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Time-dependent homeostasis between glucose uptake and
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Abstract. Hypoxia has been implicated in the pathology of
the central nervous system during stroke. It also has a signifi-
cant effect on the regulation of glucose transporters (GLUTS),
and homeostasis between glucose uptake and consumption.
CoCl, is a hypoxia-mimetic agent, and thus stabilizes the
hypoxia-inducible factor 1o (HIF-1a) subunit and regulates
GLUT genes. GLUT-1 and GLUT-3 are the most common
isoforms of the GLUT family present in the brain, with the
former primarily expressed in astrocytes and the latter in
neurons under physiological conditions. However, it remains
controversial whether GLUT-3 is expressed in astrocytes.
Additionally, it is unclear whether the regulation of GLUT-1
and GLUT-3, and glucose homeostasis, are affected by CoCl,
treatment in a time-dependent manner. In the present study,
mRNA and protein levels of GLUT-1, GLUT-3 and HIF-1a
in astrocytes were examined by reverse transcription-quan-
titative polymerase chain reaction and western blot analysis,
respectively. The intracellular glucose concentration, glycogen
storage, ATP content, pyruvate concentration, lactate dehydro-
genase (LDH) release activity and cell viability in astrocytes
were also investigated. The observations of the current study
confirmed that both protein and mRNA levels of GLUT-1 and
GLUT-3 were elevated in a time-dependent manner induced
by CoCl, treatment, followed by accumulation of HIF-1a.
Furthermore, in the early period of CoCl, treatment (<8 h
at 100 uM), LDH release, ATP content, glycogen storage
and cell viability remained unchanged, whereas intracellular
pyruvate concentration increased and glucose concentration
was reduced. However, in the later period of CoCl, treatment
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(>8 h at 100 M), LDH release and intracellular pyruvate
concentration increased, while intracellular glucose concen-
tration, ATP content and glycogen storage were reduced. This
may be due to disruption of homeostasis and reduced cell
viability. In conclusion, alteration in the expression levels of
GLUT-1 and GLUT-3, and the homeostasis between glucose
uptake and consumption were affected by CoCl, treatment, in
a time-dependent manner, and may result in reduced energy
production and cell viability in astrocytes.

Introduction

Stroke continues to be a leading worldwide cause of human
mortality and long-term disability, with ~70% of stroke survi-
vors experiencing reduced work capacity and <30% requiring
self-care assistance (1). A reduction or complete blockage of
blood flow to regions of the brain results in oxygen and glucose
deficiencies, which may lead to ischemic stroke (2,3). The
weight of the brain is 2% of the total body weight; however,
it uses nearly 20% of the body's cardiac output to achieve its
supply of essential nutrients, including oxygen and glucose (4).
Glucose is the primary source of energy that sustains cellular
activity and homeostasis in the brain. Under the conditions
of a stroke, more glucose is required due to the rapid deple-
tion of oxygen from compensatory metabolic alterations (5).
Severe reduction in the supply of glucose and oxygen to the
brain, even for a short period of time, often initiates brain
ischemia-reperfusion, which leads to a complex cascade of
cellular events, resulting in neuronal death and, consequently,
loss of brain function (6).

Glucose transporters (GLUTSs) are present in all types of
cells and are responsible for the entry of glucose into cells
without consuming energy throughout the periphery and the
brain. Therefore, the expression, regulation and activity of
GLUTs: are important for neural homeostasis (7). Additionally,
the enhanced activity of GLUTs protects cells during energy
depletion under hypoxic conditions (8). Hypoxia-inducible
factor la (HIF-la), an important regulator of the cellular
response to oxygen deprivation (9), is a key transcription
factor for various genes involved in glucose uptake, angiogen-
esis, glycolysis, pH balance and metastasis (10). In a hypoxic
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environment, the HIF-1a signaling pathway is activated
and, in turn, GLUTs and glycolytic enzymes are activated,
promoting glucose uptake in cells through the transcription of
GLUTs (11) to maintain adenosine triphosphate (ATP) levels
essential for cell survival (12,13).

