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Background: Hypoxia inducible factor-1α (HIF-1α) regulates glucose metabolism during ischemia. This study investigated the effect 
of recombinant adenovirus HIF-1ɑ on neurological function and energy metabolism in a rat cerebral ischemia-reperfusion model.
Methods: Rats were divided into four groups: sham-operated (Sham) group, cerebral ischemia-reperfusion (CIR) group, recombinant 
adenovirus empty vector (Ad) group, and recombinant adenovirus-mediated HIF-1α (AdHIF-1α) group. The AdHIF-1α group and the 
Ad group were injected with AdHIF-1α and Ad in the lateral ventricle. The mNSS was performed at post-ischemia day 0 (P0) and P1, 
P14 and P28. At P14, the cerebral infarct volume was compared. At P28, HE staining, Nissl stains and TUNEL staining were 
performed. The expression of HIF-1α, GLUT1 and PFKFB3 were evaluated by Western Blot and immunohistochemistry. High 
performance liquid chromatography (HPLC) was used to determine the expression of GLUT1 and PFKFB3, and the level of energy 
metabolites: ATP, ADP and AMP.
Results: mNSS scores in the AdHIF-1α group were consistently lower than those in the CIR and Ad groups from P14 (P < 0.05) and 
Ad groups (P < 0.05). The cerebral infarct volume was reduced in the AdHIF-1α group compared with that in CIR group and Ad group 
(P < 0.05). At P28, HE showed better pathological changes in AdHIF-1α group. The number of Nissl bodies was increased in the 
AdHIF-1α group compared with the CIR and Ad groups (P < 0.05). The number of apoptotic cells in the AdHIF-1α group was fewer 
than that in the CIR and Ad groups (P < 0.05). The expression of HIF-1α, GLUT1 and PFKFB3 was significantly higher in the AdHIF- 
1α group compared with the CIR and Ad groups (P < 0.05). The ATP, ADP and AMP in the ischemic penumbra were also higher in the 
AdHIF-1α group (P < 0.05).
Conclusion: HIF-lα promoted neurological function recovery and decreased cerebral infarct volume in rats after cerebral ischemia- 
reperfusion injury by improving energy metabolism.
Keywords: cerebral ischemia-reperfusion injury, HIF-lα, energy metabolism, glucose transporter protein-1, GLUT1, 6-phosphofructo- 
2-kinase/fructose-2, 6-biphosphatase 3, PFKFB3

Background
To restore the cerebral blood supply to the ischemic area in the time window is one of the key treatments for cerebral 
ischemia. In recent years, the mortality rate of cerebral ischemia has sharply decreased with the popularization of 
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thrombolysis and endovascular techniques. However, reperfusion after ischemia may further aggravate the damage to the 
ischemic brain tissue and lead to neurological dysfunction due to the sudden increase of oxygen while increasing the 
blood oxygen supply, which is defined as cerebral ischemia-reperfusion injury (CIRI).1 CIRI is a pathological phenom-
enon caused by cerebral ischemic stroke.

Hypoxia-inducible factor-1α (HIF-1α) is the initiator that triggers endogenous protection pathways during hypoxia 
and ischemia by promoting angiogenesis, increasing erythrocytes, promoting cell migration, and inhibiting apoptosis 
by regulating the expression of its target genes.2 Our group has successfully constructed recombinant adenovirus- 
mediated hypoxia inducible factor-1 alpha (AdHIF-1α) and demonstrated that the recombinant adenovirus could be 
successfully introduced into the lateral ventricle. The treatment of AdHIF-1α in tMCAO rat model showed neuro-
protection by decreasing apoptosis of neuronal cells.3,4 Increasing the expression of endogenous HIF-1α during 
cerebral ischemia can improve motor and cognitive functions in rats,5,6 but the cerebral protective mechanisms of 
HIF-1α need further investigation. Previous studies have shown that HIF-1α improved glucose metabolism by 
upregulating the expression of glucose transporter protein-1 (GLUT1) and 6-phosphofructo-2-kinase/fructose-2, 
6-biphosphatase 3 (PFKFB3).7,8 But whether HIF-1α improves energy metabolism in the ischemic penumbra by 
regulating glucose metabolism and thus restoring neurological function has been little studied in cerebral ischemia- 
reperfusion injury.

