIF-1α
siRNA

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy 2019:13submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1140

Hou et al

Figure 3 Autophagy inhibition or HIF-1α siRNA transfection protects PC12 cells against OGD/R injury.
Notes: (A) The effects of curcumin, 3-MA, and HIF-1α siRNA on cell viability under OGD/R conditions were analyzed using MTS. Data were represented as the mean ± SD. 
n=3, **P,0.01 and ***P,0.001 vs OGD/R control group. (B, C) The effects of curcumin, 3-MA, and HIF-1α siRNA on cell apoptosis under OGD/R conditions were analyzed 
using flow cytometry. Data were represented as the mean ± SD. n=3, **P,0.01 and ***P,0.001 vs OGD/R control group.
Abbreviations: Con, control; Cur, curcumin; HIF-1α siRNA, hypoxia inducible factor-1α siRNA; 3-MA, 3-methyladenine; OGD/R, oxygen glucose deprivation/reperfusion; 
MTS, CellTiter 96® AQueous One Solution Cell Proliferation Assay; PI, propidium iodide.

α α

α

Figure 4 Autophagy functions in a reciprocal manner to modulate HIF-1α.
Notes: (A) PC12 cells were treated with curcumin or 3-MA under OGD/R conditions. LC3 II, LC3 I, P62, and HIF-1α expressions were detected using Western blot. 
(B–D) Figures showing LC3 II/LC3 I (B), P62/GAPDH (C), and HIF-1α/GAPDH (D) expression in each group. Data were represented as the mean ± SD, n=3; *P,0.05, 
**P,0.01, and ***P,0.001 vs OGD/R control group. (E) PC12 cells were treated with curcumin or HIF-1α siRNA under OGD/R conditions. LC3 II, LC3 I, P62, and HIF-1α 
expressions were detected using Western blot. (F–H) Figures showing LC3 II/LC3 I (F), P62/GAPDH (G), and HIF-1α/GAPDH (H) expression in each group. Data were 
represented as the mean ± SD, n=3; *P,0.05, **P,0.01, and ***P,0.001 vs OGD/R control group.
Abbreviations: Con, control; Cur, curcumin; 3-MA, 3-methyladenine; OGD/R, oxygen glucose deprivation/reperfusion; LC3 II, light chain 3-II; LC3 I, light chain 3-I; P62, 
sequestome 1; HIF-1α siRNA, hypoxia inducible factor-1α siRNA.
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PI3K/Akt/mTOR pathway is regarded as the main signal-

ing pathway of autophagy, and 3-MA is widely used as 

an autophagy inhibitor to inhibit the activity of PI3K.24 

Curcumin has protective effects against cerebral ischemia-

reperfusion injury in animal models, and autophagy was con-

sidered as an effective therapeutic target of ischemic stroke.25 

Increasing evidence shows that autophagy participates in the 

pathological process of cerebral ischemia as a double-edged 

sword.26 Modulation of autophagy can have a neuroprotective 

or deteriorative effect based on the stage which is targeted. 

Shi et al observed that inhibiting autophagy-aggravated 

neuronal injury in the early stage of OGD/R, whereas the 

autophagy inhibitor significantly protected neurons from 

dying after a shorter time of reperfusion.27 Therefore, the 

effects of autophagy on neurons change dynamically in the 

progression of ischemia-reperfusion injury. Autophagy can 

be induced to alleviate cells energy crisis in the early stage 

of ischemia. Moreover, induction in autophagy has a ben-

eficial effect against neurodegeneration,28 which is associ-

ated with clearance of abnormal and misfolded proteins.29,30 

However, autophagy will be further activated by the per-

sistent ischemia or reperfusion, which may aggravate the 

damage to autophagic flux and eventually result in cerebral 

injury.31 Many clinical patients with ischemic stroke often 

are not treated in a timely manner. Excessive number of 

autophagosomes will be formed in this process, leading to 

more serious cerebral reperfusion injury. In the present study, 

autophagy was significantly activated upon completion of 

ischemia-reperfusion injury and was inhibited by curcumin. 

