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factor-1α dependent manner
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Abstract: The physiological level of nitric oxide (NO) released by brain microvascular endothelial cells (BMECs) at 
normoxia can block the degradation of hypoxia-inducible factor-1α (HIF-1α) in astrocytes and initiate the compensa-
tory response to hypoxia. However, it is unclear whether this occurs at mild hypoxia. This study was to investigate 
the expression of HIF-1α, VEGF and LDHA and the lactic acid production in astrocytes with or without co-culture 
with BMECs after mild hypoxia exposure. During mild hypoxia (5% O2), exogenous NO blocked the degradation of 
HIF-1α in astrocytes but up-regulated the transcription of VEGF and LDHA, accompanied by elevated expression of 
VEGF protein and increased production of lactic acid. This was further confirmed by silencing of HIF-1α expression 
in astrocytes. In astrocytes co-cultured with primary rat BMEC under mild hypoxia, NO was released by the BMECs 
and prevented the degradation of HIF-1α in astrocytes, leading to the up-regulated mRNA expression of VEGF and 
LDHA, elevated VEGF protein expression and increased production of lactic acid. In BMECs, NO was derived from 
intracellular eNOS. Based on these findings, we hypothesize that, under mild hypoxia, even though astrocytes do not 
respond to hypoxia, NO produced by BMECs may transmit a hypoxia signal to astrocytes, triggering their adaptive 
response via HIF-1α.
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Introduction

Hypoxia is caused by a lack of oxygen in the 
blood while the supply of other nutrients re- 
mains normal, resulting in decreased arterial 
oxygen partial pressure and reduced oxygen  
in tissues [1]. Major causes of hypoxia include 
low atmospheric oxygen partial pressure, such 
as in high altitude environments [2], and exter-
nal respiratory dysfunction, such as respiratory 
stenosis and obstructive lung diseases [3]. The 
brain is very sensitive to hypoxia, and the pa- 
thology of hypoxia induced injury to the cen- 
tral nervous system (CNS) is complex, including 
the brain edema and brain cell injury [4]. After 
varying degrees of hypoxia, different degrees of 
neurological symptoms will be present. In acute 
severe hypoxia, symptoms include headaches, 
irritability, convulsions, coma and even death, 

while chronic moderate hypoxia will cause fa- 
tigue, drowsiness, difficult concentration, and 
memory impairment [5-7]. Since the brain has a 
certain threshold to the hypoxia, mild hypoxia 
outside this range may cause only compensa-
tory adaptive responses without causing any 
neurological symptoms.

The neurovascular unit (NVU) is the basic orga-
nizational structure of the blood-brain barrier 
(BBB). In the NVU, astrocytes contact with more 
than 99% of the total brain microvasculature, 
and may directly interact with brain microvas- 
cular endothelial cells (BMEC) [8, 9]. On the 
other side of the vasculature, the astrocytes 
may bridge blood vessels and neurons for sub-
stance transportation and signal transmiss- 
ion [10, 11]. Oxygen diffuses from the periph-
eral circulation into tissues based on the oxy-
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gen partial pressure gradient, and the farther 
the distance of the tissue to the blood vessels, 
the lower the oxygen partial pressure of the 
cells is [4, 12]. The physiological oxygen level  
of the cerebral capillaries in the NVU ranges  
30 mmHg to 100 mmHg. However, the oxygen 
level around glial cells and neurons is 23.8-
33.3 mmHg [13]. Therefore, we hypothesize 
that there is a difference in the hypoxia thre- 
shold among BMEC, astrocytes, and neurons.

The brain compensatory adaptive response to 
mild hypoxia can provide adequate oxygen to 
neurons as much as possible in order to pre-
serve the normal neuronal function, which pri-
marily depends on the compensatory response 
of the brain vasculature and glial cells. The 
most important compensatory responses of 
vascular system include vasodilation and an- 
giogenesis, leading to increased local oxygen 
supply [14, 15]. The most important compen- 
satory responses of the astrocyte system in- 
clude the reduced aerobic oxidation, increased 
glycolysis, and reduced oxygen consumption, 
thus providing more oxygen to neurons [16-18]. 
Nitric oxide (NO) is a potent vasodilator in the 
brain [19]. It is involved in the regulation of  
the stability of hypoxia inducible factor-1α (HIF-
1α), a core molecule initiating the compensa-
tory response to hypoxia [20]. Studies have 
shown that NO can block degradation of HIF- 
1α under normoxic and hypoxic conditions [21-
24], and coculture models of the BBB have 
found that physiological levels of NO released 
by BMEC can also block HIF-1α degradation in 
astrocytes, but have no effect on neurons [25, 
26]. However, it is unclear whether the physio-
logical levels of NO released by BMEC under 
mild hypoxia can still block HIF-1α degradation 
in astrocytes. In the present study, we investi-
gated whether primary cultured rat BMECs 
were more likely to recognize hypoxia than as- 
trocytes, and whether, under mild hypoxia (5% 
O2), the physiological levels of NO released  
by BMECs could initiate the compensatory re- 
sponse to hypoxia in astrocytes.

Methods

Materials

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium (MTT), dimethyl sulfoxide (DMSO), 2,2’- 
(Hydroxynitrosohydrazino) bis-ethanamine (DE- 
TA), NG-Nitro-L-arginine Methyl Ester (L-NAME), 