In this study, we exogenously increased the expression of HIF-1α by adenovirus-mediated HIF-1α gene in rats with 
transient middle cerebral artery occlusion (tMCAO). The results demonstrated that rats treated by AdHIF-1α have better 
neurological recovery with smaller cerebral infarct volume and improved pathological changes. AdHIF-1α treatment 
decreased the number of apoptotic cells. The expression of HIF-1α, GLUT1 and PFKFB3 was significantly upregulated 
by AdHIF-1α treatment with higher content of ATP, ADP and AMP in the ischemic penumbra.

Materials and Methods
Adult male Sprague-Dawley (SD) rats, body weight 240–260 g (animal lot number: SCXK (Qian) (2018-0001), were 
used in this study. The ethical approval number for this study is 2021-009 approved by the Ethics Committee of Guizhou 
Provincial People’s Hospital. All the guidelines stated in Guide for the Care and Use of Laboratory Animals, prepared by 
the Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources Commission on 
Life Sciences, National Research Council, China (1996) have been followed. The ARRIVE guidelines (Animal Research: 
Reporting of In Vivo Experiments) have been also followed in this study. Rats were fasted for 12 h before surgery. SD 
rats were randomly divided into sham-operated (Sham) group, cerebral ischemia-reperfusion (CIR) model group, 
recombinant adenovirus empty vector (Ad) group, and recombinant Adenovirus-mediated HIF-1α (AdHIF-1α) group 
(Figure 1A). Each group had 24 rats.

tMCAO Rat Model
The tMCAO model was established according to Longa’s method.9 In brief, the rat was anesthetized with 10% chloral 
hydrate (0.35 mL/100 g) intraperitoneally before surgery. The rat was fixed in the supine position, and the right external, 
common and internal carotid arteries were isolated through a median neck incision, and the proximal ends of the external 
and common carotid arteries were ligated in turn, and the internal carotid artery was temporarily clamped with a micro- 
arterial clip. Through a cut at the proximal bifurcation of the common carotid artery, a 4-0 nylon suture (fused to 
a hemisphere at the front end and marked at 18 mm) was inserted into the internal carotid artery until slight resistance 
was felt, and the insertion depth (from the bifurcation of the common carotid artery) was approximately 18 mm to block 
the beginning of the middle cerebral artery. After 60 min of cerebral ischemia, the nylon suture was slowly withdrawn for 
reperfusion to create cerebral ischemia-reperfusion injury. Rats in the Sham group underwent the same procedure but 
without the nylon suture insertion (Figure 1B).

Neurological function was assessed 24 h after surgery using the modified neurological severity score (mNSS). The rat 
with mNSS 7–12 (moderate) was taken for the experimental study. The unsuitable rats (mNSS lower than 7 or higher 
than 12) were excluded.
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Treatments for Rats
Rats were anesthetized 10% chloral hydrate (0.35 mL/100 g) intraperitoneally and then transferred to a stereotaxic 
apparatus.10 Under the fixation of the brain, the skin of the head was incised medially to expose the bregma, the posterior 
fontanel, the sagittal suture, and the surface of the right skull. After adjusting the bregma and posterior fontanel of the 
skull to the same level by the localizer, the bregma was set as the origin, shifted 2 mm caudally and opened 1.5 mm 
parsimoniously to the right side, which was the localization point. A tiny round hole was made in the localization point 
with a sterilized dental drill, and the micro-injector was slowly inserted into the skull through the cranial hole to a depth 
of 3.5 mm (Figure 1C). 10ul AdHIF-1a (content of 108pfu AdHIF-1a) was slowly (the injection time was about 10min, 
and the needle remained for another 10min and then slowly withdrawn) injected into the lateral ventricle of AdHIF-1α 
group rats. In the same way, 10ul Ad (content of 108pfu Ad) was injected into the lateral ventricle of the Ad group. The 
rats in the Sham and CIR groups were injected with the equal amount of sterile normal saline. The small round hole was 
covered with bone wax and then the skin was sutured. At 14 d after surgery, brain tissues of three rats from the Ad group 
and AdHIF-1α group were harvested for evaluating the infarct volume.

Behavioral Testing
Neurological deficits were assessed by using the modified neurological severity score (mNSS)1 before modeling (0d) and 
at the 1st, 14th, and 28th d after tMACO. mNSS scores were performed by an investigator who was blind of the 
experimental groups. The score of neurological deficit was scored on a scale of 0–18 (0 for normal and 18 for most 
severe) on the following criteria: 1–6 for mild injury; 7–12 for moderate injury; and 13–18 for severe injury. When 

Figure 1 Rat grouping, modeling and treatment; mNSS scores in each group. (A) Schematic diagram of rat grouping and treatment; (B) tMCAO rat model; (C) Lateral 
ventricular injection; (D) mNSS scores in rats of each group at different time points (n = 8, *P < 0.05 vs Sham group; #P < 0.05 vs CIR group or Ad group).