Astrocytes are star-shaped glial cells of the central
nervous system, and provide an important link between
endothelial cells and neurons (14). The regulation of glucose
uptake in astrocytes is important for normal brain function
because glucose taken up by astrocytes is also used to supply
neurons with metabolic substrates required to sustain neuronal
functions, such as synaptic transmission (10,15). Although
numerous isoforms of GLUTSs have been identified in the brain,
GLUT-1 and GLUT-3 are the most abundant (16,17). Under
physiological conditions, GLUT-1 is primarily expressed in
neurons and at the plasma membranes in astrocytes; however,
controversy remains as to whether GLUT-3 is also expressed
in astrocytes (16,18). A previous study indicated that GLUT-3
was not expressed in astrocytes but in neurons (19); however,
other studies have detected GLUT-3 at extremely low levels
in cultured astrocytes under physiological conditions (10,18).

Numerous physiological pathways, each with a distinctive
time frame, are spontaneously activated following the onset
of stroke (20). It is unclear whether the regulation of GLUT-1,
GLUT-3 and glucose homeostasis behave in a time-dependent
manner under hypoxic conditions. CoCl, is a hypoxia
mimetic agent that may produce a hypoxic-like environment
and activate HIF-1la under normoxic conditions in vitro and
in vivo (13,21). CoCl, exposure also leads to mitochondrial
damage and increases the generation of reactive oxygen
species (20,22). These observations suggest that a model of
hypoxic damage induced by CoCl, is a suitable tool to investi-
gate the mechanisms of cell injury (23). Furthermore, hypoxia
and CoCl, exposure were associated with compromised ATP
production, possibly associated with metabolic alterations,
which resulted in death of the astrocytes (24). Therefore, the
current study was undertaken to investigate the regulation of
GLUTs and glucose homeostasis including glucose uptake
and consumption during CoCl, treatment, which may suggest
an optimal time frame following stroke to commence with
therapy. Further understanding of hypoxia-induced alterations
in the homeostasis of glucose uptake and consumption would
facilitate the design of effective rehabilitative strategies.

Materials and methods

Materials. All cell culture reagents, including media,
antibiotics, fetal bovine serum (FBS) and phosphate-buff-
ered saline (PBS), were purchased from Thermo Fisher
Scientific, Inc. (Waltham, MA, USA). Mouse monoclonal
anti-GLUT-1, rabbit monoclonal anti-GLUT-3, mouse
monoclonal anti-HIF-1a and mouse monoclonal anti-B-actin
were purchased from Santa Cruz Biotechnology, Inc.
(Dallas, TX, USA). Cell culture plastics were purchased
from Corning Incorporated (Corning, NY, USA). TRIzol
reagent, SuperScript III reverse transcriptase and Platinum
SYBR-Green qPCR SuperMix were purchased from
Invitrogen (Thermo Fisher Scientific, Inc.). A cytotoxicity
detection kit was purchased from Roche Diagnostics
(Indianapolis, IN, USA) and an Amplex Red Glucose Assay
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kit was purchased from Life Technologies (Thermo Fisher
Scientific, Inc). An ATP assay kit was purchased from
Merck Millipore (Darmstadt, Germany). The pyruvate
assay kit and the glycogen assay kit were purchased from
BioVision, Inc. (Milpitas, CA, USA). The remaining chemi-
cals used were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

Animals. A total of 22, 1-day-old BALB/c mice, weighing
2+0.3 g were obtained from the Experimental Animal Centre
of Zhengzhou University (Zhengzhou, China), housed in a
pathogen-free environment, maintained on a 12-h light-dark
cycle and fed with commercial pellets. All experiments
were approved by the Ethics Committee of Life Sciences,
Zhengzhou University (Zhengzhou, China).