2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimi- 
dazoline-1-oxyl-3-oxide (CPTIO), L-arginine (L- 
Arg), fibronectin, collagenase II, deoxyribonu-
clease I (DNase I), and puromycin were pur-
chased from Sigma Chemicals (St. Louis, MO, 
USA). Collagenase/Dispase was from Roche 
(Basel, Switzerland). Percoll was from Amer- 
sham Biosciences (Piscataway, NJ, USA). Anti- 
bodies against HIF-1α (ab2185) and β-actin 
(ab3280) were from Abcam (Cambridge, MA, 
USA), and anti-VEGF antibody (sc-7269) was 
from Santa Cruz Biotechnologies (Santa Cruz, 
CA, USA). Horseradish peroxide (HRP)-conju- 
gated goat anti-rabbit IgG antibody (ab6721) 
and HRP-conjugated rabbit anti-mouse IgG 
antibody (ab6728) were from Abcam. The La- 
ctate Colorimetric Assay Kit (K627-100) and 
the Nitric Oxide Fluorometric Assay Kit (K252-
200) were from Biovision (Milpitas, CA, USA). 
Dulbecco’s Modified Eagle Medium/Nutrient 
Mixture F-12 (DMEM/F12) was from Dingguo 
Biotech (Beijing, China) and fetal bovine serum 
(FBS) from Sijiqing Biotech Co., Ltd (Hangzhou, 
China). Endothelial cell medium (ECM, Catalog 
#1001) containing FBS, endothelial cell grow- 
th supplement (ECGS) and penicillin/strepto- 
mycin solution (P/S) was from ScienCell (Carl- 
sbad, CA, USA). HIF-1α small interfering RNA 
(siRNA, sc-45919), control siRNA-A (sc-37007), 
siRNA Transfection Reagent (sc-29528), and 
siRNA transfection medium (sc-36868) were 
from Santa Cruz Biotechnologies (Santa Cruz, 
CA, USA). Pierce enhanced chemiluminescen- 
ce (ECL) detection reagent (32016) was from 
Thermo Fisher Scientific (Waltham, MA, USA). 
All the other chemicals were from Sigma.

Primary culture of rat cortical astrocytes

The care and use of animals complied with  
the Provisions and General Recommendation 
of the Chinese Experimental Animals Adminis- 
tration Legislation and this study was approved 
by the Animal Ethics Committee of Southwest 
Hospital, the Third Military Medical University, 
Chongqing. Astrocytes were prepared from the 
cortex of 1 to 2-day-old neonatal Wistar rats as 
previously described [27]. The rats were sacri-
ficed by cervical decapitation and the forebrain 
was rapidly collected, the cerebellum and olfac-
tory bulbs were removed, and the meninges 
and blood vessels were carefully removed by 
using a stereomicroscope. The remaining tis-
sues were cut into 1-3 mm3 blocks in pre-cooled 
PBS (1 ml), and then incubated with 4 ml of 
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0.25% trypsin at 37°C for 15 min. Then 5 ml of 
complete DMEM/F12 medium (containing 10% 
FBS, 50 units/ml penicillin and 50 µg/ml strep-
tomycin) was added to terminate the digestion. 
Cells after digestion were gently pipetted, and 
then filtered through a 70-µm mesh. The filtrate 
was centrifuged at 1000 × g for 5 min at 4°C. 
The supernatant was removed, and an appro-
priate amount of complete DMEM/F12 me- 
dium was added to prepare single cell suspen-
sion at 4 × 104 cells/cm2. Cells were grown at 
37°C in a humidified environment with 5%  
CO2. The culture medium was refreshed every 
three days. After culture for 7-9 days, cells were 
incubated at 37°C under constant shaking at 
200 rpm/min for 18 h to purify the astrocytes 
by removing microglial cells. Then, the medium 
was removed. The remaining cells were washed 
with DPBS, harvested by trypsinization and 
suspended at a density of 4 × 104 cells/cm2.

Culture of primary rat BMECs

Rat BMECs were prepared from 3-week-old 
Wistar rats as previously described [28]. Brief- 
ly, rats were sacrificed by cervical decapita- 
tion and the forebrain was rapidly collected  
and stored in DPBS on ice. The forebrain was 
cut into 1-3 mm3 blocks, and then digested  
in DMEM/F12 containing 1 g/L type II collage-
nase and 15 mg/L DNAse I at 37°C under  
constant shaking at 200 rpm/min for 1.5 h. 
After centrifugation at 1000 × g at 4°C for 8  
min, the supernatant was removed, and the 
pellet were re-suspended in DMEM/F12 con-
taining 20% BSA. The suspension was centri-
fuged at 1000 × g for 20 min at 4°C, and the 
pellets containing microvessels were preser- 
ved. Microvessel pellets were digested in DM- 
EM/F12 containing 1 g/L collagenase/dispase 
and 15 mg/L DNAse I at 37°C under constant 
shaking at 200 rpm/min for 1 h, followed by 
centrifugation at 1000 × g at 4°C for 8 min. 
Then, the supernatant was removed, and the 
resulting pellets were re-suspended in DMEM/
F12 and cell suspension was added on the 
33% Percoll gradient, followed by centrifuga-
tion at 1000 × g for 10 min at 4°C. The result-
ing microvascular fragments were re-suspend-
ed with ECM medium containing 4 µg/ml puro-
mycin, seeded in flasks pre-coated with fibro-
nectin, and maintained at 37°C in a humidified 
environment with 5% CO2. After culture for 48 
h, the medium was refreshed with ECM medi-
um without puromycin. Cells were grown until 

80% cell confluence was observed, trypsinized 
and then seeded at a density of 4 × 104 cells/
cm2. This was the first passage of cells. Cells of 
the third passage were used in the following 
experiment, in which L-Arg in ECM medium was 
supplemented at a final concentration of 500 
µM.

siRNA transfection

Astrocytes were seeded into 6-well plates at a 
density of 6 × 104 cells/cm2 in 2 ml antibiotic-
free DMEM/F12 medium supplemented with 
FBS and then maintained at 37°C for 24 h until 
the cell confluence reached 80%. Transfection 
of siRNA against HIF-1α was performed in the 
presence of siRNA Transfection Reagent accor- 
ding to the manufacturer’s instructions. Trans- 
fection mixtures (800 µl/well) included 160 
pmol siRNA and 24 µl of siRNA Transfection 
Reagent. Cells were incubated for 5 h at 37°C 
in an environment with 5% CO2. Subsequently, 
the siRNA transfection medium was refresh- 
ed with antibiotic-free DMEM/F12 medium  
and cells were incubated for another 20 h at 
37°C in an environment with 5% CO2. In a nega-
tive control group, a control siRNA-A (Santa 
Cruz) was used. 