Neuropsychiatric Disease and Treatment 2023:19                                                                              https://doi.org/10.2147/NDT.S389022                                                                                                                                                                                                                       

DovePress                                                                                                                         
777

Dovepress                                                                                                                                                            Zhou et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


assessing the severity of injury, a score of 1 was given for inability to complete the test or lack of test reflexes, and the 
higher the neurological deficit score, the more severe the injury. Eight rats from each group were included from each 
group at each time point.

Cerebral Infarct Volume Assessing
At P14 three rats from each group were anesthetized. The brains were harvested by decapitation. 2-mm-thick coronal 
sections were prepared to be stained with 2, 3, 5-triphenyltetrazolium chloride (TTC). ImageJ was used for analysis. To 
minimize the error caused by cerebral edema, the indirect calculation method was used for calculating the cerebral infarct 
volume. The infarct volume is the percentage of the infarct volume to the non-infarcted hemisphere.

Histological Analysis
HE Staining
Brain tissues were fixed in 4% paraformaldehyde for 24 h. Four μm thickness section was cut for HE staining. Stained 
slides were observed under the light microscope.

Nissl Staining
Following the Nissl staining protocol, the sections were dewaxed to water, toluidine blue stained, and mounted by 
mounting medium. Three different fields in the ischemic penumbra were imaged under 400×. ImageJ was used to count 
the number of Nissl stained cells in each field.

TUNEL Staining
The sections were stained with by the TUNEL Apoptosis Detection Kit from KeyGEN Biotech Co. (KGA702). TUNEL-stained 
sections were observed under light microscope at 400×. The number of positive cells was collected from 3 non-overlapping fields 
by the researcher who was blind from experimental groups. The number of apoptotic cells was counted by ImageJ.

Western Blotting
Brain tissues from the ischemic penumbra were taken for Western blotting assay. The protein concentration was 
measured under UV spectrophotometer. HIF-1α (1:1000) GLUT1 (1:1000); PFKFB3 (1:3000) or β-actin rabbit mono-
clonal antibody (1:5000) was incubated overnight at 4°C in a shaker. After wash with PBST membrane was incubated 
with horseradish peroxidase (HRP)-labeled secondary antibody (goat anti-rabbit IgG, 1:3000). Membrane was developed 
with ECL. ImageJ was used to evaluate the corresponding band intensities.

Immunohistochemical Staining
The sections were treated with 3% H2O2 for 15 min to block endogenous peroxidase. After wash with PBS 5% BSA 
containing 0.03% Triton X-100 was added for l h at room temperature. The primary antibodies (GLUT1, 1:80; PFKFB3, 
1:100) was added and incubated overnight at 4°C. After incubated with biotin secondary antibodies (1:200, Vector) for 1 
h at room temperature sections were washed with PBS for 3 times. Then, sections were incubated with biotin-ovalbumin- 
HRP complex (ABC, 1:100, Vector) for l h at room temperature. Freshly prepared 0.05% DAB chromogenic solution 
containing 0.03% H2O2 was used for color development and then hematoxylin counterstained. After dehydrated in 
gradient alcohol and xylene sections were covered with mounting medium. The negative control was performed with 
normal sheep serum instead of primary antibody. Five different fields were imaged under the microscope at 200× from 
the ischemic penumbra. The number of positive cells in each field of view was counted by Image-J.

High Performance Liquid Chromatography (HPLC)
(1) Sample preparation: 0.5g brain tissue from ischemic penumbra was rapidly made to be 10% homogenate by 0.4mol/l HCLO4 
on ice. After sonication and centrifugation at low temperature (4°C, 5000rpm, 20min) the supernatant was taken.

Then, 3mol/l K2CO3 0.1mL was added to 0.2mL supernatant to neutralize HCLO4. Then, samples were stored at 
−80°C after centrifuged (14000rpm, 5min) and filtered by 0.45 μm filter.
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(2) Chromatographic conditions: The levels of ATP, ADP and AMP were determined by high performance liquid 
chromatography. Chromatographic conditions: Waters Bridge R C18 column (4.6 mm×150 mm, 5 μm), mobile phase: 0.2 
mmol/L phosphate buffer as mobile phase. Detection wavelength: 259 nm; flow rate: 1.0 mL/min; column temperature: 
20°C; injection volume: 10 μL. Each sample was performed 3 times.