Primary astrocyte culture. The primary astrocyte culture was
prepared as described previously (22). Briefly, the neonatal
mice were sacrificed by decapitation following anesthesia
with 30 mg/kg Zoletil 100 (Virbac Laboratories, Carros,
France), cerebral cortices were removed, and tissue was
transferred to complete Dulbecco's modified Eagle's medium
(DMEM; supplemented with 10% FBS, 25 mM glucose,
50 U/ml penicillin and 50 mg/ml streptomycin-sulfate) and
dissociated with 0.0025% trypsin/ethylenediaminetetraacetic
acid. Cells were seeded at a density of 3x10* cells/cm? in
complete DMEM at 37°C in a humidified atmosphere with
5% CO,. The medium was renewed on day in vitro (DIV) 1,
DIV 5 and DIV 7. On DIV 9, microglia were discarded
using the shake-off method (23). Astrocytes were harvested
with trypsin and reseeded at a density of 3x10* cells/cm?
in complete DMEM/F12 medium. The homogeneity of
astrocytes was 90-95% by detection of glial fibrillary acidic
protein with 5-10% of cells being B4 isolectin* microglia.
Astrocytes were reseeded at a density of 5x10* cells/cm?
and incubated at 37°C with 5% CO,. Experiments were
performed on cells 10-18 days after plating at which point
they formed an incomplete monolayer of stellate- and
flat-shaped astrocytes. cells were exposed to 100 uM CoCl,
and tested at distinct time points.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). To examine GLUT-1 and GLUT-3 gene
expression induced by CoCl, treatment according to the time
courses, astrocytes were harvested following incubation with
100 M CoCl, at different time points (0, 2,4, 6, 8,10, 12, 18
and 24 h). Total RNA was extracted by using TRIzol reagent,
according to the manufacturer's protocol, and subjected to
DNase treatment using a FastQuant RT kit (Tiangen Biotech
Co., Ltd., Beijing, China). RNA quantity and quality was
determined spectrophotometrically at 260 and 280 nm using
an EU-2200R Ultraviolet spectrophotometer (Shanghai
Onlab Instruments Co., Ltd., Shanghai, China). Reverse tran-
scription of 20 ng RNA was performed using a SuperScript
IIT reverse transcriptase kit (Invitrogen; Thermo Fisher
Scientific, Inc.) in preparation for qPCR.

GLUT-1, GLUT-3, HIF-1a and p-actin expression levels
were evaluated by qPCR using Platinum SYBR-Green qPCR
SuperMix. The running conditions were 50°C for 2 min
and 95°C for 10 min, followed by 40 cycles at 95°C for
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Table I. Specific primers for the expression of GLUT-1, GLUT-3, HIF-1a and (3-actin.

Gene name Primer sequence (5'-3") Length, bp Amplicon, nt
GLUT-1 F: GACCCTGCACCTCATTGG 18 106
R: GATGCTCAGATAGGACATCCAAG 23
GLUT-3 F: GGAGGAAGACCAAGCTACAGAG 22 130
R: GAGCTCCAGCACAGTCACCT 20
HIF-1a F:AACAGAATGGAACGGAGCAA 20 119
R: TTCACAATCGTAACTGGTCAGC 22
[B-actin F: CTAAGGCCAACCGTGAAAAG 20 104
R: ACCAGAGGCATACAGGGACA 20

GLUT-1/3, glucose transporter-1/3; HIF-1a, hypoxia-inducible factor-1a; F, forward; R, reverse; bp, base pairs; nt, nucleotides.

15 sec and 60°C for 1 min. qPCR was performed using the
ABI 7500 sequence detector (Applied Biosystems; Thermo
Fisher Scientific, Inc.). The design of the specific primers is
presented in Table I.

The quantities of gene-specific mRNA expression
were determined by the quantification cycle (Cq) method
and the Cq value for (-actin was used as an internal cali-
brator. The comparative Cq method, or 27424, was used
for relative quantization (25) using the following equation:

AN, —
Cq - (tharget - Cqcalibrator)experimemal - (Cttarget - chalibramr)comrol'
Data are presented as ratios over control (time point, O h).

Western blot analysis. The astrocytes were exposed to
100 uM CoCl, for the aforementioned periods of time,
then the cells were collected and solubilized in lysis buffer
(60 mM HEPES, pH 7.4, 150 mM NacCl, 3 mM KCI, 5 mM
Na, EDTA, 3 mM EGTA, and 1% Triton X-100) with
protease inhibitors. Following centrifugation at 14,000 x g
for 15 min at 4°C, the supernatant was collected and solubi-
lized in loading buffer. Samples were normalized to protein
concentration and proteins were separated using 10% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis with a
running voltage of 200 v for 30 min and electrophoretically
transferred to polyvinylidene difluoride membranes at 100 V
for 1 h. The membranes were blocked with 5.0% fat-free
milk in PBS with 0.05% Tween-20 (PBST) for 1 h at room
temperature, and incubated separately with mouse mono-
clonal anti-GLUT-1 (cat. no. sc-377228; dilution 1:1,000),
rabbit GLUT-3 (cat. no. sc-74399; dilution 1:1,000), mouse
monoclonal anti-HIF-1a (cat. no. sc-71247; dilution 1:1,000)
or mouse f-actin (cat. no. sc-47778; dilution 1:2,000; Santa
Cruz Biotechnology, Inc.) overnight at 4°C. Subsequently, the
membranes were washed with PBST three times for 10 min
each. Following incubation with Alexa Fluor® 488 donkey
anti-rabbit IgG (cat. no. R37118) and Alexa Fluor® 680 rabbit
anti-mouse IgG (cat. no. A-21065; Thermo Fisher Scientific,
Inc.; dilution 1:10,000) for 60 min at room temperature in the
dark, blots were detected on an Odyssey Infrared Imaging
System (LI-COR Biosciences, Lincoln, NE, USA) and rela-
tive density units were estimated from the mean pixel density
using Image Studio Lite version 4.0 (LI-COR Biosciences)
and normalized to (-actin. Data are presented as ratios over
control (time point: O h).