Hypoxia exposure

Hypoxia exposure was performed in a com- 
mercial Heal Force HF100 tri-gas incubator 
(Shanghai, China). In the normoxic condition, 
the incubator was flushed with 21% O2 (21% O2, 
5% CO2, 74% N2), and the hypoxia conditions 
were mimicked with 9% O2 (9% O2, 5% CO2, 86% 
N2), 7% O2 (7% O2, 5% CO2, 88% N2), 5% O2 (5% 
O2, 5% CO2, 90% N2), 3% O2 (3% O2, 5% CO2, 
92% N2), or 1% O2 (1% O2, 5% CO2, 94% N2). 
Cells were grown in the condition with predeter-
mined oxygen level. When the cell confluence 
reached 80%, the medium was refreshed with 
the hypoxic medium (the medium was exposed 
to hypoxia for equilibration), and incubation 
continued.

Co-culture of BMECs and astrocytes

BMECs were cocultured were with astrocytes 
as previously described [25]. In brief, BMEC 
were seeded into the lower chamber of 6-well 
transwell chamber at a density of 6 × 104 cells/
cm2, and then maintained for approximately  
3 days until 80% confluence was achieved. 
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Astrocytes were seeded into the upper cham-
ber of another 6-well transwell chamber (BD, 
0.4-µm pore size) at a density of 6 × 104 cells/
cm2, and then maintained for 2 days until  
80% confluence was achieved. Then, the upper 
chamber with astrocytes was placed into the 
transwell chamber containing BMECs and then 
the supernatant was collected for the detect- 
ion of lactic acid content at specific time point. 
In addition, astrocytes in the upper chamber 
were lysed for the extraction of total RNA, fol-
lowed by detection mRNA expression of VEGF 
and LDHA. In addition, total protein was extra- 
cted from cells after lysis, and the protein ex- 
pression of HIF-1α and VEGF was detected. 

Treatments

In cell viability assay, primary astrocytes were 
treated with 0.4, 0.6, 0.8, 1.0, 1.2 and 1.4 mM 
DETA. In the following experiments, primary 
astrocytes were treated with 1.0 mM DETA. In 
addition, primary astrocytes were pretreated 
for 30 min with 100 µM eNOS inhibitor L-NAME, 
100 or 200 µM NO scavenger (CPTIO) before 
the treatment with 1.0 mM DETA for 12 h.

Cell viability assay

Cell viability was evaluated by MTT assay. 
Astrocytes were seeded into 96-well plates at a 
density of 3 × 104 cells/cm2 and maintained at 
37°C for 24 h. Cells were exposed to various 
concentrations of DETA (0.4, 0.6, 0.8, 1.0, 1.2 
and 1.4 mM). After 24-h incubation, MTT solu-
tion (0.5 mg/ml in DPBS) was added to each 
well, followed by incubation for another 4 h. 
Then, 150 µl of DMSO was added to each well 
to dissolve the formazan crystals, and the 
absorbance was measured at 490 nm using 
the Thermo Scientific Varioskan Flash micro-
plate reader. The cell viability was determined 
according the absorbance and then compared 
with that of untreated cells. All experiments 
were performed in triplicate.

NO assay

Astrocytes or BMEC were seeded into 96-well 
plates at a density of 6 × 104 cells/cm2 and 
maintained at 37°C for 24 h. In order to detect 
the NO, the medium was refreshed and then 
collected 12 h later. The nitrate/nitrite concen-
tration of the medium was used as an indicator 
of NO production and measured as previously 

described [29] using a commercially available 
Nitric Oxide Fluorometric Assay Kit according to 
the manufacturer’s instructions. The medium 
was added to a 96-well plate (75 µl/well) fol-
lowed by addition of 15 µl of reaction mix (5 µl 
of enzyme cofactor working solution, 46 µl of 
lactate assay buffer, and 5 µl of nitrate reduc-
tase) and subsequent incubation for 4 h at 
room temperature. Then, 5 µl of Enhancer solu-
tion was added to each well, followed by incu-
bation for 30 min at room temperature. After 
the addition of DAN Reagent (5 µl/well), incu- 
bation was done for 10 min at room tempera-
ture. Finally, 5 µl of NaOH was added to each 
well, and the mixture was incubated for 10 min-
utes at room temperature. The fluorescence 
was measured at excitation wavelength of 360 
nm/emission wavelength of 450 nm using the 
Thermo Scientific Varioskan Flash fluorescence 
reader. The fluorescence reflects the concen-
tration of sodium nitrite. The standard curve of 
sodium nitrite concentration was delineated, 
from which the concentration of nitrite was  
calculated. All experiments were performed in 
triplicate.

Lactate release assay

Astrocytes were seeded into 96-well plates or 
6-well transwell plates at a density of 6 × 104 
cells/cm2 and maintained at 37°C for 24 h. In 
order to detect the lactic acid in the superna-
tant, the medium was refreshed before drug 
treatment, hypoxia exposure or coculture. The 
supernatant was collected at 12 and 24 h  
for the detection of lactate content. In control 
group, the supernatant was collected from cells 
exposed to mild hypoxia (5% O2) alone. Lactate 
level of the supernatant was assessed as pre- 
viously described [30] using a commercially 
available Lactate Colorimetric Assay Kit accor- 
ding to the manufacturer’s instructions. The 
supernatant was added to a 96-well plate (50 
µl/well), followed by addition of 50 µl of re- 
action mix (46 µl lactate assay buffer, 2 µl lac-
tate substrate mix, and 2 µl lactate enzyme 
mix) and subsequent incubation for 30 min at 
room temperature. The absorbance was mea-
sured at 450 nm using the Thermo Scientific 
Varioskan Flash microplate reader. The lactate 
level was determined according to the absor-
bance value and then compared with that of 
control group. All experiments were performed 
in triplicate.
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Quantitative real-time reverse transcriptase 
PCR