(3) Standard Preparation: 10.18mg of ATP, 10.87mg of ADP and 10.07mg of AMP were weighed precisely and dissolved in 
water, and then diluted to the concentrations of ATP, ADP and AMP of 48.37 μg/mL and 46.36 μg/mL, respectively. 10 μL from 
the gradient dilutions (2, 2.5, 5, 10, 50, and 100 times) was taken to obtain the standard curve.

(4) Sample calculation: The linear regression standard curve was made with the peak area (Y) as the vertical coordinate and the 
concentrations of ATP, ADP and AMP (X, μg/mL) as the horizontal coordinate. The concentrations of ATP, ADP, and AMP in 
samples from each group of brain tissue were calculated according to the standard curve, and then the ATP, ADP, and AMP levels 
per gram of brain tissue were calculated from the brain tissue homogenate concentrations, and the energy charge (EC) values were 
calculated 17 as EC=(ATP+0.5×ADP)/(ATP+ADP+AMP).

Statistical Analysis
Data are shown as mean ± standard error of the mean (SEM). Data were analyzed by repeated measures of analysis of 
variance (ANOVA) for the 4 groups or unpaired Student’s t-test two groups comparison, if they were normally distributed 
(Kolmogorov-Smirnov test, p > 0.05). P < 0.05 was considered as statistically significant.

Results
AdHIF-1α Treatment Improved Neurological Functional Deficit in tMCAO Rats
To investigate whether AdHIF-1α treatment could promote neurological functional recovery, we compared mNSS scores 
(n = 8). Before tMCAO there was no abnormal neurological function for all rats. At P1, all rats from CIR group, Ad 
group and AdHIF-1α group showed symptoms of neurological deficits such as leaning to one side or turning around 
when walking, abnormal sensation and balance. There was no significant difference in mNSS among these three groups 
(P > 0.05). At P14 d, the mNSS score of the AdHIF-1α group was significantly lower than that of the CIR group and the 
Ad group (P < 0.05). There was no statistical difference between in mNSS scores between the CIR group and the Ad 
group (Figure 1D). These results demonstrated that AdHIF-1α treatment promoted neurological functional recovery.

AdHIF-1α Treatment Decreased Cerebral Infarct Volume
TTC staining showed that the infarct area on the ischemic side of the brain was demonstrated with white in the CIR 
group, Ad group, and AdHIF-lα group at P14 after tMCAO. There was no infarct area (white) in the Sham group 
(Figure 2A). No significant difference was found in infarct volume between CIR group and Ad group (P > 0.05). The 

Figure 2 Infarct volume in each group. (A) TTC staining shows the infarcted area of brain (white); (B) Statistical graph of the percentage of infarct volume to the volume of 
non-infarcted hemisphere (n = 3). *P < 0.05 vs Sham group; #P < 0.05 vs CIR group or Ad group.
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infarct volume was significantly reduced in the AdHIF-lα group compared with the CIR group and Ad group (P < 0.05) 
(Figure 2B).

AdHIF-1α Treatment Attenuated Neuronal Loss and Reduced Apoptosis
The HE staining of Sham group showed that normal cerebral structure with regular arrangement of neuronal cells, 
centered nuclei and uniform nuclear and cytoplasmic staining. At P28, the HE staining of the CIR and Ad groups had 
obvious infarct areas with cell edema, neuronal loss or nuclear consolidation, disappearance of nucleoli, and vacuole- 
like arrangement. The edema, nuclear consolidation, and vacuole were attenuated by the treatment of AdHIF-1α 
(Figure 3A).

At P28, the number of Nissl bodies in the ischemic penumbra was reduced in the CIR group and Ad group compared 
with the Sham group (P < 0.05); The number of Nissl bodies in AdHIF-1α group was significantly increased compared 
with the CIR group and Ad group (P < 0.05) (Figure 3B and D).

No apoptotic cells were detected in Sham group by TUNEL staining. The apoptotic neuronal cells were identified in 
the ischemic penumbra in CIR group, Ad group and AdHIF-1α group. The number of apoptotic neuronal cells in the 
AdHIF-1α group was significantly decreased than that in CIR and Ad groups (P < 0.05) (Figure 3C and E).