Measuring intracellular glucose concentration. Astrocytes
were seeded at a density of 5x10* cells/cm? in a 12 well plate
and exposed to 100 M CoCl, for the aforementioned time
periods when cells were confluent. In the final 2 h of each time
course, astrocytes were incubated in glucose-free medium
(25 mM mannose) for 1 h, and then in 25 mM glucose medium
for 1 h. During the incubation in medium containing 25 mM
mannose and 25 mM glucose, astrocytes of the CoCl, treatment
group were still treated with 100 xM CoCl,. Subsequently,
cells were rapidly chilled on ice and washed four times with
ice-cold PBS, then they were collected and lysed in 500 ul of
ice-cold lysis buffer (10 mM HEPES, 50 mM NaCl, 5 mM
EDTA, 1 mM benzamidine, 0.5% Triton X-100) with protease
inhibitors (Sigma-Aldrich). The intracellular glucose concen-
tration in cell lysates was determined using the Amplex Red
Glucose Assay kit (Thermo Fisher Scientific, Inc.), according
to the manufacturer's protocol. Subsequently, 50 ul cell lysate
was mixed with 50 ul reaction mixture and incubated for
30 min at room temperature in the dark. The absorbance was
then measured at 560 nm using an SP-Max 2300A2 microplate
reader (Shanghai Flash Spectrum Biological Technology Co.,
Ltd., Shanghai, China). Intracellular glucose concentration was
determined from a standard curve generated using the various
concentrations normalized to the protein concentration. Data
are presented as the percentage of glucose concentration
compared with control (time point of CoCl, treatment, O h),
which is expressed as 100%.

Quantification of intracellular glycogen. Total glycogen
concentration was determined using a colorimetric glycogen
assay kit (BioVision, Inc.), according to the manufacturer's
protocol. The astrocytes were homogenized with dH,O on ice
and the homogenates were boiled for 5 min to inactivate the
enzymes present. The boiled samples were spun at 15,000 x g
at 4°C for 5 min to remove insoluble material, then the
supernatant was collected for assaying optical density, which
was measured at 570 nm using a microplate reader (SP-Max
2300A2; Shanghai Flash Spectrum Biological Technology Co.,
Ltd.). Glycogen concentration was determined from a standard
curve generated using various concentrations of glycogen and
normalized to protein concentration. Data are presented as the
percentage glycogen concentration compared with control
(time point, 0 h), which is expressed as 100%.
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Figure 1. Effects of CoCl, treatment on mRNA expression levels of GLUT-1, GLUT-3 and HIF-1a. CoCl, treatment led to increased mRNA expression levels
of (A) GLUT-1, (B) GLUT-3 and (C) HIF-1a.. Cq values were used to determine the quantities of gene-specific mRNA expression, and the 274 method was
used for relative quantitation. 3-actin was used as an internal calibrator. Values were presented as ratios over control (0 h). Data is presented as the mean + stan-
dard deviation of three independent experiments and samples were analyzed in triplicate (n=9). "P<0.05 vs. control. GLUT-1/3, glucose transporter-1/3;

HIF-a, hypoxia-inducible factor-1a.

Measuring intracellular pyruvate. Pyruvate was extracted
from the astrocytes using 4 volumes of the pyruvate assay
buffer. The cells were centrifuged (10,000 x g; 10 min; 4°C)
to remove insoluble material and collect the supernatant. A
total of 2-50 ul supernatant was added into a 96-well plate and
the volume adjusted to 50 pl/well with pyruvate assay buffer.
Next, the 50 pl reaction mixture (containing 46 ul pyruvate
assay buffer, 2 ul pyruvate probe and 2 ul enzyme mix) was
added. Following incubation for 30 min at room temperature
in the dark, intracellular pyruvate was measured by colo-
rimetric assay using a pyruvate assay kit (BioVision, Inc.).
Optical density was measured at 570 nm using a microplate
reader (SP-Max 2300A2; Shanghai Flash Spectrum Biological
Technology Co., Ltd.). Intracellular pyruvate was determined
from a standard curve generated using various concentrations
of pyruvate and normalized to protein concentration. Data are
presented as the percentage pyruvate concentration compared
with the control (time point of CoCl, treatment=0 h), which is
expressed as 100%.