Astrocytes were seeded into 12-well plates  
at a density of 6 × 104 cells/cm2 and main-
tained at 37°C for 24 h before drug treatment, 
hypoxia exposure or coculture. Cells were col-
lected at 3, 6, and 12 h, and total RNA was 
extracted. For siRNA transfection, the medium 
was refreshed, and cells were collected at 24  
h followed by extraction of total RNA with a 
Takara MiniBEST Universal RNA Extraction Kit 
(Dalian, China). Both the amount and purity of 
total RNA were determined by measuring the 
absorbance at 260 nm and 280 nm. Total RNA 
(1 μg) was reversely transcribed into cDNA 
using the Takara PrimeScript™ RT reagent Kit 
(Dalian, China). Quantitative real-time reverse 
transcriptase PCR (RT-PCR) was performed to 

detect the mRNA expression of HIF-1α, VEGF, 
LDHA, and β-actin using a Roche LightCycler® 
480 System. Quantitative PCR was conducted 
in 0.2-ml PCR tubes with the corresponding 
primers and Takara SYBR® Premix Ex Taq™ II 
working solution (Dalian, China), using a cus-
tom PCR master mix under the following condi-
tions: 95°C for 30 s, followed by 40 cycles of 
95°C for 5 s and 60°C for 30 s. The primers 
used were as follows: HIF-1α, 5’-GGGGAGGA- 
CGATGAACATCAA-3’ (F) and 5’-GGGTGGTTTCT- 
TGTACCCACA-3’ (R); VEGF, 5’-CTGCCGTCCGAT- 
TGAGACC-3’ (F) and 5’-CCCCTCCTTGTACCACT- 
GTC-3’ (R); LDHA, 5’-TGTCTCCAGCAAAGACTAC- 
TGT-3’ (F) and 5’-GACTGTACTTGACAATGTTG- 
GGA-3’ (R); and β-actin, 5’-GGCTGTATTCCCCT- 
CCATCG-3’ (F) and 5’-CCAGTTGGTAACAATGC- 
CATGT-3’ (R). β-actin was used as the internal 
reference. The mRNA expression of each tar- 
get gene was normalized to that of β-actin by 
using the 2-ΔΔCT method.

Western blotting

Astrocytes were seeded into 6-well plates at a 
density of 6 × 104 cells/cm2 and maintained at 
37°C for 24 h, before drug treatment, hypoxia 
exposure or co-culture. Cells were collected at 
6, 12, and 24 h, washed with ice-cold DPBS 
and re-suspended in 200 μl of lysis buffer (50 
mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% Triton 
X-100, 1% sodium deoxycholate, 0.1% SDS sup-
plemented with protease inhibitor cocktail 
[Sigma, USA]) followed by incubation at 4°C for 
5 min. Then, cells were sonicated for 15 s on 
ice and centrifuged at 13,000 × g for 10 min at 
4°C. The supernatant was collected, and the 
protein content was determined using an 
enhanced BCA protein assay kit from Beyotime 
(Haimen, China). The total protein from each 
sample was mixed with loading buffer and then 
heated at 100°C for 5 min. Total protein (20 μg) 
was separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and 
then transferred onto polyvinylidene fluoride 
(PVDF) membranes using a Bio-Rad Trans-
Blot® transblot module. Non-specific protein 
binding of PVDF membranes was blocked by 
incubation with 5% bovine serum albumin (BSA) 
at room temperature for 1 h. Then, these mem-
branes were treated with primary antibodies 
against HIF-1α (1:500), VEGF (1:200), or β-actin 
(1:2000) overnight at 4°C. After three washes 
with Tris-buffered saline solution containing 
0.1% Tween 20 (TBST), the membranes were 

Figure 1. Threshold of hypoxia recognition of primary 
astrocytes and brain microvascular endothelial cells 
(BMEC) in vitro. HIF-1α protein expression was de-
tected by Western blotting in primary astrocytes (A) 
and primary BMECs (B) treated with 21%, 9%, 7%, 
5%, 3%, or 1% O2 for 12 h. β-actin served as a load-
ing control. The optical density of HIF-1α band was 
normalized to that of β-actin, and quantification was 
performed from two to three independent experi-
ments. Data are shown as mean ± S.E.M. *P<0.05, 
**P<0.01, ***P<0.001 vs. control group (21% O2). 
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incubated at room temperature for 1 h with 
HRP-conjugated goat anti-rabbit IgG antibody 
(1:5,000) or HRP-conjugated rabbit anti-mouse 
IgG antibody (1:5,000). Visualization was done 
using ECL detection reagent according to the 
manufacturer’s instructions. The optical densi-
ty of each band was measured using the Bio-
Rad ChemiDocTM XRS luminescent image ana-
lyzer and Gel-Pro analyzer 4.0 software.

Statistical analysis

All the data are presented as mean ± stand- 
ard error (S.E.M). One-way ANOVA followed  
by the least-significant difference (LSD) was 
used for the comparisons among groups. A 
value of P<0.05 was considered statistically 
significant.

Results

Hypoxia threshold difference between in vitro 
primary cultured astrocytes and BMEC

Cells in different tissues are exposed to oxygen 
at different partial pressure, and the farther the 
distance between the tissue and blood vessels, 
the lower the oxygen partial pressure of the tis-
sue is. Thus, the threshold of different types of 
cells recognizing hypoxia is also different [12, 
31, 32]. In the in vitro culture, cells are exposed 
to 21% oxygen (oxygen partial pressure of the 
medium is about 90 mmHg), which ensures 
sufficient oxygen supply to different types of 
cells, but this manipulation ignores the differ-
ent thresholds of different cell types recogniz-
ing hypoxia. In order to investigate the thresh-

Figure 2. DETA blocked HIF-1α degradation in astrocytes under mild hypoxia. (A) Cell viability of primary astrocytes 
in the presence or absence of DETA (0.4, 0.6, 0.8, 1.0, 1.2 or 1.4 mM) after exposure to 5% O2 for 24 h (MTT assay). 
DETA had no cytotoxicity on astrocytes at the concentration of up to 1.2 mM. (B-D) HIF-1α protein expression was 
detected by Western blotting in primary astrocytes treated with 0.4, 0.6, 0.8, or 1.0 mM DETA for 12 h (B), with 1.0 
mM DETA for 6, 12, or 24 h (C), or pretreated with 100 or 200 µM of the NO scavenger CPTIO for 30 min before the 
1.0 mM DETA treatment for 12 h (D). β-actin served as a loading control. The optical density of HIF-1α band was 
normalized to that of β-actin, and quantification was performed in two to three independent experiments. Data are 
expressed as mean ± S.E.M. *P<0.05, **P<0.01, ***P<0.001 vs. control group (5% O2 exposure alone); #P<0.05, 
##P<0.01, and ###P<0.001 vs. control group (1.0 mM DETA treatment and exposure to 5% O2).
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old of primary astrocytes and primary BMEC 
recognizing hypoxia in vitro, cells were exposed 
to oxygen at different concentrations (21%, 9%, 
7%, 5%, 3%, and 1%), and the corresponding 
oxygen partial pressure of the medium is 45, 
35, 25, 15, and 5 mmHg, respectively. Then, 
the protein expression of HIF-1α was detected 
in whole cell lysate after 12-h culture. After cul-
ture in 3% or 1% oxygen, the HIF-1α protein 
expression increased significantly compared 
with cells exposed to 21% oxygen (control 
group) (P<0.001), while exposure to 9%, 7%, or 
5% oxygen failed to significantly alter the HIF-1α 
protein expression compared with control 
group (Figure 1A). When BMECs were exposed 