Figure 3 HE staining, Nissl staining and TUNEL staining. (A) HE staining of the ischemic penumbra in each group (scale bar=50mm); (B) Nissl staining in each group 
(→shows Nissl staining positive cells; scale bar=50mm); (C) TUNEL staining in each group (→shows apoptotic cells; scale bar=50mm); (D) Statistical analysis of the number 
of Nissl staining positive cells in rats; (E) Statistical analysis of apoptotic neuronal cells in rats. *P < 0.05 vs Sham group; #P < 0.05 vs CIR group or Ad group.
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AdHIF-1α Treatment Upregulated the Expression of HIF-1α, GLUT1 and PFKFB3
The expression of HIF-1α, GLUT1 and PFKFB3 HIF-1α, PFKFB3 was significantly increased in the CIR group and Ad 
group compared with the Sham group (P < 0.05) (Figure 4A and B). These results confirmed that cerebral ischemia- 
reperfusion injury induced HIF-1α and its target gene expression. AdHIF-1α treatment further upregulated the expression 
of HIF-1α, PFKFB3 and GLUT1 compared with NS treatment and Ad treatment (P < 0.05) (Figure 4A and B).

The upregulated expression of PFKFB3 and GLUT1 by AdHIF-1α treatment was also confirmed with immunohis-
tochemical staining. There was no significant difference in the number of positive cells between the CIR group and Ad 
group (P > 0.05) (Figure 4C–F). The number of positive cells for PFKFB3 or GLUT1 was statistically increased in the 
AdHIF-lα group (P < 0.05) (Figure 4C–F).

Figure 4 The expression of HIF-1α, PFKFB3 and GLUT1. (A) WB results of HIF-1α, PFKFB3 and GLUT1 in the ischemic penumbra from each group; (B) Statistical analysis 
of relative expression in each group; (C) IHC staining of PFKFB3 in each group (→ shows PFKFB3 positive stained cells, scale bar=50mm); (D) IHC staining of GLUT1 in 
each group (→ shows GLUT1 positive stained cells, scale bar=50mm); (E) Statistical analysis of EPFKFB3 positive cells count; (F) Statistical analysis of GLUT1 positive cells. 
*P < 0.05 vs Sham group; #P < 0.05 vs CIR group or Ad group.
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AdHIF-1α Treatment Improved Energy Metabolism in the Ischemic Penumbra
To evaluate whether AdHIF-1α treatment improved energy metabolism, the ATP, ADP and AMP levels and EC values 
were measured at P28 d. The results showed that the levels of ATP, ADP and AMP as well as the EC value in the 
ischemic penumbra were all decreased in the CIR group, Ad group and AdHIF-1α group compared with the Sham group 
(P < 0.05) (Table 1). AdHIF-1α treatment increased both the levels of ATP, ADP and AMP and the EC value compared 
with NS treatment and Ad treatment (P < 0.05) (Table 1).

Discussion
In this study, we investigated whether AdHIF-1α ameliorates neurological dysfunction by improving energy metabolism 
in ischemic penumbra after cerebral ischemia-reperfusion. The results demonstrated that administration of AdHIF-1α led 
to a better neurological functional recovery by decreasing cerebral infarct volume, attenuating neuronal loss and reducing 
apoptosis. The findings of the present study further proved that AdHIF-1α treatment upregulated HIF-1α expression and 
its target genes: PFKFB3 or GLUT1. At last, we demonstrated that AdHIF-1α treatment improved energy metabolism in 
the ischemic penumbra with increased levels of ATP, ADP and AMP and the EC value as well. The results presented here 
provide new insights into the role of HIF-1α in the treatment for cerebral ischemia-reperfusion injury.

Ischemic stroke caused by thrombotic or embolic occlusion of a cerebral artery leads to cell death including necrosis 
or apoptosis by the disturbances in energy metabolism in neuronal cells.11 In recent years, studies have shown that 
neurological functions such as motor and cognition are directly or indirectly affected by brain energy metabolism.12 

During cerebral ischemia-reperfusion, the cells in the ischemic penumbra can still maintain certain level of energy 
metabolism due to the establishment of collateral circulation.13 Therefore, it is critical to save the ischemic penumbra by 
preventing infarct core expansion. Improving the energy metabolism of the ischemic penumbra may prevent or reverse 
the cerebral ischemia-reperfusion injury, thus ameliorating neurological dysfunction caused by ischemic stroke.