Measuring intracellular ATP content. Astrocytes were seeded
at a density of 5x10* cells/cm? in a 12-well plate and were
exposed to 100 M CoCl, for testing at distinct time points. Cells
of the control group were generated at the same time points
without CoCl, treatment. Following the aforementioned cell
preparations, intracellular ATP content was determined by
bioluminescence assay using a commercial ATP assay kit
(Merck Millipore), according to the manufacturer's protocol.
The astrocytes were treated with 100 ul nuclear releasing
reagent for 5 min at room temperature while gently shaking,
then 1 ul ATP monitoring enzyme was added to the cell lysate.
Bioluminescence of intracellular ATP content was determined
from a standard curve generated using various concentrations
of ATP and normalized to protein concentration.

Measuring cell viability. Astrocyte cell viability was demon-
strated at distinct time points following CoCl, treatment
using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT) assay, according to the manufacturer's
protocol. Astrocytes of the control group were cultured

without CoCl, treatment and generated at the same time
points. MTT solution (5.0 mg/ml) was added to the cells and
incubated at 37°C for 4 h. The culture medium was aspirated,
and 1 ml dimethyl sulfoxide was added and thoroughly mixed
for 10 min. MTT absorbance was measured at 570 and 630 nm
using a microplate reader (SP-Max 2300A2; Shanghai Flash
Spectrum Biological Technology Co., Ltd.).

Measuring lactate dehydrogenase release. To measure lactate
dehydrogenase (LDH) release in the astrocyte supernatant, the
supernatant was collected by centrifugation at 250 x g at 4°C for
10 min and transferred into a 96-well plate following exposure
to CoCl, treatment for the indicated time points. Astrocytes
of the control group were cultured without CoCl, treatment
and the supernatant was generated at the same time points.
LDH was determined using a cytotoxicity detection kit (Roche
Diagnostics) according to the manufacturer's protocol, with
Triton X-100 (2.0%) serving as a positive control. Absorbance
was measured using a microplate reader (SP-Max 2300A2;
Shanghai Flash Spectrum Biological Technology Co., Ltd.) at
a test wavelength of 490 nm and a reference wavelength of
630 nm.

Statistical analysis. Statistical analyses was performed using
SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). Data from
multiple experiments were processed and are expressed as the
mean + standard deviation. Statistical differences between the
different time points were determined using one-way analysis
of variance followed by a Student-Newman-Keuls test.
Statistical analyses of intracellular ATP content, cell viability
and LDH release at all time points between two groups were
performed using the independent-samples t-test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Effects of CoCl, treatment on mRNA expression levels of
GLUT-1, GLUT-3 and HIF-Ia. The time course analysis
using RT-qPCR indicated that GLUT-1 and GLUT-3 mRNA
expression levels in astrocytes changed in a time-dependent
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Figure 2. Effects of CoCl, treatment on protein levels of GLUT-1, GLUT-3 and HIF-1la. Astrocytes were exposed to 100 xM CoCl, for the presented time
courses, the cell lysate was collected and protein expression levels of GLUT-1, GLUT-3 and HIF-1a were determined by western blot analysis using [3-actin as
the loading control. Values were normalized to 3-actin and presented as ratios over control (0 h). (A) Protein expression levels of GLUT-1, GLUT-3, HIF-1a
and P-actin were determined by western blot analysis. Ratios of (B) GLUT-1/p-actin, (C) GLUT-3/p-actin and (D) HIF-la/B-actin were determined at the
indicated time points. Results are represented as the mean + standard deviation of three independent experiments (n=3). "P<0.05 vs. control. GLUT-1/3, glucose

transporter-1/3; HIF-o, hypoxia-inducible factor-1a.
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Figure 3. Effects of CoCl, treatment on glucose uptake activity and glycogen storage. (A) Intracellular glucose concentration was significantly reduced at the
2 h time point following astrocyte exposure to 100 zM CoCl,. (B) Intracellular glycogen concentration was reduced significantly from the 12 h time point
onwards. Values are presented as the percentage vs. control (0 h time point), which was expressed as 100%. Data are presented as the mean + standard deviation
of three independent experiments and samples were analyzed in triplicate (n=9). "P<0.05 vs. control.

manner following CoCl, administration. Expression levels
of GLUT-1 and GLUT-3 mRNA increased immediately and
significantly in each time interval during the first 12 h time
period. Throughout the rest of the recording period, the
expression levels for GLUT-1 and GLUT-3 mRNAs remained
at ~4.5- and 3.5-fold higher than that of the control (P<0.05
vs. control; Fig. 1A and B).