to 5%, 3%, or 1% oxygen, the  HIF-1α protein 
expression increased significantly compared 
with control group (P<0.001), while exposure to 
9% or 7% oxygen failed to significantly alter the 
HIF-1α protein expression compared with con-
trol group (Figure 1B). These suggest that, 
when compared with BMECs, astrocytes are 
more potent to tolerate hypoxia, or BMEC are 
more sensitive to hypoxia than astrocytes, as 
5% oxygen (oxygen partial pressure of 25 
mmHg) is probably the threshold for BMECs to 
recognize hypoxia, while astrocytes has the 
threshold of 3% oxygen. Therefore, 5% oxygen 
concentration was used as the mild hypoxia, 
and then applied in following experiments.

Figure 3. Influence of DETA on the angiogenesis and expression of glycolysis related genes in astrocytes under mild 
hypoxia. Primary astrocytes with or without 1.0 mM DETA treatment were exposed to 5% or 1% O2 for 3, 6, or 12 h. 
qRT-PCR was performed to detect the mRNA expression of VEGF (A) and LDHA (B). The mRNA expression of target 
genes was normalized to that of β-actin by using the 2-ΔΔCT method. Primary astrocytes with or without 1.0 mM DETA 
treatment were exposed to 5% or 1% O2 for 12 or 24 h. Western blotting was performed to detect VEGF protein 
expression in astrocytes (C) and colorimetric measurement was done for the detection of lactate in the medium 
(D). Data are expressed as mean ± S.E.M. of triplicate samples from one experiment. The experiment was repeated 
three times on different cell preparations. *P<0.05, **P<0.01, ***P<0.001 vs. control group treated (5% O2 ex-
posure alone).
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Exogenous NO blocked HIF-1α degradation in 
astrocytes under mild hypoxia

In order to determine if exogenous NO was able 
to block HIF-1α degradation in astrocytes under 
mild hypoxia, DETA was used as an exogenous 
NO donor. First, MTT assay was performed to 
assess the toxicity of varying concentrations of 
DETA (0.4, 0.6, 0.8, 1.0, 1.2, and 1.4 mM) on 
astrocytes under mild hypoxia (5% oxygen). Low 
concentrations (0.4-1.2 mM) of DETA had no 
significant impact on the viability of astrocytes 
while DETA at 1.4 mM significantly inhibited the 
viability of astrocytes (Figure 2A, P<0.05). In 
order to investigate the degradation of HIF-1α 
in astrocytes under mild hypoxia (5% oxygen), 
astrocytes were treated with different concen-
trations of DETA (0.4, 0.6, 0.8, and 1.0 mM) for 
6, 12, or 24 h. With 5% oxygen, there was no 
significant difference in HIF-1α protein expres-
sion in astrocytes between the 0.4 or 0.6 mM 
DETA group at 12 h and the control group (no 
DETA), while treatment with 0.8 or 1.0 mM 
DETA significantly increased the HIF-1α protein 
expression when compared with control group, 
and the HIF-1α protein expression was compa-
rable to that seen in astrocytes exposed to 1% 
oxygen (Figure 2B, P<0.001). After treatment 
with 1.0 mM DETA for 6, 12, or 24 h, HIF-1α 
protein expression significantly increased when 
compared with control group (P<0.001), but 
was comparable to that in cells exposed to 1% 
oxygen (Figure 2C). In order to clarify whether 
NO was able to block HIF-1α degradation in 
astrocytes under mild hypoxia, an NO scaven-
ger was used. First, astrocytes were pretreat- 
ed with the NO scavenger CPTIO (100 or 200 
µm), and then exposed to 1.0 mM DETA for 12 
h under mild hypoxia (5% oxygen). HIF-1α pro-
tein expression of astrocytes in CPTIO treat- 
ed groups decreased significantly when com-
pared with control group (CPTIO-, Figure 2D, 
P<0.05 and P<0.001, respectively), but there 
was still a significant difference in HIF-1α pro-
tein expression between the 100 and 200 µm 
CPTIO groups and the control group (DETA-, 
P<0.001 and P<0.01, respectively).

Effects of exogenous NO on the angiogenesis 
and expression of glycolysis-related genes in 
astrocytes under mild hypoxia

In order to investigate the effect of exogenous 
NO on the angiogenesis and transcription and 
expression of glycolysis-related genes in astro-

cytes under mild hypoxia, DETA was used to 
stimulate primary astrocytes under 5% oxygen, 
and total RNA and protein were independently 
extracted for the detection of mRNA and pro-
tein expression of VEGF as well as the mRNA 
expression of LDHA. In addition, the production 
of lactate under 5% oxygen was also measured 
in astrocytes after treatment with 1.0 mM DETA 
for 6 or 12 h. Results showed mRNA expression 
of VEGF was significantly higher than in control 
group (DETA-, Figure 3A, P<0.01, P<0.001); the 
increased mRNA expression of VEGF was com-
parable to that in cells under the extreme hy- 
poxia (1% oxygen). After treatment with DETA 
for 12 or 24 h, VEGF protein expression was sig-
nificantly higher than in control group (DETA-, 
Figure 3C, P<0.01), but was similar to that 
under extreme hypoxia (1% oxygen). Under 5% 
oxygen, after treatment with 1.0 mM DETA for  
6 or 12 h, the mRNA expression of LDHA was 
significantly higher than in control group  
(DETA-, Figure 3B, P<0.05 and P<0.001, 
respectively), and the increased mRNA expres-
sion of LDHA after DETA treatment for 12 h was 
similar to that after exposure to extreme hypox-
ia (1% oxygen). After DETA treatment for 24 h, 
the lactate in the supernatant significantly increa- 
sed when compared with control group (DETA-, 
Figure 3D, P<0.001), but was comparable to 
that after exposure to extreme hypoxia (1% 
oxygen).