To further clarify the relationship between curcumin and 

autophagy, PC12 cells were treated with curcumin or 3-MA 

under OGD/R conditions. Curcumin exerted a similar effect 

as 3-MA, decreasing the death and apoptosis of cells. This 

result indicates that the neuroprotective effects of curcumin 

on ischemia-reperfusion injury are associated with the 

inhibition of autophagy. Curcumin can also reduce cerebral 

infarction volume and neurological deficit by inhibiting 

autophagy in a rat model of cerebral ischemia-reperfusion 

injury.32 However, autophagy is mildly activated in the early 

stage of ischemia and often manifests as a protective effect.33 

The effects of curcumin on autophagy in the early stage of 

cerebral ischemia need to be further studied. HIF-1α was 

shown to participate in the pathological process of hypoxia 

in some organs and is considered an important target for the 

treatment of ischemic diseases.34,35 Under hypoxic conditions, 

the HIF-1α expression in neurons was increased due to inhib-

ited degradation.36 The accumulated HIF-1α translocated 

to the nucleus and bound to the hypoxia response element 

sequence of the target gene promoter, ultimately destroying 

the integrity of the blood–brain barrier and causing neuronal 

Figure 5 Fluorescence images of autophagic compartments in PC12 cells treated with curcumin, HIF-1α siRNA, or 3-MA (scale bar =50 µm, magnification 400×). The top 
row shows Hoechst 33342 Nuclear Stain (blue), the middle row shows autophagic compartment stain (green), and the bottom row shows merged images.
Abbreviations: Con, control; Cur, curcumin; HIF-1α siRNA, hypoxia inducible factor-1α siRNA; 3-MA, 3-methyladenine; OGD/R, oxygen glucose deprivation/reperfusion.
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death.37,38 Therefore, the effects of curcumin on HIF-1α was 

investigated in the present study. PC12 cells were transfected 

with HIF-1α siRNA to inhibit the HIF-1α expression induced 

by OGD/R. HIF-1α siRNA transfection was consistent with 

the curcumin treatment, which significantly improved cell 

survival rate and decreased neuronal apoptosis in OGD/R. 

In many studies, inhibition or knockdown of the HIF-1α gene 

protected cortical neurons from ischemia-reperfusion.39,40 

In addition, the increased HIF-1α may aggravate the range 

of cerebral infarction in the ischemic model.41 In the present 

study, curcumin showed a similar neuroprotective effect 

as inhibition of HIF-1α, indicating that the neuroprotec-

tive effects of curcumin were closely related to inhibition 

of HIF-1α.

Both HIF-1α and autophagy were increased significantly 

following OGD/R compared with normal conditions and 

could be reversed by curcumin. Because the levels of HIF-1α 

and autophagy were simultaneously increased by OGD/R or 

inhibited by curcumin, the interaction between HIF-1α and 

autophagy remains unclear. Reportedly, HIF-1α has a close 

relationship to the activation of autophagy.42 The tolerance of 

renal cells to ischemia-reperfusion injury is dose-dependently 

associated with autophagy in HIF-1α; the activation level of 

autophagy increases with the secretion of HIF-1α.16 How-

ever, activation of autophagy was significantly inhibited 

following the upregulation of HIF-1α in the mouse ischemia 

model.43 The regulatory relationship between HIF-1α and 

autophagy in neuronal ischemia-reperfusion injury requires 

further investigation. In the present study, the activation 

level of autophagy was significantly decreased after inhibi-

tion of HIF-1α under OGD/R conditions, and the HIF-1α 

expression was inhibited by 3-MA. These results indicate 

autophagy functions in a reciprocal manner to regulate 

HIF-1α. Curcumin has been reported to inhibit PI3K in 

glioblastoma and lung cancer to exert anticancer effects.44,45 

In our present study, curcumin exhibited a similar effect as 

PI3K inhibitor, 3-MA, and inhibited autophagy and HIF-1α 

under OGD/R conditions. Therefore, the neuroprotective 

effects of curcumin are associated with the inhibition of 

the reciprocal function between autophagy and HIF-1α in 

cerebral ischemia-reperfusion injury.

Conclusion
In conclusion, the results from the present study showed 

that neuronal ischemia-reperfusion injury can be alleviated 

by inhibiting HIF-1α and autophagy. Moreover, this is the 

first report showing that autophagy functions in a reciprocal 

manner to regulate HIF-1α after OGD/R injury in PC12 cells. 

The protective effects of curcumin on cerebral ischemia-

reperfusion injury is closely related to the inhibition of 

HIF-1α and autophagy. The results show a neuroprotective 

mechanism of curcumin, indicating that curcumin has great 

potential for clinical applications in the future.
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