HIF-1a mRNA expression in astrocytes was also analyzed
as an indication of hypoxic stress. HIF-lo. mRNA expression
exhibited time-dependent alterations similar to those observed
with GLUT-1 and GLUT-3. Following exposure to CoCl,
treatment, the astrocytes exhibited a ~2.9-fold increase in
HIF-la mRNA expression during the first 12 h time course,

and the increase remained constant throughout the remaining
recording period (Fig. 1C).

Effects of CoCl, treatment on protein levels of GLUT-1,
GLUT-3 and HIF-1a. Protein expression levels of GLUT-1,
GLUT-3 and HIF-1a were determined by western blot analysis
(Fig. 2A). Quantitative analysis demonstrated that treatment
withCoCl, in the first 2 h resulted in no significant differences
in GLUT-1 and GLUT-3 protein expression levels in astrocytes
(P>0.05 vs. control; Fig. 2B and C); however, a significant
increase in the protein expression of GLUT-1 and GLUT-3
occurred from the 4 h time point throughout the experiments
(P<0.05 vs. control; Fig. 2B and C). In particular, 6.3- and
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Figure 5. Effects of CoCl, treatment on cytotoxicity in astrocytes. (A) Cell viability was detected by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay following CoCl, treatment or serum free medium for the indicated time periods. Values are presented as optical density vs.
the control. (B) Lactate dehydrogenase release activity was determined using a colorimetric assay at different time points following treatment with CoCl, or
serum free medium. Values are presented as the percentage vs. 0 h time point of the control, which is expressed as 100%. Data are presented as the mean + stan-
dard deviation of three independent experiments and samples were analyzed in triplicate (n=9). Statistical analyses were conducted at all time-points between
the two groups using an independent-samples t-test. "P<0.05 vs. control.

3.2-fold increases for GLUT-1 and GLUT-3, respectively, were
observed from the 12 h time point throughout the remaining
recording period (Fig. 2B and C).

Additionally, to investigate whether CoCl, treatment
induced GLUT-1 and GLUT-3 activity, and whether HIF-1a
behaved in an independent manner, protein expression levels
for HIF-1a were determined. As a reflection of hypoxic stress,
HIF-1a protein expression behaved similarly to that of GLUT-1
and GLUT-3. There was no statistically significant alteration
within the initial 4 h, however a significant increase was iden-
tified at the 6 h time point. The increase reached ~4.0-fold
at the 12 h time point and remained at that level throughout
remaining recording period (P<0.05 vs. control; Fig. 2D).

Effects of CoCl, treatment on intracellular glucose concen-
trations and glycogen storage. To determine the effects of
CoCl, treatment on intracellular glucose concentrations and
glycogen storage at different time points, intracellular glucose
and glycogen concentrations were determined. When astro-
cytes were exposed to CoCl, treatment, intracellular glucose

concentration immediately fell by >25% between 0 and 2 h
(P<0.05). Although an increase occurred between the 4-8 h
time points, intracellular glucose and glycogen concentrations
were significantly reduced compared with the control by the
24 h time point (P<0.05; Fig. 3A and B).

Effects of CoCl, treatment on intracellular pyruvate concen-
tration and ATP content. Intracellular pyruvate in astrocytes
(Fig. 4A) immediately increased by ~1.2-fold within the first
2 h (P<0.05 vs. control), but remained steady at a level of
~1.6-fold increase relative to the control between 4 and 8 h
(P<0.05 vs. control). Subsequently, the intracellular pyruvate
concentration further increased from the 12 h time point to
~2.5-fold at the 24 h time point (P<0.05; Fig. 4A).

By contrast, there were no statistically significant differ-
ences between the two groups in terms of intracellular ATP
content in the first 8§ h subsequent to exposure of astrocytes
to 100 uM of CoCl, (P>0.05; Fig. 4B); however, intracellular
ATP content significantly reduced in the hypoxia group each
subsequent time interval (Fig. 4B).
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Effects of CoCl, treatment on cell viability and cytotoxicity in
astrocytes. To further investigate the effects of CoCl, treatment
on cell viability and cytotoxicity in astrocytes, cell viability
and LDH release activity were determined. Compared with
the control group, cell viability and LDH release activity in
the hypoxia group remained at the baseline level for the first
8 h of CoCl, treatment (P>0.05 vs. control; Fig. 5A and B);
however, cell viability reduced significantly following expo-
sure to 100 M CoCl, for >12 h, while LDH release activity
continued to increase in each subsequent time interval.