In order to determine whether exogenous NO 
could regulate angiogenesis and expression of 
glycolysis-related genes in astrocytes by block-
ing HIF-1α degradation under mild hypoxia, HIF-
1α specific siRNA was used to silence HIF- 
1α expression in astrocytes. After silencing, 
HIF-1α mRNA expression decreased by 85% as 
compared to negative control group (Figure 
4A). After treatment with 5% oxygen and 1.0 
mM DETA for 12 h, HIF-1α protein expression 
(Figure 4B) as well as VEGF and LDHA mRNA 
expression (Figure 4C, 4D) decreased signifi-
cantly in cells treated with HIF-1α siRNA as 
compared to negative control group (P<0.01  
or P<0.001). When HIF-1α siRNA-transfected 
astrocytes were treated with 1.0 mM DETA for 
12 h under hypoxia, VEGF protein expression 
(Figure 4E) and lactate release (Figure 4F) 
decreased significantly when compared with 
negative control group (P<0.001). Interestingly, 
after silencing HIF-1α expression, VEGF protein express- 
ion still increased although there was DETA 
treatment in astrocytes (Figure 4E, P<0.05).
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Effects of BMEC-derived NO on the angiogen-
esis and expression of glycolysis-related genes 
in astrocytes under mild hypoxia

In order to determine the effects of endoge-
nous BMEC-derived NO on the degradation of 
HIF-1α protein in astrocytes under mild hypox-
ia, BMECs were co-cultured with astrocytes. 
Under mild hypoxia (5% oxygen), BMECs could 
release NO [33], thereby blocking the degrada-
tion of HIF-1α protein. In order to confirm the 
source of NO, the NO content was measured  
in the supernatant of BMECs and astrocytes 
exposed to 5% oxygen. After exposure to 5% 
oxygen, the content of NO released by BMECs 
was significantly higher than that released by 
astrocytes (Figure 5A, P<0.001). When treated 
with an eNOS inhibitor L-NAME, the content of 
NO released by BMECs was significantly re- 
duced (P<0.001). Then, Transwell co-culture 
system was used for the coculture of BMEC and 
astrocytes, and the HIF-1α protein expression 
was detected in astrocytes. Under 5% oxygen, 

HIF-1α protein expression in astrocytes cocul-
tured with BMECs was significantly higher than 
in the control group (BMECs-, Figure 5B, P< 
0.01). However, after pretreatment with eNOS 
inhibitor L-NAME, HIF-1α protein expression in 
astrocytes cocultured with BMECs and expo- 
sed to 5% oxygen was significantly reduced 
(P<0.01), and was similar to that in control 
group. After coculture of BMEC and astrocytes 
transfected with negative control siRNA, the 
HIF-1α protein expression in astrocytes increa- 
sed significantly (Figure 5C, P<0.001). In con-
trast, after silencing HIF-1α expression in as- 
trocytes by HIF-1α siRNA, the HIF-1α protein 
expression in astrocytes was decreased sig- 
nificantly (P<0.001) following co-culture with 
BMECs and exposure to 5% oxygen, but was 
still higher than in control group (BMEC-, P< 
0.01). 

Then, the effects of endothelial-derived NO on 
the angiogenesis and expression of glycolysis-
related genes were further investigated in as- 

Figure 4. HIF-1α siRNA silencing prevents NO-induced angiogenesis and expression of glycolysis-related genes in 
astrocytes under mild hypoxia. Primary astrocytes were transfected with HIF-1α siRNA or negative control siRNA (NC) 
24 h before DETA treatment, and the transfection efficiency was confirmed by qRT-PCR (A) and Western blotting (B). 
mRNA expression of VEGF (C) and LDHA (D) was performed in astrocytes by qRT-PCR after 12-h exposure to 5% 
O2 in the presence or absence of 1.0 mM DETA treatment. The mRNA expression of target genes was normalized 
to that of β-actin by using the 2-ΔΔCT method. Western blotting was used to detect VEGF protein expression (E), and 
colorimetric measurement was done to for the detection of lactate (F) in the medium after 12 or 24-h exposure to 
5% O2 in the presence or absence of 1.0 mM DETA treatment. Data are expressed as mean ± S.E.M. of triplicate 
samples from one experiment. The experiment was repeated three times on different cell preparations. *P<0.05, 
**P<0.01, ***P<0.001 vs. the indicated group.
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trocytes under mild hypoxia. Under 5% oxy- 
gen, the VEGF and LDHA mRNA expression in 
astrocytes co-cultured with BMECs was signifi-
cantly increased when compared with control 
group (BMEC-, Figure 5D and 5E, P<0.001). 
This effect was blocked by the pretreatment 
with eNOS inhibitor L-NAME; the VEGF and 
LDHA mRNA expression in astrocytes was sig-
nificantly decreased (P<0.001). There was no 
significant difference in the VEGF mRNA expres-
sion between astrocytes co-cultured with BM- 
ECs and astrocytes without co-culture (BMEC-), 
while the LDHA mRNA expression in astrocy- 
tes co-cultured with BMECs was higher than in 
control group (P<0.05). VEGF protein expres-
sion in astrocytes and lactate in the superna-
tant were significantly higher in astrocytes co-
cultured with BMECs after exposure to 5% oxy-
gen than in control group (Figure 5F and 5G, 
P<0.001 and P<0.01, respectively). However, 
after pretreatment with eNOS inhibitor L-NAME, 
VEGF protein expression in astrocytes and lac-
tate in the supernatant were significantly de- 

creased (P<0.001, P<0.01); but the lactate in 
the supernatant was similar to that in control 
group, while VEGF protein expression in astro-
cytes co-cultured with BMECs was markedly 
higher than in control group (P<0.01).