HIF-1α, a key transcription factor in the body’s response to oxygen deficiency, plays a very important role in cellular 
adaptation to hypoxia during cerebral ischemia-reperfusion.14 It has been shown that HIF-1α promotes a metabolic shift 
favoring anaerobic glycolysis and reduced mitochondrial respiration by upregulating GLUTs and by inducing glycolytic 
enzymes during ischemia.15 Under hypoxia, HIF-1α plays an important role in regulating energy metabolism by 
upregulating glucose transporters and by enhancing glycolytic enzyme activity to maintain energy supply.16,17 

Previous studies have shown that HIF-1α plays a protective role in anti-ischemic brain injury by improving neuronal 
survival.4,18–21 In the present study, we confirmed that the treatment of AdHIF-1α ameliorated the neurological function 
deficits. We then demonstrated that AdHIF-1α administration reduced cerebral infarct volume, attenuated neuronal loss 
and decreased apoptosis. We further showed that treatment of AdHIF-1α was able to upregulate HIF-1α expression and 
its regulated genes: PFKFB3 and GLUT1. At last, we proved that AdHIF-1α treatment increased levels of ATP, ADP and 
AMP and the EC value in the ischemic penumbra. These results suggest that exogenous upregulation of the HIF-1α by 
recombinant adenovirus promotes neurological recovery by improving energy metabolism in the ischemic penumbra of 
tMCAO rat model.

During cerebral ischemia, glycolysis becomes the main source of energy in the ischemic area of the brain and the hypoxic 
cells tend to consume more glucose in order to adapt increased energy requirements. After cerebral ischemia, the upregulation of 
GLUT1, a key protein for glucose transport, represents this adaptive shift.22,23 The inhibition of GLUTs function led to abnormal 
brain function and neuronal death, and the upregulation of GLUT1 and GLUT3 demonstrated neuroprotective effect on cerebral 
ischemia.23 PFKFB3, the target of HIF1α, is a critical regulatory molecule in glycolysis control and has high kinase activity.24 

Table 1 ATP, ADP and AMP Levels in Each Group at P28

Group Sham CIR Ad AdHIF-1α

ATP (ug/g) 17.40±0.56 9.95±0.38* 8.72±0.50* 13.65±0.13#

ADP (ug/g) 167.91±1.15 67.81±0.0* 83.34±5.2* 121.82±1.7#

AMP (ug/g) 49.10±0.60 38.13±0.21 42.18±3.33 51.20±1.20

EC 0.43±0.00 0.38±0.01* 0.38±0.01* 0.40±0.00#

Notes: n = 6, *P < 0.05 vs Sham group; #P < 0.05 vs CIR group or Ad group.
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The activation of HIF1α-PFKFB3 promoted β-cell survival at the expense of β-cell function in type 1 and type 2 diabetes.25,26 

HIF1α-PFKFB3 signaling has also been implicated in the control of neovascular formation and neurodegeneration.27,28 The 
present study showed that heat treatment of AdHIF-1α upregulated HIF-1α expression, which in turn induced the increased 
expression of PFKFB3 and GLUT1. Other studies have also shown that hypoxia leads to increased expression of HIF-1α and its 
target genes, GLUT1 and GLUT3, which in turn improved the supply of glucose for hypoxic neuronal glycolysis.23,29

In the present study, the HIF-1α gene was cloned into a recombinant adenovirus, which is widely used in gene therapy study 
because of its high efficiency in infecting cells, wide host range, and low cytotoxicity.30 Previous studies from our group have 
demonstrated that the recombinant adenovirus carrying HIF-1α could reduce apoptotic neurons in ischemic penumbra by 
upregulating astrocytic erythropoietin (EPO) expression.20 HIF-1α controls cellular survival, glucose metabolism and transport, 
and metabolic adaptation. More than 30 target genes are reported regulated by HIF-1α, including vascular endothelial growth 
factor (VEGF), EPO, glycolytic enzymes and glucose transporter 1, insulin-like growth factor 2, etc.31 Therefore, more studies 
are needed to investigate other mechanisms involving in HIF-1α mediated neuroprotection during the cerebral ischemia- 
reperfusion.

Conclusion
This study demonstrated that AdHIF-1α treatment ameliorates neurological dysfunction by improving energy metabolism 
in the ischemic penumbra with increased levels of ATP, ADP and AMP and the EC value after tMCAO in rat. The data 
presented by this study provide new insights into the role of HIF-1α for the treatment of cerebral ischemia-reperfusion 
injury. Thus, HIF-1α could be a potential therapeutic target for the treatment of ischemic stroke.
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