Discussion

To investigate whether astrocytic expression of GLUT-1 and
GLUT-3 is crucial for regulation of glucose uptake under CoCl,
treatment, mRNA and protein expression levels of GLUT-1
and GLUT-3 were determined along with HIF-1a., an indicator
of hypoxic stress and a key regulator of hypoxia (9). It has been
reported that levels of GLUT-1 and GLUT-3 are controlled at
the transcriptional level by HIF-1 (13,26,27). However, under
hypoxic conditions, the flux of glucose through the glycolytic
pathway may be increased by HIF-1a in order to maintain the
requisite ATP levels necessary to sustain life (12). The current
study determined that protein and mRNA levels of GLUT-1
and GLUT-3 were elevated in a time-dependent manner under
CoCl, treatment, followed by HIF-1a. accumulation resulting
from the increased expression. Expression levels of GLUT-1,
GLUT-3 and HIF-lao mRNA increased immediately and
significantly at each time interval during the first 12 h and
remained at the higher levels. Additionally, it was determined
that the mRNA expression levels of GLUT-1, GLUT-3 and
HIF-1a were higher following treatment with CoCl,, and the
regulation occurred at the transcriptional level prior to protein
alteration. Under physiological conditions (0 h time point),
protein expression of GLUT-1 and GLUT-3 were detected
at low levels, and in the first 2 h of CoCl, treatment, protein
expression levels of GLUT-1 and GLUT-3 did not change.
However, protein expression levels of GLUT-1 and GLUT-3
increased significantly during the 4-12 h time points and
remained at higher levels throughout the remaining recording
period (P<0.05 vs. control). By contrast, protein expression of
HIF-1a remained at baseline levels in the first 4 h of CoCl,
treatment, but significantly increased from the 6-12 h time
points and increased further to ~4-fold relative to the control.
Therefore, it is possible that GLUT-1 and GLUT-3 may be
regulated by HIF-1a; however, they have also been reported
to be affected by other regulators, such as connexin 43, c-Src
and the Akt/protein kinase A signaling pathway (10,28,29).
As hypoxia has been indicated to have significant effects on
pH homeostasis due to lactate production and upregulation
of glycolysis to maintain ATP production. Na*/H* exchanger
isoform 1 regulation and pattern of intracellular pH changes
were investigated (data not shown). It had been observed that
during the early period (in the first 2 h of CoCl, treatment), both
NHEI activity and pHi dropped immediately with reducing
NHEI mRNA expression, whereas expression levels of NHE1
protein were not altered. In the later period of CoCl, treatment,
activity of NHEI and value of pHi markedly increased, and
was associated with increased mRNA and protein expression
levels of NHEI1 (data not shown).
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GLUTs: are critical for cell survival under hypoxic condi-
tions. It is controversial whether GLUT-3 is expressed in
astrocytes (16,18). The present study indicates that GLUT-3
was detected at extremely low levels in cultured astrocytes
under physiological conditions, however whether GLUT-3
may be induced in adult brain in vivo still remains unclear.
GLUT-3 transports extracellular glucose ~7 times faster than
GLUT-1 (19), as GLUT-3 only takes up extracellular glucose
and does not release intracellular glucose to the extracel-
lular space, even if the intracellular glucose concentration is
higher than the extracellular concentration (8). Additionally,
compared with GLUT-3 mRNA and protein levels, CoCl,
treatment induced a higher increase in GLUT-1 mRNA and
protein levels (P<0.05). It is likely that GLUT-1 is important
for the increased glucose influx into astrocytes (30); therefore,
these results indicate that inducing GLUT-3 may in turn
support GLUT-1 activities, and promote the enhancement
of glucose uptake and transport into the astrocytes to meet
cellular energy requirements for maintaining cell viability
during hypoxia (10,31).