Discussion

Hypoxia triggers a compensatory adaptive re- 
sponse that is protective and may avoid the 
damage of local or systemic hypoxia on cells, 
organs or organisms [34]. Following hypoxia ex- 
posure, the body should recognize the reduced 
oxygen partial pressure, and one of the most 
important mechanisms has involvement of 
HIF-1 [20]. HIF-1 is a heterodimer composed of 
an α subunit and a β subunit: HIF-1α is the 
major regulatory and active subunit, and its 
activity is strictly regulated by oxygen [35]. HIF-
1α is regulated by oxygen via prolyl hydroxylase 
(PHD) and the whole process needs the invo- 
lvement of oxygen, Fe2+, oxoglutarate (2-OG), 
and ascorbate as cofactors [36, 37]. PHD is 

Figure 5. Effects of BMEC-derived NO on the angiogenesis and expression of glycolysis-related genes in astrocytes 
under mild hypoxia. (A) NO content in primary BMEC and primary astrocytes was assessed after 12-h exposure to 
5% O2 with or without pretreatment with 100 µM L-NAME. (B) HIF-1α protein expression was assessed by Western 
blotting in astrocytes alone or cocultured with BMECs after 12-h exposure to 5% O2 with or without pretreatment 
with 100 µM L-NAME. (C) Primary astrocytes with or without transfection with HIF-1α siRNA or negative control siRNA 
(NC) 24 h before coculture with BMECs were exposed to 5% O2. After 12-h exposure, HIF-1α protein expression was 
detected by Western blotting. In addition, mRNA expression of VEGF (D) and LDHA (E) was detected by qRT-PCR 
from astrocytes with or without co-culture with BMECs after exposure to 5% O2 for 12 h in the presence or absence 
of pretreatment with 100 µM L-NAME. The mRNA expression of target genes was normalized to that of β-actin by 
using the 2-ΔΔCT method. VEGF expression was detected by Western blotting (F). Colorimetric measurement was done 
for the detection of lactate in the medium (G) of astrocytes with or without coculture with BMECs after exposure to 
5% O2 in the presence of absence of pretreatment with 100 µM L-NAME. Data are expressed as mean ± S.E.M. of 
triplicate samples from one experiment. The experiment was repeated three times on different cell preparations. 
*P<0.05, **P<0.01, ***P<0.001 vs. indicated group.
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Figure 6. NO acts as a hypoxia signal to initiate a compensatory response 
in astrocytes under mild hypoxia in a HIF-1α dependent manner. A. Under 
extreme hypoxia (1% O2), HIF-1α degradation in rat primary astrocytes was 
blocked, and the mRNA expression of VEGF and LDHA was up-regulated, 
thereby increasing the protein expression of VEGF and the production of lac-
tate. B. Under mild hypoxia (5% O2), HIF-1α in astrocytes was degraded. C. 
However, under mild hypoxia, increased NO (either from an NO donor or from 
BMEC) was capable of blocking HIF-1α degradation in primary astrocytes, 
increasing the mRNA expression of VEGF and LDHA, thereby increasing the 
protein expression of VEGF and the production of lactic acid.

activated in normoxia to hydroxylate the pro- 
line residue of HIF-1α, which may promote the 

glial cells and neurons in the brain will experi-
ence hypoxia. Thus, it is hypothesized that 

HIF-1α degradation through 
the ubiquitin-proteasome pa- 
thway [38]. In hypoxia, PHD is 
inactivated, and thus the HIF-
1α degradation is blocked. 
Then, HIF-1α translocates into 
the nucleus to form dimers 
with HIF-1β. After biding to 
hypoxic response elements 
(HRE) of specific genes, it may 
regulate their transcription, 
causing a series of compen-
satory adaptive response in 
cells to hypoxia [34]. Appro- 
ximately one hundred of the 
genes can be regulated dire- 
ctly by HIF-1, and the chan- 
ges in the transcriptome and 
proteome secondary to the 
activation of these genes are 
closely related to the angio-
genesis, glycolysis and cell 
survival [14, 16-18].

Generally, oxygen is trans-
ported by circulation and may 
diffuse into tissues and cells 
according to the oxygen par-
tial pressure gradient. In dif-
ferent tissues, due to the dif-
ference in the distribution of 
blood vessels, the cells are 
exposed to oxygen at differ- 
ent partial pressures in their 
local environment [4, 12]. The 
farther the distance between 
the tissue and the blood ves-
sels, the lower the oxygen par-
tial pressure of the tissue is; 
the physiological oxygen par-
tial pressure of vascular endo-
thelial cells is 30-100 mmHg, 
while that of organs or tissues 
is 8-72 mmHg [31]. The range 
of physiological oxygen partial 
pressure in the brain is 23.8-
33.3 mmHg [13]. It can be 
speculated that when the oxy-
gen partial pressure is less 
than 30 mmHg, BMECs will 
experience hypoxia. However, 
when the oxygen partial pres-
sure is less than 23.8 mmHg, 
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there is a difference in the hypoxia recognition 
threshold between BMECs and other brain cells 
(such as glial and neurons).

In in vitro culture, cells are exposed to 21%  
oxygen (the oxygen partial pressure of the me- 
dium is approximately 90 mmHg). This oxygen 
partial pressure ensures sufficient oxygen sup-
ply, but this manipulation ignores the variation 
in hypoxia recognition threshold among differ-
ent cell types. In the present study, primary  
rat astrocytes and primary BMEC were expo- 
sed to oxygen at different concentration, the 
response to hypoxia was evaluated by detect-
ing HIF-1α expression, and the hypoxia recog- 
nition threshold was assessed in these two  
cell types. Results showed that, when com-
pared with BMECs, astrocytes were more toler-
ant to hypoxia, or BMECs were more sensitive 
to hypoxia than astrocytes; 5% oxygen (oxygen 
partial pressure of the medium was approxi-
mately 25 mmHg) was probably the recognition 
threshold of these two cell types for hypoxia, 
which was consistent with previous findings 
that BMECs would recognize hypoxia when  
the oxygen partial pressure was less than 30 
mmHg, while glial cells and neurons in brain  
tissues could recognize hypoxia when the oxy-
gen partial pressure was less than 23.8 mmHg 
[13]. Under different hypoxic conditions, the  
different responses of different cell types in 
hypoxia recognition may be related to the co- 
factors (Fe2+, 2-OG, ascorbate) essential for 
PHD enzymatic catalysis, or to the newly pro-
duced NO or superoxide in cells. These can 
regulate the activity of PHD [21, 37], thereby 
regulating the stability of HIF-1α [36-38], but 
the specific mechanism should be explored  
in future studies.