By contrast, glucose was quickly consumed to recover
or sustain the homeostasis of cells; therefore, intracel-
lular glucose and glycogen levels were then investigated.
Intracellular glucose concentration fell immediately by
~25% and increased only marginally between the 2-8 h time
points. Intracellular glucose concentration then continued
to reduce throughout the remaining recording period.
Similarly, intracellular glycogen was reduced in the first
8 h and then significantly reduced in the remaining hours,
although protein expression levels of GLUT-1 and GLUT-3
were increased. To explain this phenomenon, increased
glycolysis, which serves to ameliorate metabolic disorders
following hypoxia, may be responsible for breaking down
glucose into pyruvate as one of the means by which ATP is
generated (32).

To assess this hypothesis, the time-dependent manner by
which glucose was consumed following astrocyte exposure
to 100 uM CoCl, was determined for distinct time periods. It
was determined that the intracellular pyruvate of astrocytes
increased immediately within the first 2 h following CoCl,
treatment, and then remained at a steady level of ~1.6-fold
relative to the control during the 4-8 h time points, and
continued to significantly increase throughout the remaining
recording period, reaching ~2.5-fold at the 24-h time point
relative to the control. By contrast, intracellular ATP content
did not change within the first 8 h but began to significantly
reduce during the remaining hours. It has been reported
that CoCl, exposure and oxygen deprivation lead to ATP
depletion in astrocyte cultures; however, ATP is reduced to a
lower extent by hypoxia, suggesting that CoCl, has additional
cellular targets (26). Furthermore, CoCl, is an established
blocker of voltage-gated calcium channels, which may explain
its inhibition of morphological differentiation induced by
cyclic adenosine monophosphate in astrocytes (26,33). The
observations of the present study suggest that, under CoCl,
treatment, increased glucose uptake allows astrocytes to
utilize more glucose for increased glycolysis, which may
also be increased by HIF-1la to maintain the requisite ATP
levels essential for cell survival and necessary to sustain life,
resulting in an increase in pyruvate and lactate production.
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Glycolysis generates a net gain of only two molecules of
ATP per glucose molecule, a markedly smaller quantity of
energy compared with the net gain of 38 molecules of ATP
that is produced by respiration. Thus, normal cells gain only
10% of their energy through glycolysis (11,34) and require
more glucose uptake to obtain sufficient energy. During the
first 8 h of CoCl, treatment, increased glucose uptake compen-
sated for glucose consumption in the cells by maximizing their
energy production. Thus, there was no significant change in
cell viability and LDH release compared with minor changes
in intracellular glycogen storage and ATP content; however,
due to the increase in glycolysis, the intracellular pyruvate
concentration increased and the glucose concentration was
reduced. Intracellular glucose concentration recovered
only marginally during the 4-8 h time points as a result of
increased expression levels of GLUT-1 and GLUT-3; however,
it remained at a lower level compared with the control.
However, after 8 h, the increase in glucose uptake did not meet
the demand of enhanced glycolysis, leading to a breakdown
of glucose homeostasis, depletion of glycogen, deficit of ATP
and the accumulation of pyruvate. As a regular supply of
energy is essential to maintain normal cell function, the loss
of the energy supply, even for a short period of time, results in
cell death (7). In the current study, reduced cell viability and
increased LDH release activity were observed 8 h subsequent
to CoCl, treatment.

In conclusion, the current study indicated that glucose
homeostasis in astrocytes under CoCl, treatment is
time-dependent. CoCl, treatment exerted early effects (in
the first 8 h) on glucose homeostasis, leading to minor
alterations in LDH release activity, intracellular glycogen
storage and ATP content; however a significant increase in
pyruvate concentration and a reduction in glucose concentra-
tion in astrocytes was observed. This may be a mechanism
for the maintenance of cell viability as a result of increased
glycolysis. However, 8 h of treatment led to increased LDH
release activity, accumulating pyruvate concentration and
reduced intracellular glucose concentration, a shortage of
ATP content, and a deficit in glycogen storage associated with
reduced cell viability. It was also determined that the expres-
sion levels of GLUT-1 and GLUT-3 were regulated by CoCl,
treatment in a time-dependent manner, and were associated
with the regulation of HIF-1a. Therefore, the present study
provides novel evidence that the regulation of GLUT-1 and
GLUT-3 may be responsible for alterations in cell viability
and energy production under CoCl, treatment, as a mimic of
hypoxia in astrocytes, and these observations emphasize the
relevance of hypoxia in GLUT function regulation and glucose
homeostasis in astrocytes. Further investigation is required to
elucidate the mechanisms by which injury occurs following
human stroke, to develop neuroprotective strategies and to
determine an optimal time frame to commence therapeutic
procedures following a stroke.
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