Hypoxia in BMECs and astrocytes may activate 
HIF to promotes the transcription and expres-
sion of VEGF, which leads to the HIF dependent 
post-hypoxic angiogenesis. This increases the 
vasculature density and thereby increases the 
oxygen supply [39]. In astrocytes, HIF may also 
regulate the transcription and expression of 
key enzymes in the anaerobic glycolysis, such 
as pyruvate dehydrogenase kinase 1 (PDK1) 
and lactate dehydrogenase (LDH) [25, 40]. Mi- 
tochondrial pyruvate dehydrogenase complex 
(PDC) can catalyze the oxidative decarboxyl-
ation of pyruvate into NADH and acetyl coen-
zyme A that can produce large amounts of ATP 

[41]. In hypoxia, activated HIF can induce the 
over-expression of PDK1, which inhibits the 
PDC activity and reduces oxygen consumption 
of the citric acid cycle, leading to the entry of 
pyruvate into the anaerobic glycolysis pathway 
[42]. LDH is an enzyme that catalyzes pyruvic 
acid into lactic acid, and is composed of four 
subunits [43]. The two most common subunits 
are LDH-M and LDH-H, which are encoded by 
the LDHA and LDHB genes, respectively. In 
hypoxia, activated HIF can induce the over-
expression of LDHA to further catalyze pyruvic 
acid that can’t enter the citric acid cycle into 
lactic acid, which is also known as the anaero-
bic glycolytic pathway of glucose metabolism 
[44, 45]. It is essential to protect the brain 
against hypoxia through initiating the compen-
satory adaptive response in the vascular sys-
tem and glial cells during hypoxia [46-48].

During hypoxia, the compensatory responses 
of the vascular system include the vasodilation 
of small arteries, which is directly regulated by 
NO [19] and also has involvement of HIF-1α  
stability [49-51]. In addition to oxygen, the acti-
vation of PHD needs Fe2+ as a cofactor to cata-
lyze HIF-1α hydroxylation, entering the ubiqui- 
tin degradation pathway [36-38]. Studies have 
shown that NO can inhibit the activity of PHD  
by interfering with PHD-bound iron, thereby 
blocking HIF-1α degradation [52]. This was also 
confirmed in cells under normoxic and hypoxic 
conditions [21-24]. However, NO released by 
NO donor is capable of blocking HIF-1α de- 
gradation in astrocytes under normoxic condi-
tions but has no effect on neurons [25, 26]. 
Meanwhile, in BBB models, the physiological 
level of NO released by BMECs also can block 
HIF-1α degradation in astrocytes [25]. Similar 
findings were also found in our study. Under 
normoxia (21% O2) and hypoxia (9%, 7%, and 
5% O2), NO released by an exogenous NO donor 
blocked HIF-1α degradation in primary astro-
cytes. Under mild hypoxia (5% O2), NO up-regu-
lated the mRNA expression of VEGF and LDHA 
the protein expression of VEGF and the pro- 
duction of lactic acid. Through silencing HIF- 
1α expression in astrocytes, we demonstrated 
that NO achieved this effect by regulating the 
HIF-1α stability. Under mild hypoxia (5% O2), in 
coculture of primary rat BMEC and astrocytes, 
the physiological level of NO released by BMECs 
also blocked HIF-1α degradation in astrocytes, 
increased the mRNA expression of VEGF and 
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LDHA, up-regulated protein expression of VEGF 
and increased production of lactic acid.

Our studies proved that NO that can initiate HIF 
degradation in astrocytes is from BMECs rather 
than astrocytes, and NO produced by BMECs is 
produced by the catalysis of intracellular eNOS. 
However, when the eNOS was inhibited, the HIF-
1α protein expression compared was compa-
rable to that in control group while LDHA mRNA 
expression and VEGF protein expression still 
increased, which suggests there may be other 
mechanisms. We speculate that HIF-2α may 
play a role in the physiological response to 
hypoxia. HIF has two subtypes in mammalian 
cells, HIF-1α and HIF-2α, which are stable under 
hypoxic conditions and have very similar regula-
tory effects on downstream target genes. 
Compared with extreme hypoxia, mild hypoxia 
is more likely to affect HIF-2α and HIF-2α has 
been considered as an initiatior of physiological 
response to hypoxia [31, 53, 54]. Therefore, 
under mild hypoxia, HIF-2α and HIF-1α may reg-
ulate a variety of downstream target genes 
cooperatively, or by feedback, but the specific 
mechanism is still unclear.

In conclusion, during mild hypoxia (5% O2), exo- 
genous NO and NO released from BMEC blo- 
cked the degradation of HIF-1α in astrocytes 
but up-regulated the transcription of VEGF and 
LDHA, accompanied by elevated expression  
of VEGF protein and increased production of 
lactic acid. In BMECs, NO was derived from 
intracellular eNOS. Based on these findings, we 
hypothesized that under mild hypoxia (5% O2), 
even though astrocytes do not recognize the 
decline of oxygen partial pressure in the envi-
ronment, NO produced by BMECs may enter 
the astrocytes by diffusion, transmitting the 
hypoxia signal to initiate the compensatory 
adaptive response to hypoxia in a HIF-1α de- 
pendent manner (Figure 6). The key physiologi-
cal significance of our studies is that NO may 
be one of factors initiating the hypoxia signal 
transmission between cells in the neurovascu-
lar unit without recognizing low oxygen partial 
pressure. Despite the different thresholds of 
hypoxia recognition among different cell types, 
this response allows the glial cells in the NVU  
to adapt to mild hypoxia independent of the 
local oxygen partial pressure, thereby provid- 
ing adequate oxygen supply to neurons as 
much as possible so as to maintain normal 
physiological function.
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